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that the carrier concentration of the amorphous oxide can be controlled.
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DESCRIPTION

FIELD EFFECT TRANSISTOR USING AMORPHOUS OXIDE FILM AS
CHANNEL LAYER, MANUFACTURING METHOD OF FIELD EFFECT
TRANSISTOR USING AMORPHOUS OXIDE FILM AS CHANNEL LAYER,

AND MANUFACTURING METHOD OF AMORPHOUS ‘OXIDE FILM

TECHNICAL FIELD

The present invention relates to a field effect
transistor which has a channel layer formed from an
amorphous oxide and which has transistor properties

applicable to a display device and the like.

BACKGROUND ART

A field effect transistor (hereinafter referred to

as "FET" in some cases) has a gate electrode, a source

electrode, and a drain electrode. In addition, the
field effect transistor is an active device in which
current flowing in the channel layer, that is, current
flowing between the source and the drain electrodes is
controlled by applying a voltage to the gate electrode.
In particular, ‘an FET using a thin film formed on an
insulating substrate of éﬂceramic, a glass, or a
plastic as a channel layer is called a thin film
transistor (hereinafter referred to as "TFT" in some

cases) .

The TFT can be advantageously easily formed on a
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relatively large substrate by using techniques té form .
thin films, and as a result, the TFT has been widely
used as a switching device and driver device of a flat
panel displayvsuch as a liquid crystal display. That
is, in an active matrix liquid crystal display (ALCD),
ON/OFF operation of each image pixel is performed using
a corresponding TFT formed on a glass substrate. 1In
addition, in high-performance organic LED display
(OLED), effective control of the pixel current is
expected to be performed by a TFT. Furthermore, a
liquid crystal display device having higher performance
has been réalized in which driver circuits composed of
TFTs are formed on a substrate in a peripheral region
of an image region.\

The most widely used TFT in these dayé‘uses a
polycrystalline silicon film or an amorphous silicon
film as a channel layer material. The TFT described
above is called a metal-insulator-semiconductor field
effect transistor (MIS-FET). 'For a pixel driver, an
amorphous silicon TFT is used, and for peripheral
circuits of driver and.controller, a, high-performance
polycrystalline silicon TEFT has been practically used.

However, in TFTs including an amorphous silicon
TFT and a polycrystalline silicon TFT whiéh have been
developed heretofore, high temperature processes are
required for device formation, and hence it has been

difficult to form the TFT on a substrate such as a
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plastic plate or film.

On the other hand; in recent years, development to
realize flexible display has been actively performed by
forming TFTs on a polymer plate or film as drive

circuits of LCD or OLED. As a material which can be

formed on a plastic film or the like, an organic

semiconductor film has drawn attention which can be
formed at a low temperature.

For example, as an organic semiconductor film,
research and development of pentacene and the like has
been implemented. The organic semiconductors mentioned
above all have a;omatic rings,'and when they are
crystallized, a high carrier mobility can be obtained
in the lamination direction of aromatic rings. For
example, it has been reported that when pentacene is
used for an'active layer, the carrier mobility is
approximately 0.5 cm (Vs)™ and is approximately
equivalent to that of an amorphous Si-MOSFET.

However, the‘organic semiconductors such as
pentacene disadvantageously héve inferior heaf
stability (<150°C) and toxicity (oncogenic properties),
and hence practical devices have not been realized as
of today.

In addition, in recent yeérs, as a material which
can be applied. to a channel layer of the TFT, oxide
materials have bggun to draw attention.

For example, development of TFT has been actively
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pursued which uses a transparent and conductive
polycrystalline oxide thin film primarily composed of
Zn0 as a channel layef. The above thin fiim can be
formed at a relatively low temperature and hence can be
formed on a substrate such as a plastic plate or film.
However, since a compound primarily composed of ZnO
cannot be formed into a stable amorphous phase at room
temperature but is formed into a polycrystalline phase,
the electron mobility cannot be increased due to- ‘
scattering at interfaces of polycrystalline grains. In
addition, since the shape of polycrystalline grains and
connection therebetween are significantly changed by
film-forming methods, the properties of TFTs are
scattered.

Recently, a thin film transistor has been reported
in which an amorphous In-Ga-Zn-O-based oxide is used (K.
Nomura et al, Nature Vol. 432, p. 488 to 492, Nov.
2004). This transistor can be formed on a plastic or a
glass substrate at room temperature. In addition, at a
field-effect mobility of approximately 6 to 9,
normally-off type transistor properties can be obtained.
Furthermore, this transistor is advantageously
transparent to visible light.

When the inventors of the present invention
investigated & thin film transistor using an aﬁorphous
In-Ga-Zn-O-based oxide, although depending on the

composition and manufacturing conditions, the
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hysteresis of transistor properties (Id-Vg properties)
of TFT was generated in some cases.

When the above TFT is used, for example, for a
pixel circuit of a display device, the generation of
the hysteresis as described above causes variation in
operation of organic LED, liquid crystal, or the like
which is to be driven, and as a result, the image\

gquality of the display device is degraded.

DISCLOSURE OF THE INVENTION
‘According to the present invention, the above
hysteresis is reduced by appropriately designing an

oxide material which is to be used for a channel of a

‘transistor.

In addition, when an amorphous oxide material is
used for a channel iayer of a TFT, thé electron carrier
concentration is set in a desired range (such as in the
range of approximately 10% to 10'%/cm’®). Furthermore,
in.order to ensure both reproducibility and uniformity
of transiétor properties, control means for accurately
controlling the electron carrier corcentration is
provided.

In addition, by appropriately designing a method

for forming an oxide material to be used for a channel

of a transistor, the present invention also provides a

method for forming a thin film having a desired

electron carrier concentration with good control.
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A field effect transistor according to one aspect
of the present invention, comprises a channel layer
including an amorphous oxide film, and the amorphous
oxide film contains hydrogen or deuterium.

Above all, the concentration of the hydrogen or
deuterium contained in the amorphous oxide film is set
in the range of 10 to 10?°/cm® or is set in the range
of 10" to 10%%/cm’.

Furthermore, the composition of the amorphous
oxide film containing hydrogen or deuterium is
represented by the following equation that excludes the
hydrogen: [(SanM4x)Og}a-[(IanM3y)203]b-[aniMZZO]]C,
where 0<x<1, 0<y<l, 0<z<l, 0<a<l, 0<b<1, -0<c<l, and
atb+c=1 hold, M4 is an element (Si, Ge, or Zr) of Group
IV having an atomic number smaller than that of Sn, M3
is Lu or an element (B, Al, Ga, or Y) of Group III
having an atomic number smaller than that of In, and M2
is an element (Mg or Ca) of Group IT having an atomic
number smaller than that of Zn. 1In particular, M3
comprises Ga. |

In addition, in accordance with another aspect of
the present invention, there is provided a method for
manufacturing an amorphous oxide film which is used as
a channel layer of a field‘effect transistor, the
method comprising the steps of: disposing a substrate
in an film-forming apparatus; and forming the amorphous

oxide film on the substrate while an oxygen gas and a
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gas (other than water vapor) containing hydrogen atoms
are introduced in the film-forming apparatus at-
respective predetermined partial pressureé.

In particular, the film forming method is
performed by a sputtering method, and the oxygen
partial pressure during the film formation is set to
0.01 Pa or more.

Furthermore, in accordance with another aspect of
the present invention, there is provided‘a
manufacturing apparatus for manufacturing an amorphous
oxide film which is formed on a substrate and which is
used as a channel layer of a field effect transistor,
the apparatus comprising: a film—forming chamber;
evacuation means for evacuating the inside of the film-
forming chamber; substrate holding means for holding
the substrate in the film-forming chamber; a material
source disposed to face the substrate holding means, an
energy source for evaporating a material of the
material source; means for supplying a hydrogen gas in

the film-forming chamber; and means for supplying an

- oxygen gas in the film-forming chamber.

Further features of the present invention will
become apparent from the following description of
exemplary embodiments with reference to the attached

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
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Fig. 1A is a cross-sectional view of a thin film

transistor having a top gate structure according to the
present invention.

Fig. 1B is a cross-sectional view of a thin film
transistor having a bottom gate structure according to
the present invention.

Fig. 2A is a graph showing'transistor properties
of .a thin film transistor according to the present
invention. |

Fig. 2B 1s a graph showing a transfer property of
a thin film transistor according to the present
invention. )

Fig. 3A is a graph showing hysteresis properties
of a thin film transistor according to a comparative
example.

Fig. 3B is a‘graph showing’hysteresis properties
of a thin film transistor according to an example of
the present invention.

Fig. 4 is a graph showing the relationship between

the electron carrier concentration of an In-Ga-Zn-0-

based amorphous oxide film and the oxygen partial

pressure during film formation.

Fig. 5 is a schematic view of a manufacturing
apparatus of an amorphous oxide film.

Fig. 6 is a graph showing the relationship between
the resistivity and the amount of hydrogen implanted -in

an In-Ga-Zn-O-based amorphous oxide film.
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Fig. 7 is a graph showing the profile of a
hydrogen concentration in the depth direction measured

by SIMS.

BEST MODE PFOR CARRYING OUT THE INVENTION

Hereinafter, embodiments of the present invention
will be described in detail with reference to the
attached drawings.

t

Figs. 1A and 1B are cross-sectional views each

-showing an embodiment of a thin film transistor, that

is, a thin film field effect transistor, according to
the present invention. Fig. 1A is a cross-sectional
view showing a top gate structure in which a gate
insulating film 12 and a gate electrode 15 are formed
in that order on a semiconductor channel layer 11. Fig.
1B is a cross-sectional showing a bottom gate structure
in which the gate insulating f£ilm 12 and the
semiconductor channel layer 11 are formed in that order
on the gate electrode 15. From the positional
relationship of the electrode and the interface between
the éhannel layer and the insulating film, the
structure shown in Fig. 1A is called a stagger
structure, and that shown in Fig. 1B is called an
inverted stagger structure.

As shown in Fig. 1A, on the semiconductor channel
layer 11 formed on a substrate 10, a source electrode

13, a drain electrode 14, the gate insulating film 12,
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the gate electrode 15 are sequentially formed, so that
a field effect transistor having a top gate structure
(stagger structure) is formed. 1In addition, as shown
in Fig. 1B, on thehgate electrode 15 formed on the
substrate 10, the gate insulating film 12, the
semiconductor channel layer 11, the source electrode 13,
and the drain electrode 14 are sequentially formed, so
thét a field effect transistor having a bottom gate
structure (inverted stagger structure).- is formed.

The field effect transistors shown in Figs. 1A and
1B are each a three terminal device having the gate
electrode 15, the source electrode 13, and the drain
electrode 14. The above field effect transistor is an
actiﬁe device having a function in which a current Id
flowing‘through the channel layer, that is, betweén the
source elect;ode and the drain electrode, is controlled
by applying a voltage Vg to the gate electrode.

In the present invention, the TFT structure is not
limited to the above structﬁres, and any top éate or
bottom gate structure, i.e., any stagger or inverted
stagger structure, may also be used. |

Figs. 2A and 2B show typical properties of a field
effect transistor (TFT) of the present invention. The
properties of TFT are obtained from a field effect
transistor which has the structure to be described in
Example 1 and which is formed by a manufacturing method

described therein. When a voltage Vd of approximately
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5V is applied between the source and drain electrodes,
and whén the gate voltage Vg is turned on and off
between 0 to 5 V, the current Id flowing between the
source and the drain electrodes can be controlled
(between ON and OFF). Fig. 2A shows the Id-Vd property
at various Vg:values, and Fig. 2B shows the Id-Vg
property (transfer property) at a voltage Vd of 6 V.

The channel layer of the TFT of this embodiment is
formed of an amorphous oxide film containing hydrogen
or deuterium.

With-reference to Figs. BA and 3B, an effect

obtained by addition of hydrogen to the channel layer,

that is, the reduction in hysteresis, will be described.

Figs. 3A and 3B show the TFT transistor properties
obtained in comparative Example 1 and Example 1,
respectively. That is, in Example 1, hydrogen was
added to the channel layer, and in Comparative Example
1, hydrogen-was nof added to the channel layer.

The hyste;esis means thét, for example, when Vg is
swept (upward and downward) while Vd is fixed for

evaluation of the TFT transfer property, the value of

'Id is different by upward sweep and downward sweep as

shown in Fig. 3A. The hysteresis is large, when the Id
value largely varies between upward sweep and downward
seep at a predetermined Vg; hence, a device having a
small hysteresis is preferred to control Id precisely.

When hydrogen is not contained, the hysteresis
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properties are as shown in Fig. 3A, and when the
channel layer containing hydrogen according to the
present invention is used, a device having a small
hysteresis as shown in Fig. 3B can be obtained.

The reason why the hysteresis is reduced when an
oxide containing hydrogen is applied to the channel
layer has not been clearly understood from a physical
point of view. One estimated reason is that local
structural disorder in.an amorphéus thin film is
relaxed by addition of hydrogen, and as a result, an
amorphous structure is realized in which carriers are
not likely to be trapped (The number of deep traps
decreases). In addition, it may also be construed that
the structural disorder at the interfacg between the
channel layer and insulating film is decreased by
addition of hydrogen to the channel layer and that as a

result, an interface is realized between the channel

layer and insulating film in which carriers_are not

‘likely to be trapped.

For the evaluation‘of hysteresis, Id (source drain
current) is measured by sweeping (upward ana downward)
a gate voltage Vg in the range of -10 to 30 v while a
source~drain voltage Va is fixed at an appropriate
value between 5 to 30 v. In this measurement, a
voltage at which the transistor properties are in a
saturated region is regarded as Vd, and Vg'is swept

between the ON and the OFF states. However, since the
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. values of Vg and Vd may be determined depending on the

transistor properties and the transistor structure, Vg

‘and Vd are not always limited to the above ranges.

The size of hysteresis may be evaluated by the
difference between an upward-sweep Id-Vg curve and a
downward-sweep Id-Vg curve. For example, the area of a
loop obtained from the upward-sweep Id-Vg curve and the
downward-sweep Id~Vg’curve may be used for this
evaluation. When the area is small, it can be said
that the hysteresis is small. In addition, the size of
hysteresis may be evaluated using the difference,
AVt=|Vtu-Vtd|, where Vtu is a threshold voltage
estimated from the upward-sweep Id-Vg curve and Vtd is
a threshold wvoltage est?mated from the downward-sweep

Id-Vg curve. Hereinafter, this AVt is called a

threshold shift amount. A small AVt‘indicates a small

“hysteresis.

By the -thin-film transistor which uses an oxide
containing hydrogen'for its channel layer, according to
the present invention, a thin-film transistor having a
small AVt can be realized.

Since the threshold shift amount of the thin-film
transistor of the present invention debends on a device
structufe, channel material, evaluation condition, and
the like, for examplé, a voltage applied to the device
is preferably set to a constant value under

predetermined conditions. As one evaluation example of

i
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the thin-film transistor of the present invention,
evaluation may be performed using the threshold shift
amount which is obtained in the case in which Vg is
swept (upward and downward) in the range of -5 to 15 V
at a sweeping rate of 100 mV/sec under a constant Vg of
1Q V. In particular, under the above evaluation
conditions, the threshold shift amount caﬁ be decreased
to 2 V or less, preferably 1 V or less, and more
preferably 0.5 V or less. 4

The degree of required hysteresis depends on
application of a thin-film transistor, a circuit
structure to be used, and the like. For example, for
ligquid crystal display and electrophoretic display
application, the requirement is relatively low; however,
for organic EL display devices, arithmetic circuits,
and thé like, a higher degree (smaller hysteresis) is
required. For example, for organic EL display device
application; the threshold shift amount is preferably 2
V or less and more prefgrably 1 V or less. Furthermore,
for a higher performance organic EL display device, the
threshold shift amount is preferably 0.5 V or less.
(Hydrogen Concentration and Electron Carrier
Concentration)

In addition, a ‘thin film transistor having a
channel layer made of an amorphous oxide was
investigated. 1In order to obtain superior TFT

properties, a semi-insulating amorphous oxide film
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havihg an electrical conductivity in the range of
0.0001 to 0.1 S/cm was favorably used as the channel
layer. 1In order to obtain the electrical conductivity
as described above, although depending on the material
composition of the channel layer, an amorphous oxide
film having an electron carrier concentration of
approximately 10* to 10'%/cm? is preferably formed.

When the electrical conductivity is more than 0.1
S/cm, it becomes difficult to form a normally-off
transistor, and to form a transistor having the large
ON/OFF ratio. In an extreme case, even when the gate
voltage is applied, the flow and the stop of current
between the source and the drain electrodes cannot be.
controlled, and hence the transisfor operation
(switching) cannot be obtained.

On the other hand, when an insulating material is

used, that is, when the electrical conductivity is less

~than 0.0001-S/cm, it becomes difficult to increase an

ON current. In an extreme case, even when the. gate
voltage is applied, the flow and the stop of current
between the source and the drain electrodes cannot be
controlled, and hence the transistor operation cannot
be obtained.

In order to control the electrical conductivity
and the electron carrier concentration of an oxide, the
oxygen partial pressure has- been controlled during film

formation. That is, by controlling the oxygen partial
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pressure, the amount of oxygen deficiency iﬁ a thin
film is primarily controlled, and the electron carrier
concentration is controlled thereby. Fig. 4 is a graph
showing one example of thé oxygen partial pressure
dependence of the carrier concentration obtained when
an-In-Ga-Zn-O-based oxide thin film was formed by a
sputtering method. When the oxyéen partial pressure is
actually controlled with high accuracy, a sémi—
insulating amorphous oxide film is obtained which has a
carrier concentration of 10 to 10%%/cm®, and when the
thin film thus obtained is applied to Ehe channel layer,
a favorable TFT can be formed. As shown in Fig. 4,
when the film formation is performed typically at an
oxygen partial pressure of approximately 0.005 Pa, a

semi-insulating thin film can be obtained. When the

partial pressure is more than 0.01 Pa, an insulating

film is formed, and on the other hand, when the partial
pressure 1is- less thank0.00l Pa, a film having an
excessively high electrical coﬁductivity is formed;
hence, the films thus formed are not preferably applied
to the channel layer. However, as shown in Fig. 4,
since the carrier concentration is very sensitively
changed with the change in oxygén partial pressure, thé
properties are remarkably influenced by a slight change
in film-formation condition, and as a result, it tends
to be difficult to obtain reproducibility of TFT

properties.
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According to the present invention, the electron
carrier concentration is controlled by addition of
hydrogen (or deuterium). By intensive research carried
out by the inventors of the present invention, it was
found that the amount;of electron carriers can be
controlled by addition of hydrogen to an amorphous
oxide film.

For example, in order to realize an electron
carrier concentration of approximately 1Ow/ém3,

although depending on the oxygen partial préssure

"during film formation and the material composition,

hydrogen may be added to have a concentration of
approximately 10% to 10%°/cm®.  In this case, the
control of the electron carrier concentration can be

performed by the control of the amount of a hydrogen

.dopant. In addition, the electron carrier

concentration may also be controlled by the amount of a
hydrogen dobant and the amoﬁnt of oxygen deficiency.
Accordingly, in order to form a TFT having
superior properties, the concentration of added
hydrogen is preferably controlled in the range of 10%¢
to 10%%/cm’. Although depending on the oxygen partial
pressure and the material composition, by the addition
of hydrogen described above, an oxide thin film can be
realized which has an electron carrier concentration of

3

approximately 10* to 10'%/cm® and which is suitably

used as the channel layer of TFT.
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In particular, when the hydrogen concentration is
set to 10Y¥%/cm® or less, the normally off operafion and
a large ON/OFF ratio of a transistor can be realized.
Furthermore, the hydrogen concentration is preferably
set to 10'"/cm® or more, and by a hydrogeh concentration
of 10Y/cm® or more, the hysteresis of a transistor can
be more effectively reduced.

The h?drogen éoncentration may be evaluated, for
example, by secondary ion mass spectrometry (SIMS).
Although depending on an evaluation apparatus, the
detection limit is approximately 10”/cm3. In a region
of less than the detection limit, the hydrogen
concentratién may be indirectly obtained by

extrapolation based on the assumption of the linearity

" between the hydrogen concentration in a thin film and

the process parameter (hydrogen partial pressure or ion
implantation amount during film formation which will be
described later) for addigion of hydrogen.

The composition components of the channel layer
made of an amorphous oxide contéining hydrogen of the
present invention are represented by the following
equation (excluding the hydrogen) :

[ (Sni-xMdx) O2]a- [ (Ini-yM3y)203]1b- [ (Z2n1-,M2:0) Jc

where 0<x<1, 0<y<1l, 0<z<l, 0<a<l, 0<b<l, 0<c<1l, and
a+b+c=1 hold,

M4 is an element (Si, Ge, or Zr) of Group IV

having an atomic number smaller than that of Sn,
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M3 is Lu or an element (B, Al, Ga, or Y) of Group
III having an atomic number smaller than that of In,
and

M2 is an element (Mg or Ca) of Group II having an
atomic number smaller than that of Zn.

Among the composition components described above,
in particular, the following are preferable, that is,

[ (Ini-yGay)203lb- [(Zn0) Jc, where 0<y<l, 0<b<1, and 0<c<l
hold, and [(SnOzla-[(Inz03]b-[(Zn0)]lc where 0<a<l, 0<b<l,
and 0<c<1 hold.

For example, the amorphous oxide film containing
hydrogen ac§ording to the present inventiop can be
realized by the following composition. That is, the
amorphous oxide film has a secondary composition or a
tertiary composition located inside a triangle having
three peaks of Gay03, Iny03, and ZnO, or has a secondary
composition or a tertiary composition located inside a
triangle having three peaks of SnC,;, Iny03, and ZnoO.

Some of tertiary compositions in a specific composition
range may be crystallized in some cases. 1In particular,

a primary composition is not preferable since it is

‘crystallized. For example, of secondary compositions

(compositions located on one side of the above
triangle) containing two of the above three compounds,
an In-Zn-0O-based composition containing 20 to 70 atomic
percent of In may form an-amorphous film. In addition,

as for a Sn-In-O-based composition, an amorphous film
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may be formed from a composition containing 20 to 80
atomic percent of In.

When hydrogen atoms are added to an amorphous
oxide film as described in the present invention, the
amérphous film can be further stabilized at room
temperafure; Accordingly, an“amorphous oxide can be
f§rmed in a wide tertiary composition range.
(Manufacturing Method)

As a method for forming a particular amorphous
oxide containing hydrogen according to the present
invention, for example, there may be mentioned:

(1) a method for forming a film while a gas
(except water vapor) containing hydrogen atoms is
supplied in a film-forming apparatus at a predetermined
parfial pressure during the film formation;A

(2) a method for forming a film using a material
source containiné hydrogen; and

(3) a methoa for forming a film, followed by
addition of hydrogen to the inside thereof by ion
implantation or hydrogen plasma treatment.

Among those described above, in view of the

cdntrollability of the hydrogen concentration, the

‘method (3) using ion implantation is preferable.

However, since ion implantation is performed after the
film formation, the number of steps is unfavorably
increased, and the distribution of hydrogen

concentration is also unfavorably generated in the film
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thickness direction. On the other hand, the method (2)
is simple as a film forming process; however, the -
material source containing Hydrogen cannot be easily
prépared, and the hydrogen concentration in the film
cannot be easily controlied. By the method (1) in
whichrtheﬂhydrogen concentration in the film is
controiled by the hydrogen partial pressure'in the
film-forming atmosphere, the controllability is
superior, and in addition, the manufacturing process is
also relatively simple. Hence, the method (1) in which
the film is formed in a gas containing hydrogen is most
preferably used.

As the gas containing hydrogen used in the method
(1), for exampie, a hydrogen gas, a deuterium gas, and
a hydrocarbon gas may be mentioned. 'In consideration
of the controllability of the gas partial pressure and
the safety of the gas, in particular, a hydrogen gas
diluted with argon is preferably used.

In addition, as ion species used in the ion-
implantation method (3), for example, H¥ ions, H™ idns,
D' ions (deuterium ions), and H," ions (hydrogen
molecular ions) may be mentioned.

As a method for forming an amorphous oxide film, a

'vapor phase method such as a sputtering -method (SP

method), a pulse laser deposition method (PLD method),

or an electron beam deposition method is preferably

used. Among the vapor phase methods mentioned above,
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in view of mass productivity, the SP method is suitably
used. However, the film forming method is not limited
to those mentioned above. As for the temperature of a
substrate, heating is not necessarily performed |
intentibnally, so that the sﬁbstréfe‘can be maintained
at approximately room temperature.

It has been known that when an amorphous oxide
film having a low electron carrier concentration is
heat-treated in a hydrogen atmosphere, the oxygen
deficiency is increased, and hence the electron carrier
concentration can be: increased; however, a high
temperature heat treatment is disadvantageous. 1In
addition, it is difficult to accurately control the
carrier concentration.

As described above, for example, by the film
formation performed in a gas containing hydrogen or by
the ion implantation performed after the film formation,
the electronycarrier concentration is controlled by the
hydrogen concentration in an amorphous oxide film.
Accordingly, a sémi—insulating amorphous oxide film
having an electrén carrier concentration of 10 to
10®/cm® can be reproducibly obtained. When an
amorphous oxide containing hydrogen as described above
is applied to the channel layer of a thin film

transistor, a transistor having a small hysteresis can

- be reproducibly formed.

In the transistor according to the present
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invention, as a material for the gate insulating film
12, ‘any material may be used as long as having superior
insulating propertiés. For example, as the gate
insulating film 12, Al,03, Y03, HfO;, or a mixed
compound containing at least two compounds mentioned
above may be used. As a result, the leak current
between the source and the drain electrodes and that
between the drain and the‘gate electrodes can be
decreased to approximately 1077 A. )

In addition, as materials for the source electrode
13, the drain electrode 14, and the gate electrode 15,
any material may be used as long as having good
electrical conductivity and being electrical
connectable to the channel layer. For example, a
transparent conductive film made of In;03:8n, ZnO or
the like or a metal film made of Au, Pt, Al, Ni or the
like may be used.

As the  substrate 10, for example, a glass
suﬁstrate, a plastic substrate, or a plastic film may
be used.

Since the channel layer and the gate insulating
film'described above are transparent to visible light,
when a transparent material is used és the materials
for the above electrodes and substrate, a fransparent
thin film transistor can be formed.

Heretofore, althouéh the amorphous oxide

containing In-Ga-Zn has been described by way of
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example, an amorphous oxide containing at least one of
Sn, In, and Zn may also be applied to the channel layer
of the present invention.

Furthermore, when Sn is selected‘as at least one
of constituent elements‘of the amorphous oxide, Sn may
be replaced with Sn;_M4, (where 0<x<1 holds, and M4 is
aﬁ element (Si, Ge, or Zr) of Group IV having a smaller
atomic number than that of Sn).

In addition, when In is selected as at least one
of constituent elements of the amorphous oxide, In may
be ieplaced with In;- M3, (where 0<y<l holds, and M3 is
Lu or an element (B, Al, Ga, or Y) of Group III having
a smaller atomic number than that of In).

In addition, when Zn is selected as at least one
of constituent elements of the amorphous oxide, Zn may
be ‘replaced with Zn;-,M2, (where 0<z<1 holds, and M2 is
an element (Mg or Ca) of Group II having a smaller
atomic number than that of Zn).

. As amorphous oxides which are applicable to the
present invention, for example, there may be mentioned
a Ga-In-Zn oxide, Sn~In-Zn oxide, In-Zn-Ga-Mg oxide, In
oxide, In-Sn oxide, In-Ga oxide, In-Zn oxide, and Zn-Ga
oxide. Of course, the composition ratio between the
constituent elements is not always required to be 1 to
1. In addition, it may be difficult to form an
amorphous phase only by Zn or Sn itself; however,- when

In is contained, an amorphous phase may be easily
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formed. For example, in the case of an In-Zn-based
system, amorphous films are formed under a composition
containing approximétely 20-70 atomic percentage of In
for the metallic element. In the case of a Sn-In-based
éystem, amorphous films are formed under a composition
containing approximately 20-80 atdmic percentage of In
for Fhe metallic element. In the case of a Sn-In-Zn-
based system, amorphous filmé.are formed under a
composition containing approximately 15 atomic
percentage or more of In for the metallic element.

In addition, the aﬁorphous phase can be confirmed
since no clear diffraction peaks are detected {that is,
a hallow pattern is observed) when x-ray diffraction
measurement is performed for a thin film at a low
incident angle of approximately 0.5°. 'In the preségt
invention, when the material described above ié used
for the channel 1ayer of a field effect transistor, the
channel layer may also contain a fine crystalline.

'In addition, another embodiment of the present
invention relates to a method for manufacturing an
amorphous oxide film used for the channel layer of a
field effect transistor; the method comprises the
following first and second steps.

The first step is‘a step of disposing a substrate
in a film-forming apparatus.

The sécond step is a step of forming an amorphous

oxide film on the substrate while a gas containing
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hydrogen atoms (except water vapor) and an oxygen gas
are supplied in the film~forming apparatus at
respective predetermined partial pressures.

As previously described with reference to Fig. 4,
when it is intended to control the electrical
conductivity and the carrier concentration only by the
oxygen partial pressure, the electrical conductivity
must be controlled in the narrow region in which the
conductivity steeply changes depending on the oxygen
partial pressure.

When a gas containing hydrogen atoms, such as
hydrogen, is used as in the case of this invention, for
example, the oiygen partial pressure is set to 0.008 Pa
or more and preferably set to 0.01 Pa or more. The
conductivity of the amorphous oxide films can be
controlled by adjusting the partial pressure of the gas
containing hydrogen atoms. |

In the ‘range described above by way:of example,
the oxygen partial pressure dependencekof the carrier
concentration is not so high, for example; as compared
to that in‘the region at an oxygen partial pressure of
approximately 0.005 Pa.

The carrier concentration can also be adjusted by
hydrogen partial pressure, and in addition, since the
hydrogen partial pressure dependence of the carrier
concentration is low as compared to the oxygen partial

pressure dependence thereof, as a result, the
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controllability of the film-forming atmosphere can be
improved.
The upper limit of the oxygen partial pressﬁre is,

for example, 0.1 Pa. The upper limit may be optionally

'set in the range of 0.05 to 0.5 Pa.

Although the preferable hydrogen partial pressure

‘also depends on the oxygen partial pressure, it is, for

example, in the range of 0:001 to 0.01 Pa.

In addition, water vapor is not preferably used
since the coﬁtrol of the partial pressures of oxygen
and hydrogen may become difficult in some cases.

It is not always necessary that hydrogen is
contained in the oxide film during a fiim—forming step.
Hydrogen may be contained in the oxide film by addition
of hydrogen in a step performed after the film
formation.

As a particular hydrogen addition method, for
example, ion implantation or plasma treatment

containing hydrogen may be mentioned.

Example 1

In this example, a top gate TFT shown in Fig. 1A
was formed. In this example, the channel layer was an
In-Ga-Zn-0O-based amorphous oxide formed by a sputtering
method in a hydrogen-containing atmosphere.

First, on a glass substrate (Corning #1737 glass

manufactured by Corning Incorporated), an amorphous
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oxide film containing hydrogen wés formed as the
channel layer.

In this example, an In-Ga-Zn-O-based amorphous
oxide film containing hydrogen was formed by high-
frequency sputtering in a mixed gas. atmosphere
containing an argon, an oxygen, and a hydrogen gas.

A sputtering apparatus as shown in Fig. 5 was used.
In this figure, ;eferénce‘numeral 51 indicates a sample,
reference numeral 52 a target, reference numeral 53 a

vacuum pump, reference numeral 54 a vacuum gauge,

‘reference numeral 55 a substrate holder, reference

numeral 5§ gés flow-rate controller provided for each
gas introduction system, reference numeral 57 a
pressure controller, and reference numeral 58 a film-
forming chamber.

The vacuum pump 53 was used to evacuate the inside
of the film-forming chamber 58. The substrate holder

55 was used-to hold the substrate insidg the film-

 forming chamber 58; the oxide film was formed on the

substrate. The material source (the target) 52 was
disposed to face the substrate holder 55. Furthermore;
in the sputtering film-forming apparatus, fhere were
provided an energy source (high-frequency electrical
source, not shown) evaporating a material of the
material source, means for supplying a hydrogen gas
into the film-forming chamber 58, and means for-

supplying an oxygen gas into the film—forﬁing chamber

3
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58.

As the gas introduction system, there were
provided 3 lihes for argon, a mixed gas of argon and
oxygen (Ar:0,=80:20), and a mixed gas of argon and

hydrogen (Ar:H,=98:2). By the gas flow-rate

controllers 56 independently controlling the respective

gas. flow rates and the pressure controller 57
controlling the pumping speed, a predetermined gas

atmosphere could be obtained in the film-forming

chamber 58.

In this example, although the mixed gas of argon
and oxygen and the mixed gas of argon and hydrogen were
used, pure hydrogen and pure oxygen may also be used.
In addition, in this example, the gas introduction was
performed by the 3 lines for argon, the mixed gas of
argon‘and oxygen, and the mixed gas of argon and
hydroggn; however, the gas introduction may be
performed by one line for a mixed gas of argon, oxygen
and hydrogen or by 2 lines for a mixed gaé of argon and
oxygen and a mixed gas of argon and hydrogen.

In this example, as the target (material source),
a 2-inch polycrystalline sintered material of
InGa0;3(Zn0) was used, and an input RF power was set to
100 W. In the film-forming atmosphere, the total
pressure was set to 0.4 Pa, and as the gas flow-rate
ratio, Ar:0,:H,=100:4:1 was satisfied. The deposition

rate was 12 nm/min. In addition, the substrate



WO 2007/029844 PCT/JP2006/317936

10

15

20

25

30

temperature was unheated and kept around room

" temperature of 25°C.

When the film thus formed was evaluated by grazing
incidence x-ray diffraction (thin film method, incident
angle of 0.5°), no clear diffraction peaks were
Qb;erved, and hence it was understood that the In-Zn-
Ga-O-based film thus formed was an amorphous film.

Furthermore, spectroellipsometric measurement and

analysis shows that the mean square roughness (Rrms) of
the thin film was approximétely 0.5 nm, and the film
thickness was approximately 60 nm. According to the
result by a fluorescent x-ray (XRF5 analysis, the metal
composition ratio of the thin film was
in:Ga:Zn=39:37:é4.

In addition, by a composition analysis using SIMS,
the hydrogen concentration in the thin film was
estimated to be 4x10%® (1/cm’).

In addifion, the electrical conductivity was
approximately 107 S/cm, and the electron carrier
concentration and the electron'mobility were estimated
to be approximately 4x10'®/cm’ and 2 cm?/V-sec,
respebtifély. In addition, from a light absorption
spectrometric analysis, it was estiﬁated that the
energy band gap of the amorphéus oxide film thus formed
was approximately 3 'eV.

}
Next, by a photolithographic method and a lift-off

' method, the drain electrode 14 and the source electrode
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13 were formed by patterning. The respective/electrode
materials were Au, and the thickness thereof was 30 nm..

Next, by a photolithographic methéd and a lift-off
method, the gate insulating film 12 was formed by
patterning. For the gate'insulating film, an Y,0; film
Kaving a thickness of 150 nm was formed by an electron
beam depoéition method. In addition, the relative
dielectric constant of the Y;03 film was approximately
15

Furthermore, by a photolithographic method and a
lift-off method, the gate electrode 15 was formed. The
channel length and the channel width were 50 um and ZOd
pum, respectively. The electrode material was Au, and
the thickness was 30 nﬂ.
Comparative Example 1

" When the channel layer is forﬁed, hydrogen was not

supplied, and argon and oxygen were oniy sdpplied, S0
that a TFT was formed. In the film-forming atmosphere,
the.total pressure was 0.4 Pa, and as the‘gas flow rate
ratio in this case, Ar to 0, was set to 100 to 1, so
that the dxygen partial pressure was 0.004 Pa. The
film-forming rate was 14 nm/min. In addition, the
substrate temperature was unheated and kept around room
temperature of 25°C.

Fig. 4 is a graph showing the change in electrical
conductivity of an amorphous oxide thin film as

described above, which was obtained when the oxygen
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partial pressure was changed. As shown in the figure,

in the range of the oxygen partial pressure used for

‘TFT formation, the electrical conductivity is

remarkably changed with a slight change in oxygen
partial pressure; hence, the oxygen partial pressure
must be agcurately controlled.

(Property Evaluation of TFT)

Figs. 2A and 2B are graphs each showing'thé
current-voltage properties of a TFT, which were
measured at room temperature. Fig. 2A shows the Id—Vd
properties, and Fig. 2B shows the Id-Vg properties. As

shown in Fig. 2A, when the drain voltage Vd dependence

. of the current Id between the source and the drain

electrodes was measured while a constant gate vbltage
Vg was applied, typical semiconductor transistor
behavior was shown in which the Id was saturated
(pinch-off) at a drain voltage Vd of approximately 6 V.
When the transfer characteristics were measured, the
threshold value of the gate voltage Vg at a drain
voltage Vd of 4 V was approximately -0.5 V. 1In

addition, when the gate voltage Vg was 10 V, a current

. Id of approximately 1.0x107° A flowed.

The ON/OFF ratio of the transistor was more than
10%. 1In addition, when the electron filed-effect
mobility was calculated from the output properties, a
field-effect mobility of approximately 8 cm? -(Vs) ™! was

obtained in the saturated region. The device thus
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formed was irradiated with visible light and was
measured in a manner similar to that described above;
héwever, the change in transistor properties was not
observed at all.

In addition, the hysteresis of the TFT of this
example was smaller than that of the TFT of the
comparative example. Figs. 3A and 3B are graphs
showing the Id-Vg relationships of the comparative
example and this exaﬁple, respectively. The Id-Vg
relationship was one of the TFT properties. As shown
in the figures, by addition of hydrogen to the channel
layer, the hysteresis of the TFT can be reduced.

In addition, compared to the case of the
comparative example, the TFT can be reproducibly formed
in this example, and the variation in properties of the
devices thus formed tends to decrease. It is believed
that since the film formation can be performed at a
high oxygen-partial pressure in this examplé as
compared to that of the comparative example, the TFT
can be reproducibly formed. In addition, it is also
believed that since the channel layer can be formed in
a hydrogen—-containing atmosphere, the change in TFT

properties with a slight change in oxygen partial

pressure is decreased, and hence the variation in

properties is decreased.
The oxygen partial pressure was actually about 5

mPa in the comparative example and was approximately
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0.015 Pa in this example. As shown in Fig. 4, in the
comparative example, the oxygen partial pressure is
controlled without addition of hydrogen in a sputtering
method. Then, a thin film is formed having an electron
carrier concentration which is suitable for the TFT
channel layer. Hence, the oxygen partial pressure must
be set to a pressure of approximately 5 mPa. As
described above, since the carrier concentration is
sensitively cﬂanged with the change of the oxygen
partial pressure under this condition, the properties
are remarkably influenced by a slight change in film-

forming condition, and as a result, it tends to be

difficult to reproducibly obtain superior TFT

‘properties.

On the other hand, in this example, the electron
carrier concentration is confrolled by addifion of
hydrogen. In this example, besides the addition of
hydrogen, a' pressure of 0.01 Pa or more is used as the
oxygen partial pressure. As shown in Fig. 4, the film
formed at this oxygen partial pressure (>0.01 Pa)
without édding hydrogen is an insulating material, and

hence the electron deficiency and the electron carrier

" concentration are sufficiently decreased. In this

example, the film is formed in a hydrogen-containing
atmosphere at a relatively high oxygen partial pressure.
By the method described above, the properties are not

remarkably influenced by a slight change in oxygen
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partial pressure, and hence a desired electron carrier
concéntration can be obtained. Accordingly,
transistors With a small property variation can be
reproducibly formed.

In addition, when the electron carrier
concentration and electron mobility of amorphous oxide
films containing hydrogen were meaéured, the amorphous
oxide films being obtained at different hydrogen
partial pressures in the film-forming atmosphere, as
the hydrogen partial pressure is increased, the carrier
concen£ration.and the electron mobility tend to
increase. The evaluation was performed by hole
mobility measurement.

In a generai compound, as the carrier
concentration is increased, the electron mobility is
decreased due to scatfering between carriers aﬁd the
like; however, in the amorphous oxide containing
hydrogen of the present invention, as the electron
carrier concentratioﬁ is increased, thewelectroﬁ
mobility is also increased. The physical mechanism of
this phenomenon has not been well understood.

When a voltage is applied to the gate electrode,
since electrons are injected in the above amorphous
oxide channel'layer, current flpws between the source
and the drain electrodes, so that the region
therebetween is put-in an ON state. 1In the amorphous

oxide film of the present invention, since the electron
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mobility is increased as the electron carrier
conceﬁtration is increased, the current can be further
increased when the transistor is placed in an ON state.
That is, the saturated current and the ON/OFF ratio can
be further increased.

It is expected that the field effect transistor of
the present invention having a relatively high field-
effect mobility is applied, for example, to operational

circuits of organic light-emitting diodes.

Example 2

In this example, an amorghous oxide film
containing hydrogen will be described which is to be
used for a channel layer of a thin-film transistor.
First, an insulating thin film of an amorphous oxide
was formed on a guartz substrate.

A film-forming method of the amorphous oxide was

- performed in accordance with that described in Example

1. The target (material source) was InGaO3(ZnO),'ahd
the total pressure in an atmosphere during film
formation was 0.3 Pa. In this step, the gas flow rate
ratio‘was set to Ar:0,=95:5, and hénée the oxygen
partial pressure corresponded to 0.015 Pa. 1In addition,
a hydrogen gas was not supplied. The film thickness
was set to approximately 400 nm. When the resistance
of the thin film thus formed was measured by -a four

probe method, the conductivity was not more than the
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measurement limit (0.0001 S/cm or less), and hence it
was confirmed that the thin film was an insulating film.

Next, hydrogen ion implantation was performed for
the above amorphous oxide thin f£ilm. In this ion
implantation, H+ (proton) was used as an ion species,
and the éccelerating voltage was 20 kV. Samples having
various irradiation amounts per area in the range of
1x10%? to 1x10%® (1/cm®) were prepared.

The composition analysis in the depth direction by
SIMS was performed for a sample irradiated Qith
hydrogen ions in an amount of 1x10*® (1/cm?), and the
result is shown in Fig. 7. The vertical axis |
(arbitrary axis) indicates the hydrogen concentration
and the horizontal axis indicates the depth. As a
result, a depth profile was obtained having a peak at
approximately 200 nm deep from the-surface. In
addition; the hydrogen concentration in the thin film
was approximately 2x10%° (1/cm?®).

For example, as for a sample having an irradiation
amount per area of 1x10% (1/cm?), since the hydrogen
concentration thereof is not more than the detection
limit of SIMS, quantitative measurement cénnot be
performed; however, by the use of the above result, the
hydrogen’ concentration can be estimated to be
approximately 2x10Y (1/cm’).

Fig. 6 is a graph showing the relationship between

the resistivity and the amount of hydrogen ions
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implanted in an amorphous InGaZzZnO thin film. In this
graph, the horizontal axis indicates the amount of
implanted hydrogen ions estimated by the method
described above, and the vertical axis indicates the
resistivity on- a logarithm.basis. As described above,
it is understood that the electrical conductivity can
be coﬁtrolled by addition of hydrogen to an amorphous
oxide film. In particular, it is understood fhat at a
hydrogen concentration of approximately 10*® (1/cm?),
the electrical conductivity is significantly changed.
That is, when hydrogen is implanted in an insulating
In-Ga-Zn oxide to have a concentration of approximately
10*® (1/cm®), a semiconductor material can be obtained.

When the hole mobility of a sample implanted with
hyd;ogen ions in an amount per area of 1x10%° (1/cm%
was evaluated, the polarity of carriers was negative, °
the hole mobility was 9 cm?/V- sec, and the carrier

concentration was 6x10%® (1/cm3).

As described above, when an amorphous oxide
semiconductor is applied to an active layer of a fhin—
film transistor, it is preferable from an experience
point of view that a semiconductor oxide film be formed
which has an electrical conductivity of 0.0001 to 0.1
S/cm. Hence, it is understood thaf in the formation
method of this example, the amount of implanted |
hydrogen ions is preferably set to approximately 10'®

(1/cm®) .
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In the method using ion implantation, according to
this example, the hydrogen content and theAcarrier
concentration can be precisely controlled by the ion
irradiation amount (irradiation time). Hence, when
this method is applied to the formation of a thin-film
transistor, the resistivity and the carrier
concentration of the channel layer can be precisely
controlled, and as a result, an advantage can be

obtained in that devices can be reproducibly formed.

Example 3

~ In this example, a top gate TFT shown in Fig. 1A
was formed. In this case, a éhannel layer of an
amorphous oxide containing hydrogen (or deuterium) was
formed by ion implantation of hydrogen or deuterium in
an In-Ga-Zn-O-based amorphous oxide formed by a pulse
laser deposition method (PLD method).

First, -on a glass substrate (Corning ‘#1737 glass
manufactured by Corning Incorporated), an In-Zn-Ga-0O-
based amorphous oxide film was formed by the PLD method.

A polycrystalline sintered material of
InGa0;(Zn0), was used‘as the target, and an In-Zn-Ga-0O-
based amorphous oxide film was deposited. The oxygen
partial pressure was 7 Pa during the film formation.

The power of a KrF excimer laser was 1.5x1073

mJ/cn@/pulse, the pulse width was 20 nsec, and the

repeated frequency was 10 Hz. 1In addition, the
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substrate temperature was unheated and kept around room
temperature of 25°C.

According to the results of a fluorescent X-ray
(XRF) analysis, as the metal composition ratio of the
thin film, In:Ga:Zn=0.97:1.01:4 was satisfied.
Furthermore, according to the results of a pattern
analysis by a spectroellipsometric measurement, the
mean squarefroughness (Rrms) was approximately 0.6 nm,
and the film thickness was approximatély 100 nm. In
addition, the electrical conductivity was 107 S/cm or
less (lower measurement limit or less), and hence the
thin film was an insulating film. |

Next, hydrogen (or deuterium) ions were implanted
in the‘amorphous oxide thin film. |

As the ion species, H' (proton) was used, and the
acceleration voltage was 10 kV. Samples having various
irradiation amounts in the range of 1x10' to 1x10%
(1/cm?) were prepared. In addition, samples which were

ion-implanted with deuterium D" were also prepared.

When the composition analysis by SIMS was performed for

the evaluation of the hydrogen concentration, a’sample

irradiated with an ion amount of 2x10** (1/cm?) had a

" hydrogen concentration of approximately 1x10*° (1/cm?).

Accordingly, for example, since the hydrogen
concentration of a sample irradiated with an ion amount
of 2x10'? (1/cm?®) is less than the detection limit, the

measurement cannot be performed; however, the hydrogen
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concentration can be estimated to be approximately
1x10%7 (1/cm’) .

When the film thus formed was evaluated by grazing
incidence x-ray diffraction (thin film method, incident
angle of 0.5°), no clear diffraction peaks were
observed, and hence it was understood that the In-Zn-
Ga-O-based film thus formed was an amorphous film.

In the following thin film transistor of this
example, an amorphous oxide irradiated with an ion
amount of 2x10%? (l/cmz)vwas used. The hydrogen
concentration is estimated to be approximately 1x1018
(1/cm3). In addition, the film was a semi-insulating
film having an electrical conductivity of approximately
1072 S/cm.

By a photélithographic method and a 1lift-off
method, the drain electrode 14 and the source electrode
13 were formed by patterning. ‘The respective electrode
materials were Au, and the thickness thereof was 30 nm.

Next, by a photolithographic method and a lift-off

method, the gate insulating film 12 was formed by

patterning. For the gate inéulating film, a HfO, film
having a thickness of 150 nm was formed by a laser
deposition method.

Furthermore, by a photolithographic method and a
lift¥off method, the gate electrode 15 was formed. The
electrode material was Au, and the thickness was set to.

50 nm. The channel length and the channel width were
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50 um‘and 200 pm, respectively.
Comparativé Example 2

A‘top gate TFT shown in Fig. 1A was formed in a
manner similar to that in Example 2 except for the
formation of the channel layer. The channel layer was
formed by a PLD method at an oxidation partial pressufe
of 6 Pa. 1In addition, ion implantation of hydrogen and
deuterium was not performed. Since the oxygen partial
pressure is lower than that in the example, a semi-
insulating amorphous oxide film was formed because of
the oxygen deficiency.

(Property Evaluation‘of TET)

The thin film transistér of this example showed
typical sémiconductor transistor behavior in which
saturation (pinch-off) occurred ét a voltage vd of
approximately 6 V. The ON/OFF ;atio'of the t?ansistor
was more than 10°, and the field-effect mobility was
approximately 7 cm? (Vs)™'. Between the case in which
hydrogen was ion implanted and the case in which
deuterium was ion implanted, no significant different
could be observed.

In addition, the TFT of Example 2 had a small
hysteresis as compared to that of the TFT of
Comparative Example 2. In addition, the variation in
properties in Example 2 when a plurality of devices is
formed tends to be small as compared to that in

Comparative Example 2. It is construed that TFTs can
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be reproducibly formed in this example since the film
formation is performed at a higher oxygen partial
pressure thén that in the comparative example. 1In
addition, it is believed that since the TFT properties
5 are hardly changed with a slight change in oxygen
partial pressure during the channel layer formation,
the variation in properties among TFTs is decreased.
In addition, when the hydrogen concentration in
the channel layer is low, the effect of reducing the
10 hysteresis tends to décrease, and when the hydrogen
concentration is high, the ON/OFF ratio tends to
decrease. Hence, the hydrogen concentration is
preferably set in the range of 10' to 10'° (1/cm’).
When the electron carrier concentration and the
15 electron mobility of an’ amorphous oxide film containing
hydrogen were evaluated by chénging the amount of
implanted hydrégen ions, it was found tﬁat the carrier
concentration and the elecﬁron mobility both tend to
increase concomitant with the increase in amount of
20 implanted hydrogen.

In a general compound, as the carrier
concentration is increased, the electron mobility is
decreased because of scattering between carriers and
the like; however, in the amorphous oxide containing
25 hydrogen used in the present invention, with the
increase in electron carrier concéntration, the

electron mobility is increased. However, the physical
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mechanism thereof has not been well understood.

When a voltage is applied to the gate electrode,
since electrons are injected in the above amorphous
oxide channel layer, current flows between the source
and the drain electrodes, so that the region
therebetween is put in an ON state. 1In the amorphous
oxide film of the' present ihvention, since the electron
mobility is increased as the electron carrier
concentration is increased, the current can be further
increased when the transistor is placed in an ON state.
That is, the saturated current and the ON/OFF ratio can
be further increased. i

It is expected that the field effect transistor of

the present invention having a relatively high field-

effect mobility is applied, for example, to operational

circuits of organic light-emitting diodes.

Example 4

In this example, a bottom gate TFT shown in Fig.
1B was formed.

First, a gate electrode of Ta having a thickness
of 200 nm was formed by sputtering on a glass substrate.
The patterning was performed by a photolithographic
method and a dry etching method; '

Next, by a plasma CVD method, an insulating film
of a-SiN having a thickness of 250 nm was formed.

Subsequently, a channel layer of an amorphous
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oxide containing hydrogen was formed. In this example,
the method for forming a channel layer was performed in
accordance with that of Example 1. However, as the
target, a 2-inch polycrystalline sintered material of
In,03(Sn0,) was used, and an input RF power was set to
100 W. 1In the film-forming atmosphere, the total
pressure was 0.4 Pa, and as the gas flow ratio for the
film formation, Ar:0;:H, =100:10:1 was satisfied. The
film-forming rate was 11 nm/min. In addition, the
substrate temperature was unheated and kept arouﬁd room.
teﬁperature of 25°C.

| When the film thus formed was evaluated by grazing

incidence x-ray diffraction (thin film method, incident

angle of O;5°), no clear diffraction peaks were

observed, and hence it was understood that the In-Sn-0-
based film thus formed was an amorphous film. In
addition, according to the results of a fluorescent x-
ray (XRF) analysis, as the metal composition ratio, the
metal ratio of In to Sn was 0.95 to 1.

(Property Evaluation of TFT)

The thin film transistor of this example showed a
small hysteresis, and when a plurality of devices is
formed, variation in properties tends to be small. In
addition, the ON/OFF ratio of the transistor was more
than 10%, and the field-effect mobility was

approximately 9 cm? (Vs) Tt
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Example 5

In this example, on a plastic substrate, a top
gate TFT shown in Fig. 1A was formed. The
manufacturing method and the structure were similar to
those in Example 1.

However, as the substrate, a polyethylene
terephthalate (PET) film was used.

In addition, in this example, as the target for

forming the channel layer, a 2-inch polycrystalline

sintered material of In,03-Zn0 was used, and an input
RF power was set to 100 W. In the film—forﬁing
atmosphere, the total pressure was 0..4 Pa, and as the
gas flow ratio for the film formation, Ar:0;:H,=100:6:1
was satisfied. The film-forming rate was 12 nm/min.

In addition, the substrate temperature was unheated énd
kept around room temperature of 25°C.

When the film thuslformed was evaluated by grazing
incidence x-ray diffraction (thin film method, incident
angle of 0.5°), no clear diffraction peaks were
observed, and hence it was understood that the In-Zn-O-
based film thus formed was an amorphous film. In
addition; according to the results of a fluorescent x-
ray (XRF) analysis, as the metal composition ratio, the
metal ratio of In to Zn was 1.1 to 0.9.

In addition, the source électrode, the drain
eléctrode, and the gate electrode were made of a

transparent conductive film‘of In;03:8Sn. The thickness
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of the electrode was 100 nm.
(Property, Evaluation of TFT)

The thin film transistor formed on thg PET film
was measured at room temperature. The ON/OFF ratio of
the transistor was more than 103. In addition, when
the field-effect mobility was calculated, it was
appxoximately}3 cm? (Vs)™t. |

After the device formed on the PET film was bent
to have a curvature radius of 30 mm, although the
transistor propefties as described above were also
evaluated, a significant change in transistor
prqperties was not observed. In addition, although
irradiation of visible light was performed and the
measurement as described above was performed, the
change in transistor properties was not observed.

The thin film transistor formed in this example
was transpérent to visible light and was formed on a
flexible substrate.

" According to the field effect transistor of the
present invention, since film formation can be |
performed at a low temperature, and a film formed
thereby is amorphous, the above field effect transistor
can be formed on a flexible material such as a PET film.
Tﬁat is, switching can be performed while this
transistor is being bent, and the transistor is
transparent to visible and infrared light having a

wavelength of 400 nm or more (in this case, the
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transistor is not required to have a light transmission
of 100% but may be required to be practically
transparent) .

Hence, the field effect transistor may be used as
a switching device of LCD and/o? organic EL display
devices. In addition, the\field effect transistor of
the present invention may also be widely used, for
example; for see-through displéys, IC cards, and ID
tags besiaes flexible displays.

According to the present invention, since the
amorphous oxide containing hydrogen (or deuterium) is

i applied to the channel laye; of a field effect
transistor, a thin film field effect‘transistor having
a small hysteresis can be realized.

According to the manufaéturing method of the
Apresent invention, since the film formation is
performed in an atmosphere containing a hydrogen gas
and an oxygen gas; the carrier concentration of an
amorphous oxide can be highly accurately controlled.

\ In addition, in the manufacturing method of the
present invention, a low temperature process can be
performed, ana hence the field effect transistor can be
formed on a substrate such as a plastic plate or film.

| | Furthermore, according to the manufacturing
apparatus of the preseﬁt invention, the field effect
transistor can be reproducibly formed. -In particular,

by using the manufacturing apparatus of the present
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invention, the amorphous oxide having a low electron
carrier concentration can be formed with good control.

While the present invention has been described
with reference to exemplary embodiments, it is to be-
understood that the invention is not limited to the
disclosed exemplary embodiments. The scope of the
following claims is to be accorded the broadest
interpretation so as to encompass all modifications,
equivalent structures and functions.,

This application claims the benefit of Japanese
Patent Application Nos. 2005-258263, filed September 6,
2005, and 2006-221552, filed August 15, 2006, which are
hereby incorporated by reference herein in their

entirety.
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CLAIMS

1. A field effect transistor comprising:

a channel layer of an amorphous oxide film
containing In or Zn,

wherein the amorphous oxide film contains hydrogen
or deuterium at a concentration in the range of 10 to
10%%/cm’.

2. The field effect transistor according.to Claim
. ,

wherein the composition of the amorphous oxide
film coptaining hydrogen or deuterium is represented by
the following equation that excludes the hydrogen:
[ (Sn1-xMdx) O2]a [ (INy-yM3y)203]b- [2n3-,M2,0] ¢

where 0<x<1, 0<y<1l, 0<z<1, 0<a<l, 0<b<1, 0<c<1, ana
a+b+c=1 hold,

M4 is aﬁ element (Si, Ge, of Zzr) of Group v
having‘an atomic number smaller than that of Sn,

M3 is Lu or an element (B, Al, Ga, or Y) of Group
IIT having an atomic number smaller tﬁan that of In,
and

\

M2 is an element (Mg or Ca) of Group II having an
atomic number smaller than that of %n.

3. The field effect transistor according to Claim
1 or 2,

wherein the concentration of hydrogen or deuterium

contained in the amorphous oxide film is in the range
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of 10 to 10%%/cm.

4. The field effect transistor according to Claim
2,

wherein the M3 comprises Ga.

5. A method for manufacturing an amorphous oxide
film which contains In or Zn and which is used as a
channel layer of a field effect transistor, the method
comprising Fhe steps of:

disposing a substrate in a film-forming apparatus;
and

forming the amorphous oxide film on the substrgte
while an oxygen gas and a gas (other than water vapor)
containing hydrogen atoms are introduced in the film-
forming apparatus at respective predetermined partial
pressures.

6. The method for manufacturing‘an amorphous
oxide film, according to Claim 5,

wherein the amorphous oxide film is formed by a
sputtering method, and the oxygen partial pressure‘
during the step of forming the amorphous oxide film is
0.01 Pa or more. |

7. A manufacturing apparatus for ﬁanufacturing an
amorphous oxide film which is formed on a substrate and
which is used as a channel layer of a field effect
transiétor, the apparatus comprising:

a film-forming chamber;

evacuation means for evacuating the inside of the
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film-forming chamber;

substrate holding means for holaing thé substrate
in the film-forming chamber}

a material source disposed to face the substrate
holding means;

an energy source for evaporating a material of the
material source;

means for supplying a hydrogen gas in the film—:
forming chamber; and

means for supplying an oxygen gas in the film-
forming chamber.

8. A method for manufacturing a field effect
transistor, comprising the steps of:

forming a gate electrode;

forming a gate insulating layer;

forming a source electrode and a draiﬁ electrode;
and |

forming a channel layer of an amorphous oxide
whilé an oxygen gas and a gas (other than water vapor)
containing, hydrogen atoms are introduced in a film-
forming apparatus at respective predetermined partial
pressures.

9. A method for manufacturing a field effect
transistor, comprising the steps of:

forming a gate electrode;

forming a gate insulating layer;

forming a source electrode and a drain electrode;
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forming a channel layer of an amorphous oxide in
an atmosphere containing oxygen at a partial pressure
of 0.01 Pa or more by a sputtering method; and

increasing the amount of hydrogen contained in the

[

5 channel layer formed of the amorphous oxide.
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