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DESCRIPTION

FIELD EFFECT TRANSISTOR EMPLOYING AN AMORPHOUS OXIDE

TECHNICAL FIELD
The present invention relates to a field effect

transistor employing an amorphous oxide.

BACKGROUND ART

In recent years, flat panel display (FPD) is
commercialized as the results of progress of liquid
crystal techniques, electroluminescence (EL), and the
related techniques. The FPD is driven by’ an active
matrix circuit comprising a field-effect thin film
transistor (TFT) employing an amorphous silicon thin
film or polycrystalline silicon thin film as the
active layer formed on a»glass substrate.

For smaller thickness, lighter weight, and
higher impact strength of’the FPD, use of a
lightweight and a flexible resin substrate is
investigated in 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 in the process,

Therefore, for the TFT, use of an oxide
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semiconductor thin film such as a ZnO thin film is
actively investigated which enables film formation at
a lower temperaturef(Japanése Patent Application
Laid-Open No. 2003-298062).

However, a transistor has not been obtained
which satisfies simultaneously all of the properties
of transparency and electric properties of the TFT,
properties of the gate-insulating film, prevention of
current leakage, and adhesiveness between the active

layer and the substrate.

DISCLOSURE OF INVENTION

The present invention intends to provide a
novel field effect transistor employing an amorphous
oxide. | |

The present invention intends further to obtain
a transistor which is excéllent in at least one of
the properties of transparency and electric
properties of the TFT, properties bf the gate-
insulating film, prevention of current leakage, and
adhesiveness between the active layer and the
substrate.

- According to the first aépect of the present
invention, there is provided a field-effect
transistor provided with a source electrode, a drain
electrode, a gate insulator, a gate electrode, and an

active layer:
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the active layer being comprised of an
amorphous oxide in which an electron carrier
concentration is lower than 10%%/cm®, or
an amorphous okide in which an electron mobility

5 tends to increase with increase of the electron
carrier concentration; and

at least one of the source electrode, the drain
electrode and the gate electrode is transparent to
visible light.

10 The field-effect transistor preferably has a
metal wiring connected to at least one of the source
electrode, the drain electrode and the gate electrode.
| The amorphous oxide is preferably an oxide
containing at least one of In, Zn, and Sn} or an

15 oxide containing In, Zn, and Ga.

According to the second aspect of the present
invention,~there is provided a field-effect
transistor provided with a source electrode, a drain
electrode, a gate insulator, a gate electrode, and an

20 active layer:
| the active layer being comprised of an
amorphous oxide in which an electron carrier
concentration is less than 10'%/cm®, or an amorphous
oxide in which an electron mobility tends to increase

25 with increase of the electron carrier concentration;
and

having a lamination structure comprised of a
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first layer in which at least one of the source
electrode, the drain electrode and the gate electrode
is transparent to visible Iight, and a second layer
composed of a metal, or

having a lamination structufe comprised of a
first layer in which a wiring connected at least one
of the source electrode, the drain electrode and the
gate~electrode is transparent to visible light, and a
second layer éomposed of a metal.

According to the third aspect of the present
invention, ‘there is provided a field-effect
transistor provided with a source electrode, a drain
electrode, a gate-insulating film, a gate electrode,
and an active layer,

wherein the active layer is comprised of an
amorphous oxide transparent to visible light, and
at least one of the source electrode, the . drain
electrode, and the gate electrode is transparent to
visible light.

‘The transistor is preferably a hormally—off
type transistor, using the active layer.

‘A metal wiring is preferably connected to an
electrode transparent to light which belongs to the
source electrode, thefdrain electrode or the gate
electrode.

According to the fourth aspect of the present

invention, there is a field-effect transistor
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provided with a source electrode, a drain electrode,
a gate-insulating film, a gate electrode, and an
active layer: |

the active layer being comprised of an

5 amorphous oxide in which an electron carrier
concentration is lower than 10%%/cm®, and the gate-
insulating film is comprised of a first layer being
in contact with the»amorphOus oxide and a second
layer different from the first layer and is laminated

10 on the first layer.

The first layer is preferably an insulating
layer comprising HfO,, ¥,03, or a mixed crystal
compound containing HfO, or Y,0;.

The amorphous oxide is preferably an oxide

15 containing at least one of In, Zn, and Sn, or an
oxide containing In, Zn, and Ga.

The first layer is preferably an interface
improvemeqt layer for improving an interfacial .
property with the active layer, and the second layer

20 is a curfent leakage prevention layer for preventing
leakage of electric current.

According to the fifth aspect of the present
invention, there is provided a field effect
transistor provided with a source electrode, a drain

25 electrode, a gate insulator, a gate electrode, and an
active layer, \

the active layer being comprised of an
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amorphous oxide, and the gate insulator is comprised

of a first layer being in contact with the amorphous

oxide and a second layer different from the first
layer and is laminated on the first layer.

The amorphous oxide is preferably 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.

The transistor is preferably a normally-off
type transistor.

According to the sixth aspect of the present
invention, there is‘provided a field-effect
transistor provided with a source electrode, a drain

electrode, a gate—insulatiﬁg film, a gate electrode,

‘and an active layer:

the active layer being comprised of an
amorphous oxide in which an electron carrier
concentration is less than 10*®/cm®, or an amorphous
oxide in which an electron mobility tends to increase
with increase of the electron carrier concentration;
and |

a péssivation layer is provided between the

“active layer and the gate-insulating layer.

The amorphous oxide is preferably an oxide
containing at least one of In, .Zn, and Sn, or an

oxide containing In, Zn, and Ga.



WO 2006/051995 PCT/JP2005/020982

The passivation layer is preferably a current,
leakage prevention layer for preventing leakage of
electricycurrent. |

According to the seventh aspect of the present

5 invention, there is provided a field effect
transistor provided with a source electrode, a drain
electrode, a gate insulatqr, a gate electrode, and an
active layer,

the active layer\being comprised of an

10 amorphous oxide; and

a passivation layer being provided between the
active layer and the gate insulator.

According to the eighth aspect of the pfesent
invention, there is provided a field-effect

15 transistor provided with a source electrodef a drain
electrode, a gate-insulating film, a gate electrode,
and an active layer on a substrate:
| the active layer being comprised of an
amorphous oxide in which an electron carrier

20 concentration is less than 10w/cm3,'or an amorphous-
oxide in which an electfon mobility tends to increase-
with increaée of the electron carrier concentration;
and

a surface-coating layer being provided between

25 the active layer and the substrate.

The amorphous oxide is preferably an oxide

cqntaining at least one of In, 2Zn, and Sn, or an
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oxide containing In} Zn, and Ga.

The surface-coating layer is preferably an
adhesion-improvement layer for improving the
adhesiveness between the substrate and the active
layer. |

According to the ninth aspect of the present
invention, there is provided a field effect
transistor provided with a séurce electrode, a drain
electrode, a gate insulator, a gate electrode, and an
active layér,

the active layer being comprised of an
amorphous oxide; and

a surface-coating layer being provided between
the active layer and the subétrate.

As the results of investigation on the oxide
semiconductors by the inventors of the present
invention, it was found that the above-mentioned ZnO
is formed in a state of a polycrystalline phase,
causing scattering of carriers at the interface
between the polycrystalline grains to lower the
electron mobility. Further it was found that ZnO is
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 is not applied to the transistor, a large
electric éurrent flow is caused between the source

terminal and the drain terminal, making impossible
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the normally-off state of the TFT and a larger on-off
ratio of the transistor.

The inventors of the bresent invention
investigated the amorphous oxide film
ZngMyIn;O (x+3y/2+3z/2) (Mf at least one element of Al and
Ga) mentioned in Japanese Patent Application Laid-
Open No. 2000-044236. This material contains
electron carriers at a concentration not less than
1x10*/cm’®, and is suitable as a simple transparent
electrdde. However, the oxide containing the
electron carrier at a concentration of not less than
1x10'/cm® used in a channel layer of TFT cannot give
a suffibient on-off ratio, and is not suitable for
the normally-off TFT. Thus a conventional amorphous
oxide film cannot provide a film of a carrier
concentration of less than 1x10'®/cm’.

The inventors 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 image display apparatus like a light emission
apparatus.

Further, the inventors of the present invention
investigated a material InGaO;(ZnO)n énd the film
forming conditions of this material, and found that

the carrier concentration of this material can be
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controlled to be less than 1x10'®/cm’® by controlling,

the oxygen atmosphere conditions in the film

formation.
According to the present invention, a novel
field-effect transistor is provided by using an

amorphous oxide as the active layer.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a graph showing a dependency of
carrier concentration in the In-Ga-Zn-0 type
amorphous oxide formed by a pulse lase; vapor
deposition process on the oxygen partial pressure
during film formation.

Fig. 2 is a graph dependency of the electron
mobility on the carrier concentration of the In-Ga-
Zn—-0 type amorphous oxide formed by a pulse laser
vapor deposition process.

Fig. 3 is a graph showing dependency of the
electric conductivity of the In-Ga-Zn-0O type
amorphous oxide formed by a high-frequency sputtering
process employing an argon gas on thé»oxygen partial
pressure during the film formation.

Figs. 4A, 4B, and 4C are graphs showing change
of electric conductivity, carrier concentration, and
electron mobility depending to the value X of
InGa0s;(Zn)-xMgx0)4 film formed by pulse laser vapor

deposition in an atmosphere containing oxygen at a
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partial pressure of 0.8 Pa.

Fig. 5 illustrates schematically a structure of
a top gate type TFET element prepared in Examples 6-10.

Fig. 6 is a graph showing the electric current-
voltage characteristics of a top gate type TFT
element employing Y:0; as the gate-insulating film,
prepared in Example 6. |

Figs. 7A, 7B, 7C, 7D, 7B, and 7F illustrate a
first example of the process of production of TFT of
the présent invention.

Figs. 8A, 8B, 8C, 8D, 8BE, and 8F illustrate a
second example of the pfocess of production of TFT of
the present invention.

Figs. 9G, 9H, 9I, 9J, 9K, and 9L illustrate the
second example of the process.of production of TFT of
the present invention. |

Fig-. 10 illustrates schematically the structure
of the top gate type MISFET element prepared in
Example 1.

Fig. 11 illustrates schematically an apparatué
for film formation by a PLD process.

Fig. 12 illustrates schematically an apparatus

for film formation by a sputtering process.

BEST MODES FOR CARRYING OUT THE INVENTION
Firstly the construction of the active layer of

the field effect transistor of the present invehtion
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is described.

The inventors of the present invention found
that some kinds of amorphoué thin films of semi-
insulating oxides have characteristics that the
electron mobility therein increases with increase in
number of conduction electrons, and further found
further that a TFT prepared by use of such a f£ilm has
improved transistor characteristics such as the on-
off ratio, the saturation current in a pinch-off
state, and the switching rate.

By use of the trahsparent semi-insulating thin
film as the channel layer of a film transistor, the
current between the drain’terminal and the source
terminal in an off-state (no gate voltage applied)
can be controlled to be less than 10 miéroamperes,
preferably less than 0.1 microamperes for the
electron mobility of higher than 1 cn?/V.sec,4
preferably higher than 5 cm?/V.sec and at the carrier
concentration of less than 1X1Om/¢nﬁ, preferably less
than 1x10%¢/cm®. Further by use of this thin film,
tﬁe saturation current after pinch-off can be
increased to iO microampere oOr 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®/V.sec.

In a pinch-off state of the TFT, a high voltage

is being applied to the gate terminal, and electrons
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are existing in a high density in the'channei. ,
Therefbre, according to the present invention, the
saturation current can be increased in correspondence
with the increase of the electron mobility. Thereby,

5 the nearly all of the transistor characteristics are
improved such as increase of the on-off ratio, o
increase‘of the saturation'cﬁrrent, and increase of
the switchihg rate. In contrast, in a usual compound,
the increase in number of electrons decreases the

10 electron mobility owing to collision between the
electrons.

The structure of the aforementigned TFT may be

a stagger (top gate) structure in which a gate-
insulating film and a gate terminal are formed

15 successively on a semiconductor channel layer, or a
reversed stagger (bottom gate) structure in which a
gate—insuiating film and a semiconductor channel
layer are formed successively on a gate terminal.

A specific example of the amorphous oxide

20 constituting the active layer is an oxide containing
In-Ga-Zn-0, represented by InGaO;(Zn0O), (m: a natural -
number of less than'6) in a crystal state. Another
example is an oxide containing In-Ga-Zn-Mg-O,
represented by InGaO;3(Zn;-xMgxO)m (m: a natural number

25 of less than 6; 0<x%2l), containing electron carriers
at a concentration of less than 1x10%%/cm’.

The amorphous oxide films exhibit preferably an
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electron mobility of higher than 1 cm®/V.sec. ,
It was found that, by use of the above film as
the channel layer, a TFT can be pfepared which is
| normally-off with a gate current of less than 0.1
5 microampere in a transistor off-state, having an on-
off ratio of higher than 1x10°, and being transparent
to visible light and flexible.
In the above transparent film, the electron
mobility increases with the increase in number of the
10 conductive electrons. The substrate for forming the
transparent film includes glass plates, plastic
plates, and plastic films.
In a preferred embodiment employing the above
fransparent oxide film as the channel layer, a
15 transistor is prepared by forming an electrode.layer
from at least one of layers constituted of SnO;, InyOs,
ITO, T1l,03, T1OF, SrTiO;, EuO, TiO, or VO as the
transparent electrode.
In another preferred embodiment employing the
20 above transparent oxide film as the channel layer, a
transistor is prepared by forming an electrode layer
from at least one of layers constituted of Au, Ag, Al,
or Cu as the electrode.
In still another preferred embodiment employing
25 the above transparent oxide film as the‘channel layer,
a transistor'is prepared by forming a gate insulator

from at least one of layers constituted of Y,0; or
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HfO,, a mixed crystal compound thereof, or Si0,, SisNg,

Ti02, Tazos, PbTiO3, BaTaZOG, SrTiO3, MgO, or AlN, or

an amorphous matter thereof.

In a still another preferred embodiment, the
film is formed in an oxygen gas—coﬁtaining atmosphere
without intentional addition of an impurity for
increasing the electric resistance.

The process for producing the amorphous oxide
film, and the process for producing TFT employing the
amorphous oxide are explained more specifically after
the description of the first to third embodiments.

The constitutional requirements other than the

active layer of the field effect transistor are

explained for first to ninth aspects of the present

invention by classifying into first to third
embodiments.

For the following first to third embodiments,
it is preferable to use such an active layer,
electrode, gate insulator material and the like as
described above. However, the invention of the
following embodiments is not limited to the above
active layer and the like.

(First Embodiment: Transparent S,D,G Electrodes or
Laminated Electrodes)

The field-effect transistor of this embodiment

belongs to the category of the aforementioned first,

second, and third aspects of the invention.
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The description “transparent to visible light?

signifies a state in which the material is

transparent to at least a part of the visible light

wavelength region. The transparency signifies a

.state of not only no light absorption but also

penetration of a part of the visible light. In the
present invention, the transmittance of visible light
is not lower than 40%, more preferably not lower than
60%, still more preferably not lower than 80%.

Thus, a highly tfansparent device is realized
by making transparent at least a portion of the
electrode or another member constituting the
transistor.

Desirably, all of the source electrode, the
drain electrode, the gate electrode, and the gate-
insulating film are transﬁarent to the visible light..

Examples of electrodes transparent to visible
light are those formed frbm Sn0O,, Iny03;, ITO, T1l,0s,
T10F, SrTiO3, Eu0O, TiO, or VO.

Generally, an electrode material transpaient to
visible light has a low electric conductivity, or a
high electric resistance. Therefore, a display
device which has wiring formed entirely from such an
electrode material will have a high parasitic
resistance. Therefore, the wiring is constituted of
lamination of a first layer formed from a material

transparent to the visible light and a second layer
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formed from gold, copper, aluminum, or a like metal

or alloy containing the metal. Specifically, for

instance, the transparent first layer is used around
the transistor, other portion is formed by lamination
of the first layer and the second layer, and the
lead-wiring is formed by the second layer having a
high electrical conducfivity, whereby ﬁhe parasitic
resistance can be decreased. Naturally the

aforementioned source electrode, drain electrode, or

'gate electrode itself may be formed by the lamination

structure.

The active layer of the field-effect transistor
of the third aspect of the pfesent invention is
constituted of the amorphous oxidé transparent to
visible light as mentioned above. This active layer
constitutes preferably a normally-off type transistor.

In view of the invention of the first aspect,

according to the third aspect of the present

invention, the active layer is formed from an

amorphous oxide which contains the carriers at a
concentration of not less than 1x10*®/cm’, not tending:
to increase the electron mobility with increase of
the carrier concentration, and being transparent to
visible light, and at least one of the source
electrode, drain.electrode, and gate electrode is
transparent to visible light. |

Thus, a device having a broader region of
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transparency can be produced by making transparent at

least a part of the electrodes or other members

constituting the transistor.
'(Second Embodiment: Multilayered Gate insulator

The field-effect transistor of this embodiment
belongs to the category of the above fourth and fifth
aspects of the invention. The active layer of this

embodiment is preferably constituted of an

‘transparent amorphous oxide containing at least In-

Ga-Zn-0, represented by InGaO3(Zn0O)n (m: a natural
number of less than 6) in a crystal state, containing
carriers at a concentration of less than 1x10'%/cm’;
or a transparent amorphous oxide contaihing In—Ga—an
Mg-0, represented by InGaO;(Zn;-4MgxO)n (m: a natural
number of less than 6; O<x£1) in a crystal state.

The first layer constituting the gate-

-insulating film is constituted of, for example, HfO;

or Y.03, or a mixed crystal compound thereof. The
second layer is constituted, for example, of SiO,,
Si3Ng, TiO., Tax0s, PbTiO3;, BaTa,04, SxrTiO;, MgO, or AIlN,
or an amorphous structure céntaining the above
substance.

The above materials of the first layer and the

second layer are examples, and the materials of the

first and the second layers may be used respectively

for the second and the first layers.

HfO, and Y,;0; are excellent material having a
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high current driving ability owing to the high
dielectric constant. According to the knowledge of
the inventors, use of the HfO, or Y,0; as the gate-
insulating film in combination with the channel layer
5 constituted of.InGaO3(ZnO)m or InGaOs(Zni-xMgyO)n gives '
a TFT exhibiting a remarkably high mobility and a low
threshold. The mechanism thereof is not known, but
presumably the HfO, or Y;0; forms an excellent
interface with InGaO;(Zn0O)n or InGaOs(Zni-yMgxO)m to
10 serve to improve the interfacial properties.
The gate-insulating film is further required
'not to cause gate leakage. The gate leakage is
liable to occur at a level-difference portion at the
end of source electrode 6 and drain electrode 5 as
15 shown in Fig. 5. Therefore, the thickness of gate-
insulating layer 3 is preferably equal to the
thickness of source electrode 6 and drain electrode 5,
6r twice the thickness thereof. ’
Howevér, since the Hf and Y aré expensive, the
20 thick gate—insulating film of HfO, or Y,0; becomes a
serious factor of cost increase in production of a
largeQarea TFT panel.
On the other hand,; Hf02 or Y,03 is capéble of
forming a satisfactory interface with an amorphous
25 oxide such as InGaO;(ZnO), or InGaOs;(Zn;-xMgi0)n.
Therefore, such a gate—insulating film is used only

around the interface with the channel layer, and
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thereon a second gafe—insulating layer is formed from
an inexpensive material such as $iO; and Al;0; in the
predetermined thickness. That is, the second gate
electrode serves as a current leakage—preventing

5 layer.

In such a manner, the gate leakage can be
prevented effectively while the excellent interfacial
property of HfO, or Y;03 is sufficiently utilized.
Therefore, according to the present invention, even

10 with a smaller amount of Hf or Y, a TFT can be
obtained which exhibits a high mobility, a low
threshold, and yet has high reliability without gate
leakage.’ Thus the aforementioned constitution is
particularly suitable for a large-area TFT panel in

15 View of the high performance and low production cost.

According to the knowledge of the inventors, a
problem can arise when an electroconductive layer or
the like is formed or etching is conducted on the
surface of the channel’layer constituted of

20 InGaO;(Zn0)n or InGaOs;(Zn;-xMgx0)n before the formatioh
of the gate-insulating layer on the channel layer: |
the current in the formed TFT is liable to change
with time or gate shortage is liable to occur.
Although the detailed mechanism therefor is not known,

25 presumably the phenomena may be caused by unexpected
diffusion of an impurity in the channel layer,

impaired surface flatness, or formation of particles.
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Figs. 7A to 7F show a constitution of a TFT and

a process for production thereof to avoid the above

problemé:

(72) Channel layer 2701 is formed on substrate
2700.

(7B) The surface is covered with mask 2702, and
drain electrode 2703 and source electrode 2704 are
formed. Mask 2702 is slightly lifted from the
surface of channel layer 2701 to prevent contact with
the surface of channel layer 2701. Removal of mask
2702 leaves drain electrode 2703 and source electrode
2704.

(7C) First gate-insulating film 2705 and second
gate-insulating film 2706 are formed. In steps 7A to
7C, operations of attaching and detaching of the mask
are preferably conducted with interruption of the
external air such as in vacuum;

(7D) Through hole 2707 is formed for connection
with the drain electrode, and through hdle 2708 is
formed for connection with the source electrode
through gate-insulating films 2705, 2706.

(7E) Conductive layer 2709 is formed.

(7F) Conductive film 2709 is patterned to—form
wiring 2710. for drawing-out from the drain electrode,
wiring 2711 for drawing-out from the source electrode,
and gate electrode 2712.

In the above steps, the surface of channel
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layer 2701 is not damaged by formation of conductive
layer and other films and etching, so that a TFT is
obtained with high performance and high reliability.

Figs. 8A to 8F and Figs. 9G to 9L show a more

5 effective TFT constitution and production thefeof for
prevention of gate leakage and increasing driving
performance of the gate electrode.

(8A) Channel layer 2801 is formed on substrate
2800..

10 (8B) First gate-insulating film 2802 is formed.
In steps 8A and 8B, operations are'breferably
conducted with interruption of the external air; for
example, 1in vacuum.

(8C) Photo resist 2803 is applied.

15 (8D) Photo resist 2863 is patterned.

(8E) First gate-insulating film 2802 is etched
to form opening 2804 for drain electrode and opening
2805 for source electrode 2805.

(8F) First cdnductive layer 2806 is formed.

20 (9G) an unnecessary portion of conductive layer
2806 is lifted off in arrow-A direction.

(9H) Drain electrode 2807 and source electrode 2808
are formed. |

(9I) Second gate-insulating film 2809 is formed.

25 (9J) Second gate-insulating film is patterned
to form through hole 2810 for connection with the

source electrode and through hole 2811 for connection
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with the drain electrode.

(9K) Second conductive layer 2812 is formed.

(9L) Second conductiﬁe film 2812 is patterned
to form wiring 2813 for drawing-out from the drain
electrode, wifing 2814 for drawing-out from the
source electrode, and gate electrode 2815.

In the above procese, first gate-insulating
layer 2802 covers entirely channel layer 2801, but
does not cover drain electrode 2808 and source
electrode 2809. Therefore, the heighté of the
surfaces of first gate-insulating film.2802, drain

electrode 2808, and source electrode 2809 are made

uniform. Accordingly, the difference in the level of

the second gate-insulating film 2809 is little, so

that leakage is not caused at the gate, and second
gate-insulating film 2809 can be made thin
correspondingly to increase the capacity of the gete
electrode and to inerease the driving performance.
The constitutions and procesees shown in Figs.
7A to 7F, and Figs. 8A to 8F and Figs. éG to 9L are
expected to be effective for a gate-insulating film
constituted of usual insulating material. However,
the above constitutions and processes are especially
effective for a channel layer employing an
aforementioned transparent amorphous oxide containing
at least In-Ga-Zn-0O, represented by InGaO;(Zn0), (m: a

natural number of less than 6) in a crystal state,
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containing carriers at a concentration of less than
1x10"®/cm®, or a transparent amorphous oxide
containing In-Ga-Zn-Mg-0, fepresented by

InGaOs (Zn1-4Mg<O)n (m: a natural number of less than 6;
0<x<1l) in a'crystal state; and employing a gate- '
insulating film constituﬁed of HfOznor Y,03.

Thus, according to the present invention, a TFT
can be nbtained which exhibits a high mobility and a
low threshold, causing less gate leakage, and having
stable characteristics. 1In particular, a large-area
TFT panel produced according to the present invention
has balanced characteristics with high reliability.
(Third Embodiment: Passivation, Surface-Coating
Layer)

' The field-effect transistor of this embodiment
belongs to the category of the above seventh, eighth
and ninth aspects of the invention.

The passsivation layer in the fifth aspect
includes two conceptions. The passivation layer of a
first conception is a separate layer provided between
the active layer and the gate-insulating layer and

constituted of a material different from that of the

| active layer or the gate-insulating layer. This

passivation layer of the first concept is hereinafter
réferred to a “passivated layer”. The passivated
layer is composed, for example, of amorphous silicon

oxide, amorphous silicon nitride, titanium oxide,
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aluminum oxide, magnesium oxide, or the like. }

The passivation layer of a second conception is
an outermost surface portidn of the active layer
treated with oxygen plasma. The treatment for

5 formation of the passivation layer of the second
conception is hereinafter referred to as “passivation
treatment”. In this conception, another layer
composed of a material different from that of the
active layer and the gate-insulating layer is not

10 provided. Naturally, after the passivation treatment,
~a passivated layer of the first concépt composed of
‘amorphous silicon oxide may be further formed.

The passivated layer or the passi%ation

treatment prevents deterioration of the ability of
15 the gate-insulating film: the passivation layer
serves as a current leakage-preventing layer.

The surface-coating layef'in the field-effect
transistor of thelsixth aspect of the presen£
invention is formed from amorphous silicon nitride,

20 amorphous silicon oxide, amorphous silicon nitride,
titanium oxide, aluminum oxide; magnesium oxide, or a
like material. The surface-coating layer may be
constituted of the same material as the
aforementioned passivation layer or a different

25 material.

The surface-coating layer improves the

"adhesiveness between the substrate and the active
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layer, serving as adhesion-improving layer to prevent
film exfoliation, to decrease current leakage, and so
forth. Further the surface-coating layet can
mitigate projection and depression on the substrate
to decrease current leakage and to improve the on—off
ratio of the transistor.

| In the aforementioned thin film transistor
employing a transparent film, the gate-insulating
film is preferably constituted of Al;03, Yp03, HfO:, or
a mixed crystal compound containing two or more
thereof. Any defect on the interface between gate-
insulating thin film and the thin channel layer
decreases the electron mobility and causes hysteresis
in transistor characteristics. The current leakage
depends largely on the kind of the gate-insulating
film. Therefore the gape-insulating film should be
selected to be suitable to the channel layer.

The above problems are improved by introduction
of an interface passivation layer, enabling use of an
insulation leyer of a high dielectric constant and to
increase the electron mobility. Thus the interfacial-
passivation layer, which is one aspect of the present
invention, enables formation of a TFT in which
current leakage and hysteresis are decreased and
electron'mobility is increased. The TFT can be
formed either in a stagger'structure or in a reversed

stagger structure since the gate-insulating layer and
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the channel layer can be formed at a room temperature.
The thin film transistor (TFT) is a three-
terminal element having a géfe terminal, a source
terminal, and a drain terminal. The TFT is an active
element which employs a semiconductér film formed on’

an insulating substrate made of a ceramic material,. a

"glass material, or a plastic material as-a channel

layer for movement of electrons or holes; and
controls the current flowing through the channel
layer by applying a voltage to the gate to switch the
current between the source terminal and the drain
terminal.

The electron carrier concentration can be

" controlled by controlling the oxygen defect quantity

as desired. |

In the above first to third embodiments, the
guantity of oxygen (oxygeﬁ defect quantity) in the
transparent oxide film is controlled by forming the
film in an atmosphere containing oxygen at a
prescribed concentration. Otherwise; the oxygen
defect gquantity may be controlled (decreased or
increased) after the film formation by post treatment
of the oxide film in an atmosphere containing oxygen.

For effective control of the oxygen defect
quantity, the temperatufe of the oxygen-containing
atmosphere is controlled in a range from 0 to 300°C,

preferably from 25 to 250°C, more preferably from 100
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to éOO°C.

Naturally, film may be formed in an oxygen-
containing atmosphere and then post-treated in an
oxygen-containing atmosphere. Otherwise the film may
be formed without control of the oxygen partial
pressure and‘post—treatea in an oxygen-containing
atmosphere, insofar as the intended electron carrier
concentration (lesé than 1x10'%/cm’) can be obtained.

The lower limit of the electron carrier
concentration in the present invention is, for
example, 1x10'*/cm®, depending on the kind of the
element, circuit, or device employing the produced
oxide film. ‘

(Amorphous Oxide)

The active layer employed in the above
Embodiments 1 to 3 of the invention is expiained
below.

The electron carrier concentration in the
amorphous oxide in the present invention is a value
measured at a room temperature. The room temperature
is a temperature in the range from 0°C to about 40°C,
for example, 256C. The electron carrier
concentration in the amorphous oxide in the present
invention need not be less than 1x10'®/cm® throughout
the entire range from 0 to 40°C. For example, the
electron carrier concentration of less than 1019/‘c1n3

at a temperature of 25°C is acceptable. At a lower
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electron carrier concentration, not more than

1x10Y/cm®, or not more than 1x10'°/cm’, a normally-off
) Y

TFT can be produced at a high yield.

In the present specification, the description
"less than 10*®/cm®” means "preferably less than
1x10%¢/cm® andvmore preferably less than 1.0x10*%/cm®".

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

The émorphous oxide in the present invention is
an oxide which exhibits a halo pattern and no
characteristic diffraction line in an X-ray
diffraction spectrometry.

In the amorphous oxide of the present invention,

. the lower limit of the electron carrier concentration

is, for example, 1x10%/cm’, but is not limited
insofar as it is applicable as a channel layer of a
TET.

Accordingly, in the present invention, the
electron carrier concent;ation is adjusted by
controlling the material, composition ratio,
production conditions, and so forth of the amorphous -
oxide as in the Examples described later to be in the
range, for instance, from 1x10%/cm’® to 1x10%*/cm’,
preferably from 1x10%/cm® to 1x10Y/cm®, more
preferably from 1x10*%/cm® to 1x10%/cm’.

The amorphous oxide, other than the InZnGa

oxides, can be selected suitably from In oxides,
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In,Zni-x oxides (0.25x<1), In(Sn;-x oxides (0.8<x<1),,

- and Iny(Zn,Sn)i-x oxides (0.155x<1). The Ink(Zn,Sn)i-x

oxide can also be representéd by Ing(ZnySni-y)i-x
(0<y<1) .

When the In oxide contains neither Zn nor Sn,
the In can be partly substituted by Ga: In,Ga;-, oxide
(0<x<1) .

An amorphous oxide of an electron carrier
concentration bf 1x10*®/cm® which is prepared by the

inventors of the present invention is described below

in detail.

One group of the aforementioned oxides are
characteristically constituted of In-Ga-Zn-0,
represented by InGaO;(ZnO), (m: a natural number of
less than 6) in a crystal state, and containing
electron carriers at a concentration of less.than
1x10'%/cm’.

The other group of the aforementioned oxides
are characteristically constituted of In-Ga-Zn-Mg-O,
represented by InGaO;3(Zni-yMgxO)n (m: a natural number
of less than 6, and 0<x<1l) in a crystal‘state, and
containing electron carriers at a concentration of
less than 1x10%%/cm’.

The film constituted of such an oxide is
preferably designed to exhibit preferably‘an electron
mobility of higher than 1 cm®/V.sec.

By use of the above film as the channel layer,
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a TFT can be prepared which is normally-off with a ,

gate current of less than 0.1 microampere in a

transistor off-state, having an on-off ratio of

higher than 1x10°, being transparent to visible light

and flexible. '
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.

In using the above amorphous oxide film as the
channel layer, at least one of layers constituted of
Al,03, Y,0; or HfO,, or a mixed crystal compound
thereof is useful as the gate-insulating film.

In a preferred embodiment, the film is formed
in an oxygen gas—-containing atmosphere without
intentional addition of an impurity for increasing
the electric resistance to the amorphous oxide.

The inventors of the present invention found
that the amorphous thin films of semi-insulating
oxides have characteristics that the electron
mobility therein increases with increase in number of
conduction electrons, and further found that a TFT
prepared by use of the film is improved in transistor
characteristics such as the on-off ratio, the
saturation current in a pinch-off state, and the

switching rate. Thus a normally-off type TFT can be
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produced by use of the amorphous oxide. .
By use of the amorphous oxide thin film as the
channel layer of a film trahsistor, the electron
mobility can be made higher than 1 cm®/V.sec,
preferably higher than 5 cm®/V.sec. The current
between the drain terminai and the source terminal at
an off-state (no gate voltage applied) can be
controlled to be less than 10 microamperes,

preferably less than more than 0.1 microamperes at

the carrier concentration of lower than 1x10%/cm?,

preferably lower than 1x10%*®/cm®. Further by use of
this thin fiim, the saturation current after pinch-
off 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’/V.sec.

In a pinch-off state of the TFT, a high voltage
is being applied to the gate terminal, and electrons
are ekisting 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 charactefistics can be improved, such
as increase of the on-off ratio, increase of the
saturation current, and increase of the switching
rate. In contrast; in a usual compound, the increase

of electrons decreases the electron mobility owing to
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collision between electrons. | .
The structure of the aforementioned TFT may be
a stagger (top gate) structure in which a gate-
insulating film and a gate terminal are successively
formed on a semiconductor channel layer, or a
reversed stagger (botfom gate) structure in which a
gate-insulating film and a semicondﬁctor channel
layer successively on a gate terminal.
(First Process for Fiim Formation: PLD Process)
The amorphous oxide thin film having the
composition InGaO3(ZnO)m (m: a natural number of less
than 6) in a crystal state is stable up to a high

témperature of 800°C or higher when m is less than 6,

‘whereas with increase of m, namely with increase of.

the ratio of Zn0O to InGaO; near to the composition of
Zn0, the oxide tends to crystallize. Therefore, the
value m of the oxide is preferably less than16 for
use as the channel layer of the amorphous TFT.

The film formation is conducted preferably by a
gas phase film formation process by use of a target
of a polycrystalline sintered compact having a
composition InGaO;(Zn0O)n. Of the gas phase film
formation processes, sputtering, and pulse laser
vapor deposition are suitable. The sputtering is
particularly suitable for the mass-production.

However, in formation of the amorphous film

under usual conditions, oxygen defect can occur, so
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that the electron carrier concentration of less than

© 1x10"%/cm’ and electric conductivity of less the 10

S/cnm canhot be achieved. With such a film, a
normally-off transistor cannot be constituted.

The inventors of the present invention prodﬁced
an In-Ga-Zn-O film by a pulse laser vapor deposition
by use of the apparatus shown in Fig. 11.

The film-forming was carried out by using such
a PLD film-forming apparatus as shown in Fig. 1l.

In Fig. 11, the numerals indicate the
followings: 701, an RP (rotary pump); 702, a TMP
(turbo molecular pump); 703, a preliminary chamber;
704, an electroﬁ gun for RHEED; 705, a substrate-
holding means for rotating and vertically moving the
substrate; 706, a laser-introducing window; 707, a
substrate; 708, a target; 709, é radical source; 710,
a gas inlet; 711, a target-holding means for rotating
and vertically moving the target; 712, a by—paSs
line; 713, a main line; 714, a TMP (turbo molecular
pump); 715, an RP (rotary pump); 716, a titanium
getter pump; 717, a shutter; 718, an IG (ion
manometer); 719, a PG (Pirani gage); 720, a BG
(baratron gage); and 721, a growth chamber.

An In-Ga-7Zn-O type amorphous oxide
semiconductor thin film was deposited on an SiO;
glass substrate (Corning Co.:v1737) by a pulse laser

vapor deposition employing a KrF excimer laser. As
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the pretreatment before the deposition, the substrate

~was washed ultrasonically for defatting with acetone,

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

The polycrystalline target was an IﬁGaO3(ZnO)4
sintered compact (size: 20 mm diameter, 5 mm thick),
which had been prepared by wet-mixing In,0s;, Gax0s,
and ZnO (each 4N reagent) as the source material
(solvent: ethanol), calcining the mixture (L000°c, 2
hours), dry-crushing it, and sintering it (1550°C, 2
hours). The target had an electro conductivity of 90
S/cm.

Thé film formation was conducted by controlling
the final vacuum of the growth chamber to be 2><1’O"6 Pa,
and the oxygen partial pressure during the growth tov
be 6.5 Pa. The oxygen partial pressure in 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 rénge of
1.5-3 mJ/cnﬁ/pulse. The pulse width was 20 nsec, the

repeating frequency was 10 Hz, and the irradiation

spot size was 1x1 mm square. Under the above

"conditions, the film was formed at a rate of 7 nm/min.

The resulting thin film was examined by small
angle X-ray scattered method (SAXS) (thin film method,

incidence angle: 0.5°): no clear diffraction peak was
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observed. Thus the obtained In-Ga-Zn-O type thin

film was judged to be amorphous. From X-ray

reflectivity and its patterh 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 foﬁnd to be
In:Ga:%Zn = 0.98 : 1.02 : 4. The electric
conductivity was less than about 1x10™* 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 analysis, the optical bandgap
energy breadth of the resulting amorphous thin film
was estimated to be about 3 eV.

The above results show that the obtained In-Ga-
Zn-0 type thin film is a transparént flat thin film
having an amorphous phase of aAcomposition near to a
crystalline InGaOs3(Zn0O)4, having less oxygen defect,
and having lower electric conductivity.

The above film formation is explained

/

specifically by reference to Fig. 1. Fig. 1 shows

‘dependency of the electron carrier concentration in

the formed'transparent amorphous oxide thin film on
the oxygen partial pressure for the film of a
composition of InGaO;(ZnO)n, (m: an integer less than

6) in an assumed crystalline state under the same
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film formation conditions as in the above Example. .
By formation of the film in an atmosphere
having an oXygen partial préssure of higher than 4.5
Pa under the same conditions as in the above Example,
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
tempefature without intentional heating. For use of
a flexible plastic film as the substrate, the
substrate temperature is kept preferably.at a
temperature lower than 100°C.

The higher oxygen partial pressure enables
decrease of the electron carrier concentration. For
instance, as shown in Fig. 1, the thin InGa0;(Zn0)4
film formed at the substrate temperature of 25°C and
the oxygen partial pressure of 5 Pa had a lower
electrén carrier concentration of 1x10'¢/cm’.

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 oxygen partial pressure of
higher than 6.5 Pa as in this Example has a rough
surface, being not suitable for a channel layer of
the TFT.

| Accordingly, a normally-off type transistor can
be constructed by using a transparent thin amorphous

oxide represented by InGaO;(ZnO)n (m: a number less
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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 in the above Example.

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°.

As described above, in formation of an InGaZn
oxide film by a PLD method under the cohditions shown
in this Example, the oxygen partial pressure is
controlled in the range preferably from 4.5 Pa to 6.5
Pa.

For achieving the electron carrie&
concentration of 1810m/cm3, the oxygen partial
pressure conditions, the constitution of the film
formation apparatus, the kind and composition of the
film-forming material should be controlled.

Next, a top-gate type MISFET element as shown
in Fig. 5 was produced by forming an amorphous oxide
with the aforementioned apparatus at an oxygen
partial pressure of 6.5 Pa. Specifically, on glass
substrate 1, a semi-insulating amorphous InGaOs(ZnO)4
film of 120 nm thick was formed for uée for channel
layer 2 by the above method of formation of amorphous
thin Ga-Ga-Zn-0 film. Further thereon an InGaO3;(Zn0Q)q4
film ha&ing a higher electro conductivify and a gold

film were laminated respectively in a thickness of 30



WO 2006/051995 PCT/JP2005/020982

10

15

20

25

39

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,0; film for gate-insulating film 3 was formed by an
electron beam vapor deposition method (thickness: 90
nm, relative dielectric constant: about 15, leak
current density: 1x107% A/cm’® at application of 0.5
MV/cm). Thereon, a gold film was formed, and gate_
terminal 4 was formed by photoliﬁhography and
lifting-off.
Evaluation of Characteristics of MISFET Element

Fig. 6 shows current-voltage characteristics of
the MISFET element measured at room temperature. The
channel is understood to be an n-type semiconductor
from the increase of the drain current Ips with the
incfease of the drain voltage Vps. This is consistent

with the fact that an amorphous In-Ga-Zn-0O type

semiconductor is of an n-type. The Ips becomes

saturated (pinched off) at Vps=6V, which is typical

behavior of a semiconductor transistor. From
examination of the gaiﬁ characteristics, the
threshold value of the gate voltage Vg under
application of Vps=4V was found to be about -0.5 V. A
current flow of Ips=1.0x107°A was caused at Ve=10V.
This corresponds to carrier induction by gate bias in

the In-Ga-2Zn-O type’amorphous semiconductor thin film.
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The on-off ratio of the transistor was higher
than 1x10°. From the output characteristics, the
field effect mobility was calculated to be about 7
cm? (Vs)'. Irradiation of visible light did not
change the transistor cheracteristics of the produced
element according to the same measurement.

According to the present invention, a thin film
transistor can be preduced which has a channel layer
containing electron carriers at a lower concentration
to achieve higher electric resistance and exhibiting
a higher electron mobility.

. The above amorphous oxide has excellent
characteristies 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 1is
useful as the substrate since the film formation can
be conducted at room temperature. Fufther, 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))

Film formapion by a high—-frequency SP process
by use of an argon gas as the atmosphere gas is

explained below.
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The SP process was conducted by use of the ,

apparatus shown in Fig. 12. 1In Fig. 12, the numerals

indicates the followings: 807, a substrate for film

formation; 808, a target; 805, a substrate-holding"

means equipped with a cooling mechanism; 814, a turbo

molecular pump; 815, a rotary pump; 817, a shutter;
818, an ion manometer; 819, a Pirani gage; 821, a
growth chamber; and 830, a gate valve.

Substrate 807 for film formation was an SiO-
glass substrate (Corning Co.: 1737) which had been
washed ultrasonically for defatting with acetone,
ethanol, and ultrapure water respectively for 5
minutes, and dried at 100°C in the air.

The target wés a polycrystalline sintered
compact having a composition of InGaO3(ZnO), (size: 20
nm diameter, 5 mm thick), which had been prepared by
wet-mixing In.03, Gap0;, and ZnO (each 4N reagent) as
the source material (solvent: ethanol), calcining the
mixture (1000°C, 2 hours), dry-crushing it, and
sintering (1550°C, 2 hours). Target 808 had an
electro conductivity of 90 S/cm, being semi-
insulating.

The final vacuum degree of growth chamber 821
was 1x107* Torr. During the growth, the total
pressure of the oxygen aﬁd argon gas was kept
constant within the range of 4 to 0.1x10™' Pa. The

partial pressure ratio of argon to oxygen was changed
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in the rangevof the oxygen partial pressure from
1x107° to 2x107* Ppa. |

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

The inputted eiectric power was RF 180 W, and
the film forming rate was 10 nm/min.

The resulting thin film was examined by small
angle X-ray scattering method (SAXS) (thin film
method, incidence angle: 0.5°): no clear diffraétion
peak was observed.l Thus the obtained In-Ga-Zn-0 type
thin film was judged to be amorphous. From X-ray
reflectivity and its pattern analysis, the mean
square roughnesé (Rrms) was found to be about 0.5 nm,
and the'film thickness to be about 120 nm. from
fluorescence X-ray spectrometric analyéis (XRF), the
metal composition~of’the film was found to be
In:Ga:Zn = 0.98 : 1.02 : 4.

- 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.

As shown in 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
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oxygen partial pressure.

As shown in Fig.3, for instance, the thin
InGaOs(Zn0), film formed at the substrate temperéture
of 25°C and the oxygen partial pressure or 1x107' Pa
had a lower electric conductivity of about_IX10d°
S/cm. Further, the thin InGaO3(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 electron mobility was estimated to be about 1
cm®/V.sec by extrapolation from the values of the
films of high electron carrier concentration.

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~Zn—O represented in a crystal
state by InGaO;(ZnO)n (m: a natural number of less
than 6) produced by sputtering vapor depoéition in an
argon atmosphere containing oxygen at a partial
pressure of higher than 3x10™ Pa, preferably higher
than 5x107" Pa.

In use of the apparatus and the material
employed in this Example, the film formation by
sputtering is conducted in the oxygen partial
pressure ranging from 3x107 Pa to 5x107" Pa.

Incidentally, in the thin film produced by pulse
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laser vapor.deposition br sputtering, the electron,
mobility increases with increase in number of the
conductive electrons, as shown in Fig. 2.
As described above, by controlling the oxygen
5 partial pressure, the oxygen defect can be decreased,
and thereby the electron carrier concentration can be
decreaéed. In the amorphous thin film, the electron
mobility can be high, since no grain'interface exists
essentially in the amorphous state differently from
10 polycrystalline state. »
Incidentally, the substitution of the glass
substrate by a 200um-thick polyethylene terephthalate
(PET) film did not change the’properties of the
amorphous oxide film of InGaO;3(Zn0O), formed thereon.
15 A high-resistance amorphous film
InGa0s3(Zn;1-xMgyO)n (m: an natural number less than 6;
0<x<1) can be obtained by using, as the target,
polycrystalline 'InGaO;(Zn;-xMgxO)n even at an oxygen
partial pressure less than 1 Pa. For instance, with
20 a target in which 80 atom% of Zn is replaced by Mg,
the electron carrier concentration lower than
1X10m/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.
25 In such a film, the electron mobility is lower than
that of the Mg-free film, but the decrease is slight:

the electron mobility is about 5 cm?/V.sec at room -
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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 < 0.895).

As described above, the oxygen defect are
decreased by control of the oxygen partial pressure, .
and the electron carriér concentratioh can be
decreased without addition of specific impurity ions.
In the amorphous thin film, the electron mobility can
be high, since norgrain‘interface exists essentially
in the amorphous state, being different from
polycrystalline state. Further, since the electric
conductivity can be decreased without addition of
specific impurity ions, the electron mobility can be
kept high without scattering by the impurity.

In the thin film transistor employing the above
amorphous oxide film, the gate-insulating film
contains preferabiy a mixed crystal compound
containing two or more of A1203,‘Y203, HfO., and
compounds thereof.

The presence of a defect at the interface
between the gate-insulating thin film and the channel
layer thin film lowers the electron mobility and
causes hysteresis of the transistor characteristics.

Moreover, the current leakage depends greatly on the
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kind of the gate-insulating film. Therefore the

¢

gate-insulating film should be selected to be

suitable for the channel layer. The current leakage
can be decreased by use of an Al;0; film, the
hysteresis can be made smaller by use of a Y203 film,
and the electron mobility can be increased by use of
an HfO, film hafing 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-insulating film forming
process and the channel layer forming process can be
conducted a£ room temperature, the TFT can be formed
in a stagger constitution or in a reversed stagger
constitution.

The TFT thus formed is a three-terminal element
having a gate terminal, a source terminal, and a
drain terminal. This TFT is formed by forming a
semiconductor thin film on a insulating 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 fﬁnction 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.

In the present invention, it is important that
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an intended electron carrier concentration is
achieved by controlling the amount of the. oxygen
defect. |

In thelabove description, the amountlof the
oxygen in the amorphous oxide film is controlled by 
controlling the oxygen concentration in the film-
forming atmosphere. Otherwise the oxyéen defect
guantity can be controlled (decreased or increase) by
post-treatment of the oxide film in an oxygen-
containing atmosphere as a preferred embodiment.

| For effective control of the oxygen defect
gquantity, the temperature of the oxygen-containing
atmosphere is controlled in the range from 0°C to
300°C, preferably from 25°C to 250°C, more preferably
from 100°C to 200°C.

Naturally, a film may be formed in an oxygen-
containing atmosphere and further post-treated in an
oxygen-containing atmosphere. Otherwise the film is
formed without control of the oxygen partial pressure
and post-treatment is conducted in an oxygen-
containing atmosphere, insofar as the intended
electron carrier concentration (less than‘1XIOw/cﬁP)
can be achieved.

The lower limit of the electron carrier
concentration in the present invention is, for
example, 1x10**/cm’, depending on the kind of the

element, circuit, or device employing the produced
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oxide film.
(Broader Range of Materials)
After investigation on other materials for the

system, it was found that an amorphous oxide composed

of at least one oxide of the elements of Zn, In, and

Sn is 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
conductive electrons therein increases the electron
mobility. Using this film, a normally-off type TFT
can be produced which is excellent in transistor
properties such as the on-off ratio, the saturation
current in the pinch-off state, and the switching
rate.

A complex oxide can be formed by incorporating
additionally one of the elements shown below into the
above amorphous oxide containing at least one of the
elements of Zn, In, and Sn, the additional elements
including:

Group-2 elements M2 having an atomic number lower
than Zn (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 (Si, Ge, and Zr),

Group-5 elements M5 (V, Nb, and Ta), and Lu, and W.
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In the present invention, an oxide having any

‘one of the characteristics of (a) to (h) below aré

useful:

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

(b) An amorphous oxide in which the electron mobility
becomes increased with increase of the electron
carrier concentfation;

(The room £emperature signifies a temperature in 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 in X-ray diffraction spectrum.
The electron mobility signifies the one measured by
the Hall effect.) |

(c) An amorphous oxide mentioned in the above items
(a) or (b), in which the electron mobility at room |
temperature is higher than 0.1 cm?/V.sec;

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

(The term “degenerate conduction” signifies the state:

"in which the thermal activation energy in temperature

dependency of the electric resistance is not higher
than 30 meV.)

(e) An amorphous oxide, mentioned in any of the above
item (a) to (d), which contains at least one of the

elements of Zn, In, and Sn as the constituting
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element;
(f) An amorphous oxide film composed of the amorphous
oxide mentioned the above item (e), and additionally
at least one of the elements of |

5 Group-2 elements M2 having an atpmic'number ldwef

" than Zn (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

10 than Sn (Si, Ge, and Zr),
Group-5 elements M5 (V, Nb, and Ta), and
Lu, and W to lower the electron carrier
concentration;
(The elements of M2, M3, M4 having respectively a

15 lower atomic number than Zn, In, and Sn are highly
ionic, thereby less oxygen defect being caused, and
the electron carrier concentration being decreased.
The element Lu, which has a higher'atomic number than
Ga, has a small ionic radius, and highly ionic to

20 serve the same function as M3. M5, which is
ionizable to be plus five—vaient, being capable of
bonding to oxygen strongly, and being less liable to
cause oxygen defect. W, which is ionizable to be
plus six-valent, being capable of bonding ﬁo oxygen

25 strongly, and beihg less liable to cause oxygen
defect.)

(g) An amorphous oxide film, mentioned in any of the
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above items (a) to (f), constituted of a single
compound having a composition of IanMBAh(ZnLQMZﬁHm
(0<x£1; 0<y<1l; m: 0 or a natural number of less than
6) in a crystal state, or a mixture of the compounds
different in number m, an example of M3 being Ga, and
an exémple of M2 being Mg; and

(h) An amorphous oxide film, mentioned in any of the
above items (a) to (g) formed on a plastic substrate
or an plastié film.

The present invention also provides a field-
effect transistor employing the above mentioned
amorphous oxide or amorphous oxide film as the
channel layer.

A field-effect transistor is prepared which is
émploys 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-insulating film.
When a voltage of about 5 V is applied between the
source and drain terminals without‘application of
gate voltage, the electric current between the source
and drain terminals is about 1x10™’ amperes.

The electron mobility in the oxide crystal
becomeé iarger with increase of the overlap of the s-

orbitals of the metal ions. In an oxide crystal of

Zn, In, or Sn having a higher atomic number, the
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electron mobility is in the range from 0.1 to 200
cm®/V.sec. |
In an oxide, oxygen and metal ions are bonded
by ionic bonds without orientation of the chemical
5 bonds, having a random structure. Therefore in the
oxide in an amorphous state, the electron mobility
can be comparable to that in a crystal state.
On the other hand, substitution of the Zn, In,
or Sn with an element of a lower atomic number
10 decreases the electron mobility. Thereby the
electron mobility in the amorphous oxide of the
present invention rangés from about 0.01 to 20
cm®/V.sec.
In the transistor having a channel layer
15 constituted of the above oxide, the gate-insulating
film is preferably formed from Al;0;, Y,0;, HfO,, or a
mixed crystal compound containing two or more thereof;
The presence of a defect at the interface
between the gate-insulating thin film and the thin
20 .channel layer film lowers the electron mobility and
causes hysteresis of the transistor characteristics.
Moreover, the current leakage depends greatly on the
kind of the gate-insulating film. Therefcre the
gate-insulating film should be selected to be
25 suitable for the channel layer. The current leakage
can be decreased by use of an Al;0; film,'the

hysteresis can be made smaller by use of a Y,0; film,
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and the electron mobility can be increased by use of
an HfO, 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,
5 less hysteresis, and exhibiting a higher electron
mobility. Since the gate-insulating film-forming
process and the channel layer-forming process can be
conducted at room temperature, the TFT can be formed
in a stagger constitution or in a reversed stagger

10 constitution.

The In,03 oxide film can be formed through a
gas-phase process, and addition of moisture in a
partial pressure of about 0.1 Pa to the film-forming
atmosphere makes the‘formed fiim amorphous.

15 . zn0 and SnO; respectiVely cannot readily be
formed in an amorphous film state. For formation of
the Zn0 film in an amorphous staté, In,03 is added in
an amount of 20 atom%. For formation of the Sn0O, film
in an amorphous state, In:0; is added in an amount of

-20 90 atom%. In formation of Sn~In-O type amorphous
film, gaseous nitrogen is introduced in a partial.
pressure of about 0.1 Pa in the film formation
atmosphere.

To the above amorphous film, may be added an

25 element capable of forming a complex oxide, selected
from Group-2 elements M2 having an atomic number

lower than Zn (Mg, and Ca), Group-3 elements M3
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having an atomic number lower than In (B, Al, Ga, and
Y), Group-4 elements M4 having an atomic number lower
than Sn (Si, Ge, and Zr), Group-5 elements M5 (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.

In particular, addition of B, Si, or Ge tending
to form a covalent bond is effective for amorphous
phase stabilization. Addition of a complex oxide
constituted of ions having largely different ion
radiuses is effective for amorphous phase
stabilization. For instance, in an In-Zn-O system,
for formation of a film stable at room temperature,
In should be contained more than about 20 atom%.
However, addition of Mg in an amount equivalent to\In
enables formation of stable aﬁorphous film in the
composition range of In of not less than about 15
atom%.

In a gas-phase film formation, an amorphdus
oxide film of the electron carrier concentration

® can be obtained

ranging from 1x10%°/cm® to 1x10'%/cm
by controlling the film forming atmosphere.

An amorphous oxide film can be suitably formed
by a vapor phase process such as a pulsé laser vapor

deposition process (PLD process), a sputtering

process (SP process), and an electron-beam vapor
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composition control, whereas the SP process is

suitable in view of the mass production. However,

the film—forming process is not limited thereto.
(Formation of In-Zn-Ga-O Type Amorphous Oxide Film by
PLD Process)

An In-Zn-Ga-O type amorphous oxide was
deposited on é glass substrate (Corning Co.ﬁ 1737) by
a PLD process employing a KrF excimer laser with a
polycrystal sintered compact as the target having a
composition of InGaO3(ZnO) or inGaO3(ZnO)4.

The apparatus shown in Fig. 11 was employed
which is mentioned before, and the film formation
conditions were the same as mentioned before for the
apparatus.
| The substrate temperature was 25°C.

The resulting two thin films were examined by
small angle X-ray scattering method (SAXS) (thin film
method, incidence angle: 0.5°): no clear diffraction

peak was observed, which shows that the obtained In-

Ga-Zn-0 type thin films produced with two different

targets were both amorphous.
From X-ray reflectivity of the In-Zn-Ga-0 type

amorphous.éxide 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
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the film thicknesses to be about 120 nm. From ,
fluorescence X-ray spectrometric analysis (XRF), the
film obtained with the target of the polycrystalline
sintered compact of InGaO3(ZﬁO) 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 polycrystalline sintered compact of
InGa0;(Zn0), was found to contain the metals at a
composition ratio In:Ga:Z2n = 0.98 : 1.02 : 4.
Amorphous oxide films were formed at various
oxygen partial pressure of the film-forming
atmosphere with the térget having the composition of
InGaO3(ZnO)4. The formed amorbhous oxide films were
measﬁred for the electron carrier concentration. Fig.
1 shows the results. By formation of the film in 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
sﬁbstrate was kept nearly at room temperature without .
intentional heating. At the oxygen partial pressure
of lower than 6.5 Pa, the surfaces of the obtained
amorphous oxide films were flat.

At the oxygen partial pressure of 5 Pa, in the

amorphous film formed with the InGaOs;(ZnO),; target,

the electron carrier concentration was 1X10m/cnﬁ, the

electrocondpctivity was 1x1072 S/cm, and the electron
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mobility therein was estimated to be about 5

cm?/V.sec. From the analysis of the light absorption

spectrum, the optical bandgap energy breadth of the

formed aﬁorphous oxide film was estimated to be about
3 eV.

The higher oxygen partial pressure further
lowered the electron carrier concehtration. As shown
in Fig. 1, in the In-Zn-Ga-0 type amorphous oxide

film formed at a substrate temperéture'of 25°C at an

‘oxygen partial pressure of 6 Pa, the electron carrier

concentration was lowered to 8x10'°/cm’
(electroconductivity: about gx1073 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 chgnnel layer of the TFT;

The In-Zn-Ga-0 type amorphous oxide films were
formed at various oxygen partial pressures in the
film-forming atmosphere with the target constituted
of a polycrystalline sintered compact having the
composition of InGaO3;(ZnO)s. The ersulting films were
examined for the relation bétween 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
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about 3 cm?/V.sec to about 11 cm®/V.sec. The same |
tendency was observed with the amofphous oxide films
obtained with the polycrystalline sintered

InGa0O;3(Zn0) target.

The In-Zn-Ga-0 type amorphous oxide film which
was formed on a ZOOpm—thick polyethylene
terephthalate (PET) film in place of the glass
substrate had similar characteristics.

(Formation of In-Zn-Ga-Mg-O Type Amorphous Oxide Film
by PLD Process)

A film of TnGaOs(ZniMgs0)s (0<x<1) was formed

on a glass substrate by a PLD process with an

InGaO;(Zn1-yMgx0) s target (0<x<1l). The apparatus

employed was the one shown in Fig. 11.

An Si0O, 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
fivé minutes, and dried in the air at 1000. The -
target was a sintered compact of InGaOs(Zni;-xMgx0),
(x=1-0) (size: 20 mm diameter, 5 mm thick).

The target was prepared by wet-mixing source
ﬁaterials In,03, Gaz0i;, and ZnO (each 4N reagent)
(solvent: ethanol), calcining the mixture (1000°C, 2
hours), dry-crushing it, and sintering it (1550°C, 2
hours). The final pressure in the growth chamber was

2x107® Pa. The oxygen partial pressure during the
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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
irradiated at a power of 1.5—mJ/an/pulse with the
pulse width of 20 nsec, the repeating frequency of 10
Hz, and the irradiation 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.

The resulting thin film was exaﬁined by small
angle X-ray scattering metﬁod (SAXS) (thin film
method, incidence angle: 0.5°): no clear diffraction -
peak was observed. Thus the obtained'In—Ga—Zn—Mg—O
type thin film was amorphdus. The resulting film had
a flat surface.

By using targets of different x-values
(different Mg content), In-Zn-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 electron
mobility on the x-value. ‘ |

Figs. 4A, 4B, and 4C show the results. At the x
vaiues higher than 0.4, in the amorphous oxide films
formed by the PLD process at the oxygen partial

pressure of 0.8 Pa in the atmosphere, the electron



WO 2006/051995 PCT/JP2005/020982

10

15

20

25

60

carrier concentrétion 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.

As shown in 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 in which 80 atom$%
of Zn is 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 in comparison with the Mg-free film, but
the decrease is slightf The.electron mobility in the
films is about 5 cm®/V.sec, which is higher by ébout
one digit than that bf amorphous silicon. Under the
same film formation conditith, both the electric
conductivity and the electron mobility in the film

decrease with increase of the Mg content. Therefore,

the Mg content in the film is preferably more than 20

atom% and less than 85 atom% (0.2 < x < 0;85), more
preferably 0.5 < x < 0.85.

'The amorphous film of InGaO;(Zni-xMgx0), (0<x<1)
formed on a 200pum-thick polyethylene terephthalate
(PET) film in place of the glass substrate had
similar characteristics.

(Formation of In;0s; Amorphous Oxide Film by PLD
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Process)

An Iny0; film was formed on a 200um~-thick PET
film by use of a target constituted of In;O;
polycrystalline sintered compact by a PLD process
employing a KrF excimer laser.

The apparatus used is shown in Fig. 11. The
substrate for the film formation was an SiO; glass
substrate (Corning Co.: 1737).
| As the pretreatment before the deposition, the
substrate wés washed ultrasonically for defatting
with acetone, ethanol, and ultrapure water each for
five minutes, and dried in the air at 100°C.

The target was an In:0; sintered compact (size:
20 mm diameter, 5 mm thick), which had been prepared
by calcining the source material InyO03 (4N reagent)
(1000°C, . 2 hours), dry-crushing it, and sintering it
(1550°C, 2 hours). |

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.

The water vapor partial pressure was 0.1 Pa,
and oxygen radicals were generated by the oxygen
radical-generating assembly by application of 200W.

The distance between the target and the film-
holding substrate was 40 mm, the power of the Krf

excimer laser was 0.5 mJ/cm?’/pulse, the pulse width
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was 20 nsec, the repeating frequency was 10 Hz, and
the irradiation spot size’was 1x1 mm square.

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

The resulting thin film was examined by small
angle X-ray scattering method (SAXS) (thin film
method, incidence angle: 0.5°): no.clear diffraction
peak was observed, which shows that the obtained In-O
type oxide film was amorphous. Thelfilm thickness
was 80 nm.

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).

An In+Sn—Ortype oxide film was formed on a
200um-thick PET film by use of a target constiﬁuted
of polycrystalline sintered compact of (Inmgsnmi)oll
by a PLD process employing a KrF excimer laser. The'
apparatus used is shown in Fig. 11.

The substrate for the film formation was an SiO;
glass substrate (Corning Co.: 1737).

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.

The target was an In.03-SnO; sintered compact

(size: 20 mm diameter, 5 mm thick), which had been
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prepared by wet-mixing the source materials InﬁhiSpOQ
(4N reagents) (solvent: gthanol), calcining the
mixture (1000°C, 2 hours), dry-crushing it, and
sintering it (1550°C, 2 hours).

5 The substrate was kept at room temperature. The

oxygen partial pressure was 5 Pa. The nitrogen

partial pressure was 0.1 Pa. Oxygen radicals were
generated by thé oxygen radical-generating assembly
by application of Z00W.

10 ‘ The distance 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, and
the irradiation spot size was 1x1 mm square. |

15 The film-forming rate was of 6 nm/min.

‘The resulting thin filﬁ 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-

20. Sn-0 type oxide film is amorphoué.

In the obtained In-Sn-0 type amorphous oxide
film, the eleétron carrier concentration was
8x10*"/cm®, and the electron mobility was about 5
cm?/V.seq. The film thickness was 100 nm.

25 (Formation of In-Ga-0 Type Amorphous Oxide Film by
PLD Process)

The substrate for the film was an Si0, glass
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substrate (Corning Co.:1737). ,

'~ 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.

The target was a sintered compact of
(Ina03) 1-x— (Gaz03)y (x = 0-1) (size: 20 mm diameter, 5
mm thick). For instance, at x=0.1, the target is a
polycrystalline sintered compact of (Ing.9Gao.1):03.

This target was prepared by wet-mixing the
source materials In,0;-Ga;0, (4N reagents) (solvent:
ethanol), calcining the mixture (1000°C, 2 hours),
dry-crushing it, and sintering it. (1550°C, 2 hours).

The final pressure of the growth chamber was
2x10°® Pa. The oxygen partial pressure during the
groch was 1 Pa.

The substrate was at room temperature. The
distance 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
irradiation spot'size was 1x1 mm sqﬁare. The film-
forming rate was of 6 nﬁ/min.

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



WO 2006/051995 PCT/JP2005/020982

10

15

20

25

65

diffraction peak was detected, which shows that the

obtained In-Ga-O type oxide film is amorphous. The

film thickness was 120 nm.

In the obtained In-Ga-O type amorphous oxide
film, the electron carrier concentration was
8x10%/cm®, and the electron mobility waé about 1
cm?/V.sec.

(Preparation of TFT Element Having In-Zn-Ga-0 type
Amorphous Oxide Film (Glass Substrate))

A top gate type TFT element shown in Fig. 5 was
prepared.

Firstly, an In-Ga-Zn-0O type amorphous oxide
film was prepared on glass substrate 1 by the
aforementioned PLS apparatus with a target
constituted of a polycrystalline sintered compact
having a composition of InGaO3(Zn0O), at an oxygen
partial pressure of 5 Pa. The formed In-Ga-zZn-O £ilm
had a thickness of 120 nm, and was used as channel
layer 2.

Further thereon, another InFGa—Zn—O type

amorphous film having a higher electro conductivity

- and a gold laYer were laminated, each in 30 nm thick,

by the PLD method at the oxygen partial pressure of
lowér than 1 Pa in the chamber. Therefrom drain
terminal: 5 and source terminal 6 were formed by
photolithography and a lift-off method.

Finally, a Y,0; film as gate-insulating film 3
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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
5 film was formed and therefrom gate terminal 4 was
formed by photolithography and a lift-off method.
The channel length was 50 pm, and the channel width
was 200 um. '
Evaluation of Characteristics of TFT Element

iO Fig. 6 shows current-voltage characteristics of
the TFT element at room temperature. Drain current
Ips increased with increase of drain voltage Vps,
which shows that the channel is of an n-type
conductién,

15 This is consistent with the fact that an
amorphous In-Ga-Zn-O type semiconductor is of an n-
type. The Ig become saturated (pinched off) at Vps=6V,
which is typical behavior of a semiconductor
transistor. From examination of the gain

20 characteristics, the threshold value of the gate
voltage Vgs under application of Vps=4V was found to
bevabout -0.5 V. A current flow of Ip=1.0x107°A was
cased at Vg=10V. This corresponds to carrier
induction by a gate bias in the In-Ga-Zn-O type

25 amorphous semiconductor thin film,as the insulator.

The on-off ratio of the transistor was higher

than 1x10°. From the output characteristics, the



WO 2006/051995 PCT/JP2005/020982

10

15

20

25

67

field effect mobility was calculated to be about 7,

cmz(Vs)'1

in the saturation region. 'Irradiation of
visible light did not change the transistor
characteristics of the producéd element according to
the same measurement.

The amorphous oxide of the electron carrier
concentration lower than 1x10**/cm® is useful as a
channel layer of a TFT. The electron carrier
concentration is more preferably less than 1x10Y/cm?®,
still more preferably less than 1x10%¢/cm®.
(Preparation of TFT Element Having In-Zn-Ga-0 type
Amorphous Oxide Film (Amorphous Substrate))

A top gate type TFT element shown in Fig. 5 was
prepared.

Firstly, an In-Ga-Zn-O type amorphous oxide
film was prepared on polyethyleﬁe terephthalate (PET)
film 1 by the aforementioned PLS apparatus with a
target constituted of a polycrystalline sintered
compact having a composition of InGaO3(Zn0O) at an
oxygen partial pressure of 5 Pa in the atmosphere.
The formed film had a thickness of 120 nm, and was
used as channel layef 2.

Further thereon, another In-Ga-Zn-O type
amorphous film having a higher electro conductivity
and a gold layer were laminated, each in 30 nm thick,
by the PLD method at the oxygen partial pressure of

lower than 1 Pa in the chamber. Therefrom drain
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terminal 5 and source terminal 6 were formed by |
photolithography and a lift-off method.
Finally, gate—insulating film 3 was formed by
an electron beam. vapor deposition method. Further
5 thereon, a gold film was formed and therefrom gate
terminal 4 was formed by photolithography and a lift-
off methqd. The channel length was 50 um, and the
channel width was 200 um. Three TFTs of the above
structure were prepared by using respectively one of
10 the three kinds of gate-insulating films: Y,0; (140 nm
thick), Al;0; (130 pm thick), and HfO:; (140 um thick).
Evaluation of Characteristics of TFT Element
The TFT elements formed on a PET £ilm had
current—volfage characteristics similar tovthat shown .
15 in Fig. 6 at room temperature. Drain current Ips
increased with iﬁcfease of drain voltage Vps, which
shows that the channel is of an n-type conduction.
This is consistent with the fact that an amorphous
- In-Ga-Zn-0 type semiconductor is of an n type. The
20 Ips become saturated kpinched off) at Vpg=6V, which is
typical behavior of a semiconductor transistor. A
curreht flow of Ig=1.OX1O'8A was caused at Vg=0 V,
and a current flow of Ips=2.0x107° A was caused at
Ve=10 V. This corresponds to carrier induction by
25 gate bias iﬁ the insulator, the In-Ga-Zn-0 type
amorphous semiconductor oxide film.

The on-off ratio of the transistor was higher
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than 1x10°. From the output characteristics, the

field effect mobility was calculated to be about 7

cm? (Vs)™ in the saturation region.

The elements formed on the PET film were curved

~at a curvature radius of 30 mm, and in this state,

transistor characteristics were measured. However
the no change was observed in the transistor
qharacteristics. Irradiation of visible light did
not change the transistor characteristics.

The TFT employing the.AlZO3film as the gate-
insulating film has also transistor characteristics
similar to that shown in Fig. 6. A éurrent flow of
Iwél.OX1O'8A.was caused at Vg=0 V, and a current flow
of Im=5.OX10'6A was caused at Ve=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 2 cm®(Vs)™* in the
saturatioh region.

The TFT employing the HfO; film as the gate-
insulating film has also transistor characteristics
simiiar to that shown in Fig. 6. A current flbw of
Im=1X1O”8A was caused at Vg=0 V, and a current flow
of Im=1.OX10f6A was caused at Vg=10 V. The on-off

ratio of the transistor was higher than 1x10%. From

the outpﬁt characteristics, the field effect mobility

was calculated to be about 10 cm?(Vs)™ in the

saturation region.
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(Preparation of TFT Element Employing In,O; Amorphous

Oxide Film by PLD Process)

A top gate type TFT element shown in Fig. 5 was
prepared.

Firstly, an In,0; 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.

Further thereon, another In,0; amorphous film
having a higher electro conductivity and a gold layer
were laminated, each in 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 generating assembly.
Therefrom drain terminal 5 and source terminal 6 were
formed by photolithography and a lift-off method.

Finally, a Y,0; film as gate-insulating film 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

The TFT elements formed on a PET film was

examined for curreﬁt—voltage characteristics at room

temperature. Drain current Ips increased with

" increase of drain voltage Vps, which shows that the

channel is an n-type conductor. This is consistent
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with the fact that an amorphous In-O type amorphous
oxide film is an n type cpnductor. The Ips become

saturated (pinched off) at about Vps=6V, which is

typical behavior of a transistor. A current flow of

IM=ZX1O—8A was caused at Vg=0 V, and a current flow
of Ips=2.0x10"°A was caused at Ve=10 V. This
corresponds to electron carrier induction by gate
bias in the insulator, the In-O type amorphous oxide
film.

| The on-off ratio of the transistor was about
1x10%. From the output characteristics, the field
effect mobility was calculated to be about 1x10
cmz(Vs)"1 in the saturation region. The TFT element
formed on a glass substrate had similar
characteristics.

The elements formed on the PET film were curved
inla curvature fadius of 30 mm, and in this state,
transistor characteristics were measured. No change
was observed in the transistor characteristics.

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

A top gate type TFT element shown in Fig. 5 was
prepared.

Firstly, an In-Sn-O type amorphous oxide film
was formed in a thickness of 100 nm as channel layer
2 on polyetﬁylene terephthalate (PET) film 1 by the

PLD method.
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Further theréon, another In-Sn-O amorphous film
having a higher electro cqnductivity and a gold iayer
were laminated, each in 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.

Finally, a Y03 film as gate-insulating film 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 Charaqteristics of TFT Element

The TFT elements formed on a PET film was
examined’foricurrent—voltage characteristics at room
temperature. Drain current Ips increased with
increase of drain voltage Vps, which shows that the
channel is an n-type conductor. This is consistent
with the fact that an amorphous In-Sn-O type
amorphous oxide film is an n type conductor. ‘The Ips
became saturated (pinched off) at about Vpg=6V, which
is typical behavior of a transistor. A current flow
of Im=SX104.A was caused at Vg=0 V, and a current
flow of Im=5.OX1O'5A was caused at Vg=10 V. This
corresponds to electron carrier induction by the gate

bias in the insulator, the In-Sn-0 type amorphous
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oxide film.

The on-off ratio of the transistor was about
1x103. 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.

The elements formed on the PET film were curved
at a curvature radius of 30 mm, and in this state,
transistor characteristics were measured. No change
was caused théreby in the transistor characteristics.
(Preparation of TFT Element Employing In-Ga-0 type
Amorphous Oxide Film by PLD Process)

A top gate‘type TFT element shown in Fig. 5 was
prepared.

Firstly, an In-Ga-0 type amorphous oxide film
was formed in a thickness of 120 nm as channel layer
2 on polyethylene terephthalate (PET) Film 1 by the
PLD method shown in Example 6.

Further thereon, another In-Ga-O amorphous film
having a higher conductivity and a gold layer were
laminated, each in 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-generating assembly. Therefrom
drain terminal 5 and source terminal 6 were formed by
photolithography and a lift-off method.

Finally, a Y,03 film as gate-insulating film 3
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¢

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

The TFT elements formed on a PET film was
examined for current-voltage characteristics at room
temperature. Drain current Ips increased with
increase of drain voltage Vps, which shows that the
channel is an n-type conductor. This is consistent
with the fact that an amorphous In-Ga-0 type
amorphous oxide film is an n type conductor. The Ipg
became saturated (pinched off) at about Vps=6V, which
is typical behavior of a transistor. A current flow
of Ips=1x10"A was caused at Vg=0 V, and a current
flow of im=1.OX1O_6A.was caused at Vg=10 V. This
corresponds to electroﬁ carrier induction by the gate
bias in the insulator, the In~Ga-0 type amorphous
oxide film. |

Tﬁe 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.z(Vs)"l in the saturation range. The TFT element
formed on a glass substrate had similar
characteristics.

The elements formed on the PET film were curved

"at a curvature radius of 30 mm, and in this state,
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transistor characteristics were measured. No change
was caused thereby in the’transistor characteristics.
The amorphous oxide of the electron carrier

concentration of lower than 1x10'®/cm’ is useful as
the channel layer of the TFT. The electron carrier
concentration is more preferably not higher than
1x10'/cm’, still more preferably not higher than
1x10%/cm’.

Examples are described of the above embodiments.

The present invention covers not only the invention

- of the first embodiment, but also the invention of

the first embodiment combined with the second
inventioq, and further combined with the third
embodiment. The present invention is not limited to
the Examples shown below in any way.
A. Example of First Invention
(Example 1: Preparation of Amorphous In-Ga-Zn-O Thin
Film) |

An In-Zn-Ga-0 type amorphous oxide is deposited
on a glass substrafe (Corning Co.: 1737) by a pulse
laser vapor deposition method employing a KrF excimer:
laser with a polycrystalline sintered compact having
a’composition of InGaO;(Zn0), as the target.

With this thin film, a top gate type MISFET
element as shown in Fig. 5 is prepared.

Firstly, a 40nm-thick semi—insulating amorphous

film of InGaO;(Zn0), is formed as channel layer 2 on
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glass substrate 1 through the above amorphous In;Gg—
Zzn~0 thin film formation process.

Further thereon, an In,O03; amorphous film having
a higher conductivity and a gold layer are laminated,
each in 30 nm thick, by a pulse laser deposition
process. Therefrom drain terminal 5 and source
terminal 6 are formed by photolithography and a lift-
off method.

Finally, a Y.0; film as gate-insulating film 3
is formed by an electron beam vapor deposition method
(thickness 100 nm, relative dielectric constant:
about 15). Further thereon, a gold film was formed,
and therefrom gate terminal 4 was formed by
photolithography and a lift-off method.

- In particular, the TFT can be made locally
transparent to visible light by not conducting gold
film formation at least on one of the drain electrode
and the source electrode to keep there transparent.
Otherwise, ITO of high conductivity may be used in
formation of the source electrode, the drain
electrode; or the gate electrode, and the gold film
is not formed thereon. With such a constitution, TFT
can be formed which is transparent in the visible
light region. Such a TFT is preferred for driving on
a display.

Preferably, the source electrode, the drain

electrode, and the gate electrode are transparent,
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and the wiring for the electric connection is formed

from a metal of high conductivity. In this

constitution, in the vicinify to the source electrode,
the drain electrode, or the gate electrode, the metal
wiring is laminated on the tranéparent eleétrodes.
(Example 2: Preparation of MISFET Element)

| In a similar manner as in Example 1, a top gate
type MISFET element shown in Fig. 5 is prepared.

A 30nm-thick semi-insulating amorphous film of
InGaO;(Zn0), is formed as channel layer 2Z on glass
substrate 1.

Further thereon, a 40nm-thick SnO; film having a
higher electro conductivity is laminated by a pulse
laser deposition process. Therefrom drain terminal 5
and source terminal 6 are formed by photolithography
and a lift-off method.

Finally, a TiO. film as gate-insulating film 3
is formed by an electron beam vapor deposition method
(thickness 110 nm, relative dielectric constant:
about 11). Further thereon, a gold film was formed,
and therefrom gate terminal 4 was formed by
photolithography and a lift-off method.:

Thus a device is provided which is transparent
to visible light at the portions of drain términal
and the source tefminal.

B. Example of Second Invention

(Example 3: Preparation of Amorphous In-Ga-zZn-0O Thin -
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Film)

An In-Zn-Ga-0 type amorphous oxide is deposited
on a glass substrate (Corning Co.: 1737) by a pulse
laser vapor deposition‘method employing a KrF excimer
laser with a polycrystalline sintered compact having .
a composition of InGaO;(Zn0)s; as the target.

A top gate type TFT panel is prepared through
steps Shown in Figs. 7A to 7F.

(a) On glass substrate 2700 of 12cmxl2cm, a 120nm-
thick semi-insulating amorphous InGa0O3(Zn0),4 film is
formed for use as channel layer 2701 by the
aforementioned process for forming an amorphous In-
Ga-Zn-0 thin film.

(b) With the substraté kept in the chamber, channel
layer 2701 is covered with mask 2702, and thereon
another InGaOs(ZnQO), film having a higher conductivity
and.a gold layer are laminated, each in 30 nm
thickness, by the pulse laser deposition method at
the oxygen partial pressure of lower than 1 Pa in the
chamber to form drain electrode 2703 and source
electrode 2704. 1In the drawing, the InGaO3(ZnO)4 film
and the gold film are not differentiated.

(c)‘With the substrate kept in the chamber, mask 2702
is removed, and a Y03 film is formed as fiist gate-
insulating film 2705 (thickness: 10 nm, relative
dielectric constant: about 15) by electron beam vapor

deposition. Then an Si0, film is formed as second
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gate—insulating film 2706 (thickness: 80 nm, relative

~dielectric constant: about 3.8) by electron beam

vapor deposition.

(d) The film is coated with a’ photo-resist, and a
pattern for through hole 2707 to the drain'electrode’
and through hole 2708 to the source electrode are
formed. Then gate-insulating films 2705, 2706 are
etched to form through holes 2707, 2708.

(e) Thereon Al is vapor déposited by a resistance-
heating method to form conductive layér 2709 in a
thickness of 100 nm.

(f) Conductive layer 2709 is patterned to form
drawing-out wiring 2710 from the drain electrode,
drawing-out wiring 2711 from the source electrode,
and gate electrode 2712. Thereby the formation steps
are completed. |

Through the above steps, 100 TFTs in a 10x10

matrix having‘two layers of gate-insulating layer on
the subject are formed in uniform intervals.

(Example 4: Production of TFT panel)

A top gate type TFT panel is produced through

steps of Figs. 8A to 8F and 9G to OL.

(a) On glass substrate 2800 of 12cmx12cm, a 120nm-
thick semi—insulating amorphous InGaO;(Zn0)4 film is
formed for use as channel layer 2801.

(b) With the substrate kept in the chamber, a Y,03

film is formed as first gate-—insulating film 2802
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(thickness: 30 nm, relative dielectric constant:
about 15) by electron beam vapor deposition.

(c) The film is coated with photo resist 2803.

(d) Photo resist 2803 is patterned.

(e) First gate-insulating film 2802 is selectively
etched to form opening 2804 for the drain electrode
and opening 2805 for the source electrode.

(f) Another InGaO;(Zn0O),; film having a higher
conductivity and a gold layer are laminated thereon,
each in 30 nm thickness, by the pulse laser
deposition method at the oxygen partial pressure of,
for instance, lower than 1 Pa in the chamber to form
first conductive layer 2806. In the drawing, the
InGa03(Zn0)4s film and the gold film are not
differentiated.

(g) An unnecessary portion of the first conductive
layer 2806 is lifted off.

(h) Thus drain electrode 2807 and source electrode
2808 are formed.

(1) An SiO, film is formed (thickness: 30 nm,
relative dielectric constant: about 3.8) as second
gate—insulating layer 28009.

(j) Second gate-insulating film 2809 is patterned to
for through hole.2810 to the drain electrodé and
through hole 2811 to the source electrode.

(k) Thereon Al is vapor-deposited by a resistance-

heating method to form second conductive layer 2812
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in a thickness of 100 nm. ,
(1) Second conductive layer 2812 is patterned to form
drawing-out wiring 2813 from the drain electrode,
drawing-out wiring 2814 from the source electrode,
and gate electrode 2815. Thereby the formation steps
are completed.

Through the above steps, 100 TFTS in a 10x10
matrix having two layers of gate-insulating layer are
formed in uniform intervals on the substrate.

By the constitution described in this Example,
formation of defects such as short-circuiting of the
gate are prevented, and the change with time of
electric current is retarded. Therefore, the present
invention enables production of TFT panels reliable
and suitable for driving large—areé liquid crystal
panels and organic EL panels.

C. Example of Third Invention
(Example 5: Production of Amorphous In-Ga-Zn-0O Thin
Film) |

| An In-Zn-Ga-O type amorphous oxide thin film is
deposited on a glass substrate (Corning Co.: 1737) by~
a pulse laser vapor deposition method employing a KrF
excimer laser.

A top gate type MISFET element shown in Fig. 10

is prepared.

Surface-coating layer 5010 (amorphous silicon

nitride layer: 300 nm) which is one of the present
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invention is deposited on plastic film (PET) 5001.,

Thereon, a semi-insulating amorphous
InGaO;(Zn0), film is deposited in a 35 nm thickness as
channel layer 5002 by the aforementioned process for
producing an amorphous In-Ga-Zn-O thin film.

Further thereon, interfacial passivation layer
5100 (amorphous silicon layer: 3 nm) which is one of
the present invention is deposited.

Further, InGaO3(ZnO)4'having a conductivity
higher than the above semi-insulating amorphous oxide
(the above-mentioned amorphous oxide) and a gold
layer are laminated thereon, each in 30 nm thickness.
Drain terminal 5007 and source terminal 5006 are
formed by photolithography and a lift-off method.

Fiqally, a Y,03 film is formed as gate- o
insulating film 5003 (thickness: 70 nm, relative
dielectric constant: abopt 15), and thereon gold film
is formed and therefrom gate terminal 5004 is formed
by photolithography and a lift-off method.

In the above formation of the thin films such
as the surface coating layer, another material such
as amorphous silicon, titanium oxide, aluminum oxide,
and magnesium oxide may be used. This is preferable
for impro&ement of adhesiveness to the substrate,
decrease of roughness of substrate surface, and

prevention of current leakage in the element.

In the above formation of the thin films such
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as the passivation layer, another material such as

amorphous silicon nitride, titanium oxide, aluminum

oxide, and magnesium oxide ﬁay be used. This is
preferable for improvement of the gate-insulating
layer, and prevention of current leakage.

In some cases, the simple passivation treatment
can be sufficient. For instance, an oxygen plasma
treatment (0z: 5 sccm, 20 W, 20 sec) of the outermost
face of the channel only is effective for improving
the interface with the gate-insulating layer to
prevent current leakage in the element. Preferably,
after the passivation treatment, an interfacial.
passivation layer may be laminated additionally for
prevention of current leakage in the element. |

The transistor employing the transparent oxide
film of the present invention is useful as a'

switching element for LCDs and organic EL display

'apparatuses.‘ The present invention is applicable

widely to‘flexible‘displéy devices employing a
flexible material such as a plastic film, IC cards,

ID tags, and so forth.

This application claims priority from Japanese
Patent Application No. 2004-326683 filed November 10,
2004, which is hereby incorporated by reference

herein.
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CLAIMS )

1. A field-effect transistor provided with a
source electrode, a drain electrode, a gate insulator,
a gate electrode, and an active layer,
the active layer being comprised of
an amorphous oxide in which an electron carrier
concentration is lower than 10'°/cm’, or
an emorphous oxide in which an electron mobility
tends to increase with increase of the electron
carrier concentration; and

at least one of the source electrode, the drain
electrode and the gate electrode is transparent to
visible light.

2. The field effect transistor according to
claim 1, which has a metal wiring connected to at
least one of the source e}ectrode, the drain
eleetrode and the gate electrode.

3. The field effect transistor according to
claim 1, wherein the amorphous oxide is an oxide
containing at least one of In, Zn, and Sn,’or an
oxide containing In, Zn, and Ga.

4, A field effect transistor provided with a
source electrode, a drain electrode, a gate insulator,
a gate electrode, and an active layer,

the active layer being comprised of an
amorphous oxide in which an electron.carrier

concentration is less than 10'%/cm’, or an amorphous
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oxide in which an electron mobility tends to increase
with increase of the electron carrier concentration;
and

having a lamination structure comprised of a
first layer in which at least one of the source
electrode, the drain electrode and the gate electrode
is transparent to visible light, and a second layer
composed of a metal, ér

having a lamination structure comprised of a
first layer in which a wiring connected at least one
of the source electrode, the drain electrode and the
gate electrode is transparent to visible light, and a
second layer composed of a metal.

5. A field effect transistor provided with a
source electrode, a drain electrode, a gate insulator,
a gate electrode, and an active layer,

wherein the active layer is comprised of an
amorphous oxide transparent to visible light, and
at least one of the source electrode, the drain
electrode, and the gate electrode is transparent to
visible light. |

6. The field-effect transistor according to
claim 5, wherein the transistor is a normally-off
type transistor.

7. The field-effect transistor according to
claim 5, wherein a metal wiring is connected to an

electrode transparent to light which belongs to the
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source electrode, the drain electrode or the gate
electrode.

8. The field-effect transistor according to
claim 5, wherein the amorphous oxide is 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.

9. A field effect transistor provided with a
source electrode, a drain electrode, a gate insulator,
a gate electrode, and an active layer,

the active layer being comprised of an
amorphous oxide in which an electron carrier
concentration is lower than 10'®/cm’, and the gate
insulator is comprised of a first layér being in
contact with.the amorphous oxide and a second layer
different from the first layer and is laminated on
the first layer.

10. The field gffect transistor according to
claim 9, wherein'ﬁhe first layer is an insulating
layer comprising HfO., Y203, or a hixedycrystal
compound containing HfO: or Y,0;.

11. The field effect transistor according to
claim 9, wherein the amorphous oxide is an oxide
containing at least one of In, Zn, and Sn, or an

oxide containing In, Zn, and Ga.
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12. The field effect transistor aécording to,
claim 9, wherein the first layer is an interface
improvement layer for improving an interfacial
property with the active layer, and the second layer
is a current leakage prevention layer for preventing’
leakage of electric current.

13. A field effect transistor provided with a
source electrode, a drain electrode, a gate insulator,
a gate electrode, and an active layer,

the active layer being comprised of an
amorphous oxide, and the gate insulator is comprised
of a first layer being in contact with the amorphous
oxide and a second layer different from the first
layer and is laminated on the first layer.

14. The field-effect transistor according to

claim 13, wherein the amorphous oxide is any one

selected from the group consisting of an oxide

containing In, Zn and Sn; an oxide containing In and
7n; an oxide containing In and Sn; and an oxide
containing In.

15. The field-effect transistor according to
claim 13, wherein the transistor is a normally-off
type transistor.

16. A field effect transistor provided with a
source electrode, & drain electrode, a gate insulator,
a gate electrode, and an active layer,

the active layer being comprised of
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an amorphous oxide in which an electron carrier
concentration is less than 10%%/cm®, or

an amorphous oxide in which an electron mobility

‘tends to increase with increase of the electron

carrier concentration; and

a passivation layer is provided between the
active layer and the gate insulatot.

17. The field effect transistor according to
claim 16, wherein the amorphous oxide is an oxide
containing at least one of In, Zn, and Sn, or an
oxide containing In, Zn, and Ga.

18. The field effect transistor according to
claim 16, wherein the passivation layer is a current
leakage prevention layer for preventing leakage of
electric current.

19. A field effect transistor provided with a

source electrode, a drain electrode, a gate insulator,

a gate electrode, and an active layer,

the active layer being‘compriséd of an amorphous
oxide; and

a passivation layer béing provided between the acfive-
layer and the gate insulator.

20. A field effect tranSisfor provided with a
source electrode, a drain electrode, a gate insulator,
a gate electrode, and an active layer on a substrate,

the active layer being comprised of an

amorphous oxide in which an electron carrier
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concentration is less than 10'%/cm’, or an amorphous
oxide in which an electron mobility tends to increase
with increase of the electfdn carrier concentration;
and

5 a surface-coating layer being provided between
the active layer and the substrate.

21. The field effect transistor according to
claim 20, wherein the amorphous‘oxide is an oxide
containing at least one of In, Zn, and Sn, or an

10 oxide containing In, Zn, andvGa.

22. The field effect transistor according to
claim 20, wherein the surface-coating iayer is an
adhesion-improvement layer for improving the
adhesiveness between the substrate and the active

15 layer.

23. A field effect transistor provided with a
source electrode, a drain electrode, a gate insulator,
a gate electrode, and an active layer;
the active layer being comprised of an amorphous

20 dxide; and
a surface-coating layer being providéd between the

active layer and the substrate.



WO 2006/051995 PCT/JP2005/020982

1/9

FIG. 1

I[lIIl||lIl||IlI|IlII|IIlI|Ill

1 020

tato

O

1019 O

Ll

O

ELECTRON CARRIER
CONCENTRATION /cm™

ERIA

O
O

TTTTTT T T T TTITT T T TITHI) I |HIQ

Pl

1015 poadgvvedverr et e by b g
o 1t 2 3 4 5 6 7

OXYGEN PARTIAL PRESSURE /Pa

FIG. 2

URLLLLL UL I |
"J; B R
<
o\
5 o O°
£ © i
- » -
3 ° :
= - O -
S o 1
o
-
O
L
—1
58]

1 11 prvond et gl ||||||uJ
1015 1016 107 108 10" 1020 10%

ELECTRON CARRIER
CONCENTRATION /cm™




WO 2006/051995 PCT/JP2005/020982

2/9

FIG. 3

N I 1 Y R 1 ) I B B I M B

O
O

-2
10 5

—_
[an)
o

ELECTRIC CONDUCTIVITY /S cm™!
O

10-10 ol ! IIlIII\}J) RN
109 107 107 10

OXYGEN PARTIAL PRESSURE /Pa




PCT/JP2005/020982

3/9

1.0

0.8

04 0.6

0.2

0

X in InGaZn1-xMgxOa

WO 2006/051995

B O O O

| © @ @

L O O

Ne) O

L L L L UL UL L UL LLLLEL U1 L 0 L L L LR (UL T

|- WO S/ ALINILONANOD ¢-W3,/ NOILVHLNIONOD _-Aw>vwEo\ ALNIZON
JH10314 : H3IHHYD NOHLO3 13 NOHL9313

FIG. 4A
FIG. 4B
FIG. 4C



WO 2006/051995

DRAIN CURRENT /uA

PCT/JP2005/020982
4/9
C
NN 3
| 1
5\_/“ Y Y A 7(_/'\6
A~ 1
I T T
GATE 1
- VOLTAGE V-
10 60 1
55 ]
[ 50
; 5
St 40
[ 35 I
[ 3.0 |
- 25
i 2.0 i
i 120700
0 = e AT | I
5 10 15

DRAIN VOLTAGE /V



WO 2006/051995 PCT/JP2005/020982

5/9

FIG. 7A =

FIG. 7B "f\ '(\

2706
-_—2705
FIG. 7C e
2707 ‘2708
S S
FIG. 7D e
2709
|
FIG. 7E =e=——=
2110 2?12 2?11
FiG. 7F T
l l 1~ 2701
\ \ 2700

] !
2703 2704



WO 2006/051995

FIG.

FIG.

FIG.

FIG.

FIG.

FIG.

8A

8B
8C
a0
o

8F

6/9

PCT/JP2005/020982

T— 2801

™—2800

__—2802

2803

2803

— 2802

™—2800

2804 2805

— = O

2806




WO 2006/051995 PCT/JP2005/020982

719

= B B
_=_5¢

FIG. 9G 2901
28{)7 zagos
FIG. 9H —
| 2809
FIG. 91
2810 2811

FIG. 9 s

2%12
===
FIG. 9K H==——==1
28g13 2&115 28g14 |
FIG. 9L ELE=—5 ="
f f 2801
\ \ 2800




WO 2006/051995 PCT/JP2005/020982

8/9

5004
77 77,71 5003
Wi
5007~/ /\I,,;,-___{/5006 oo
> 7 I\>II . K //
5010~ P




WO 2006/051995 PCT/JP2005/020982

9/9
FIG. 11 718 719 7/20
716
718 719 704 721 705 3
EP CF L) 706
703 - : : 707
| 70\_'8_—v717
; § / [ +~—713
( 7125
709 710 |,
702t T 4714
711
I )——@ [ —
701 —- 715+
718 719
818 819
' 8051
8211 ;30
808 807
Ar%%

T—=814

=815




INTERNATIONAL SEARCH REPORT

Intarnational application No

7 /JP2005/020982

A. CLASSIFICﬁTION OF SUBJECT MATTER

01L29/786  HO1L21/363

According 1o International Patent Classification (IPC) or to both nalional classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO1L

Documentation searched other than minimum documentation to the extent thal such documents are included in the fields searched

EPO-Internal, INSPEC

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2003/218222 Al (WAGER JOHN F ET AL) 1-23
27 November 2003 (2003-11-27)
page 2, paragraph 36 - page 3, paragraph
44, claims
X WO 03/098699 A (KAWASAKI, MASASHI; OHNO, 5
HIDEO; SHARP KABUSHIKI KAISHA; YOSHIOKA,
- HIRO) 27 November 2003 (2003-11-27)
A abstract 1-4,6-23
P,X -& US 2005/173734 Al (YOSHIOKA HIROTO ET 5
AL) 11 August 2005 (2005-08-11)
P,A the whole document 1-4,6-23
A US 2004/127038 A1 (CARCIA PETER FRANCIS ET 1-23
AL) 1 July 2004 (2004-07-01)
the whole document
- / —_

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

*A' document defining the general state of the art which is not
considered to be of particular relevance

*T* later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the

inveniion
*E* earlier document bul published on or after the internalional *x* document of particular relevance; the claimed invention
filing date cannot be considered novel or cannol be considered to

‘L* document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

*0* document referring to an oral disclosure, use, exhibition or
other means

*P* document published prior to the international filing date but
later than the priority date claimed

involve an inventive step when the document is taken alone

*Y* document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
merr‘ns, such combination being obvious lo a person skilled
in the art,

*&* document member of the same patent family

Date of the actual completion of the international search

6 February 2006

Date of mailing of ihe intemational search report

17/02/2006

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Palentlaan 2
NL — 2280 HV Rijswijk

Tel. (+31~70) 340-2040, Tx. 31 651 epo nl,
Fax: (+31-70) 340-3016

Authorized officer

Hoffmann, N

Form PCT/ISA/210 (second sheet) (April 2008)




INTERNATIONAL SEARCH REPORT

Intarnational application No

[ /IP2005/020982

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Cilation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

EP 1 443 130 A (JAPAN SCIENCE & TECH
AGENCY ¢JP!; ORITA MASAHIRO ‘JP!; OTA
HIROMICHI ) 4 August 2004 (2004-08-04)
abstract

ORITA M ET AL: "Amorphous transparent
conductive oxide InGa03(Zno)m(m<=4): a Zn
4s conductor"”

PHILOSOPHICAL MAGAZINE, TAYLOR AND
FRANCIS, LONDON, GB,

vol. 81, no. 5, 1 May 2001 (2001-05-01),
pages 501-515, XP002989592

ISSN: 0031-8086

the whole document

NOMURA K ET AL: "Electron transport in
InGa03(Zn0)m (m=integer) studied using
single-crystalline thin films and
transparent MISFETs"

PREPARATION AND CHARACTERIZATION, ELSEVIER
SEQUOIA, NL,

vol. 445, no. 2,

15 December 2003 (2003-12-15), pages
322-326, XP004479615

ISSN: 0040-6090

the whole document

1-23

1-23

1-23

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

Intarnational application No

™(/JP2005/020982
Patent document Pubilication Patent family Publication
cited in search report date member(s) date
US 2003218222 Al 27-11-2003 US 2003218221 Al 27-11-2003
WO 03098699 A 27-11-2003 AU 2003236143 Al 02-12-2003
CN 1656617 A 17-08-2005
US 2005173734 Al 11-08-2005
US 2005173734 Al 11-08-2005 AU 2003236143 Al 02-12-2003
CN 1656617 A 17-08-2005
Wo 03098699 Al 27-11-2003
US 2004127038 Al 01-07-2004  NONE
EP 1443130 A 04-08-2004 WO 03040441 Al 15-05-2003
US 2005039670 Al 24-02-2005

Form PCT/ISA/210 (patenl family annex) (April 2005)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

