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expression In Ga AlN (where x+y+z=1.0) falls within a
range of 0.3=x=1.0 and 0=z<0.4, a transistor 1a exhibiting
an ON/OFF ratio of 10 or higher can be obtained. That is,
even a polycrystalline or amorphous film exhibits electric
characteristics equal to those of a single crystal. Therefore,
it 1s possible to provide a semiconductor device 1n which
constraints to manufacturing conditions are drastically
eliminated, and which includes an InGaAlN-based nitride
semiconductor layer which 1s inexpensive and has excellent
clectric characteristics as a channel.
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FIG.3
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FIG.4
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FIG.5
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1

InGaAIN-BASED SEMICONDUCTOR
DEVICE

TECHNICAL FIELD

The present invention relates to a semiconductor device,
and, more particularly, to a semiconductor device including
an InGaAlN-based nitride semiconductor layer exhibiting
tavorable device properties even when the InGaAlN-based
nitride semiconductor layer 1s a polycrystal or amorphous.

BACKGROUND ART

Because an InGaAlIN-based nitride semiconductor exhib-
its high electron mobility and high saturation electron veloc-
ity, the InGaAlN-based nitride semiconductor attracts atten-
tion as a high-speed electronic device material which
responds to a higher frequency than a conventional transis-
tor.

For example, concerning InN, there have been a lot of
reported cases as to electrical characteristics so far, and,
while InN exhibits excellent characteristics of electron
mobility of 3570 [cm®/Vs] and saturation electron velocity
of 2.6x107 [cm/s], because InN is likely to cause a defect
that a Fermi level 1s fixed 1n a conduction band (Non Patent
Literature 1), 1t 1s not easy to realize even basic transistor
operation of controlling a current using an external signal.

As disclosed in Non Patent Literature 2, 1t i1s typically
known that the electric characteristics of InN, such as
mobility, becomes poorer as a film thickness 1s made thinner,
which 1s interpreted to be because defects exist more inten-
sively on a surface or an interface than nside an InN thin
film. That 1s, 1t 1s considered that one cause of a transistor
using InN not operating 1s that a lot of defects occur at the
interface with a layer or a substrate bonded to the InN layer,
and 1t can be easily imagined that density of these defects
depends on a diflerence 1 a lattice constant between a
foundation layer or the substrate and the InN (lattice con-
stant difference) when the InN layer 1s grown.

It 1s generally considered that a transistor using an
InGaAlN-based mitride semiconductor such as InN as a
channel does not operate unless the semiconductor layer 1s
a single crystal, and therefore, a single crystal substrate has
been used as a film formation substrate. It should be noted
that Patent Literature 1 (Japanese Patent Laid-Open No.
2000-22205) discloses an invention of a semiconductor
light-emitting element 1n which light-emitting properties 1s
obtained by laminating a layer formed with an n-type
semiconductor relatively easily obtained and a hole trans-
porting layer made of an organic compound, using the hole
transporting layer made of the organic compound 1n place of
a p-type semiconductor of a pn-junction type LED device,
and 1njecting a hole 1n the n-type semiconductor, and, while
Patent Literature 1 discloses that a substrate used at that time
may be a non-single crystalline substrate, the semiconductor
layer 1s not used as a channel 1 the semiconductor light-
emitting element.

For example, because single crystalline GaN and single
crystalline sapphire which are currently utilized by a number
of researchers as a substrate for growing InN have a lattice
constant drastically diflerent from the lattice constant of
InN, it can be easily understood that 1f a crystal of InN 1s
grown on such a substrate, a defect 1s likely to occur at an
interface with the substrate. It 1s forecasted that a problem
caused by such lattice mismatch can be solved to some
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extent by using an yttria-stabilized zirconia (YSZ) substrate
(Non Patent Literature 3) which has a close lattice constant

to that of InN.

However, typically, because a single crystalline substrate
1s expensive, a semiconductor device manufactured by
growing the InGaAlN-based nitride semiconductor layer
using such a substrate becomes inevitably expensive, and
there are various kinds of constraints to growth conditions in

order that the mitride semiconductor becomes a single crys-
tal.
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SUMMARY OF INVENTION

Technical Problem

In this manner, conventionally, because the electric char-
acteristics of InN, such as mobility, have been considered to
be poorer as a film thickness of the InN 1s made thinner, and
because 1t has been considered that the semiconductor
device does not operate unless an InGaAlN-based nitride
semiconductor layer 1s made of a single crystal, film forming
conditions of the InGaAlN-based nitride semiconductor
layer mevitably lack flexibility, which makes 1t diflicult to
even realize basic transistor operation.

The present mvention has been made 1 view of such
problems, and an object of the present invention 1s to realize
a semiconductor device which drastically eliminates con-
straints to manufacturing conditions based on an 1dea com-
pletely different from the conventional idea, and which
includes the InGaAlN-based nitride semiconductor layer
which 1s mexpensive and has excellent electric characteris-
tics.

Solution to Problem

To solve the above-described problem, the semiconductor
device according to the present invention 1s a semiconductor
device 1n which a polycrystalline or amorphous nitride
semiconductor layer expressed with a general expression
In Ga AN (where x+y+z=1.0) 1s provided on a substrate,
and composition of the nitride semiconductor layer falls
within a range of 0.3=x=<1.0 and 0=z<0.4, the semiconductor
device including the nitride semiconductor layer as a chan-
nel.
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Preferably, the composition of the nitride semiconductor
layer falls within a range of 0=z<0.2 when 0.3=x<0.7 and
falls within a range of 0=z<0.1 when 0.7<x<1.0.

More preferably, the composition of the nitride semicon-
ductor layer falls within a range of 0.5=x=<1.0 and 0=z<0.1.

Further preferably, an In composition ratio of the nitride
semiconductor layer 1s 0.99 or lower (x<0.99).

In a preferred aspect, an insulating layer 1s provided
between the substrate and the nitride semiconductor layer,
and the insulating layer 1s one of a HIO, layer, an Al,O,
layer and a S10, layer.

Preferably, the nitride semiconductor layer 1s a film
deposited through a sputtering method. For example, the
nitride semiconductor layer 1s a film deposited through a
pulsed sputtering deposition method (PSD method).

Preferably, the nitride semiconductor layer 1s a film
formed at a temperature of less than 600° C.

In one aspect, the substrate 1s a non-single crystalline
substrate.

Further, 1n one aspect, the substrate 1s an insulating
substrate. For example, the substrate 1s a fused silica sub-
strate.

In one aspect, the semiconductor device has a laminate
structure 1 which a second nitride semiconductor layer
having composition different from that of the nitride semi-
conductor layer 1s bonded on at least one principle surface
of the nitride semiconductor layer.

In this case, the second nitride semiconductor layer may
be a nitride semiconductor layer having the above-described
composition.

For example, the semiconductor device 1s a field effect
transistor which uses the nitride semiconductor layer as a

channel, and has an ON/OFF ratio of 10° or higher.

Advantageous Effects of Invention

The present invention 1s based on new finding that when
composition of an InGaAlIN-based nitride semiconductor 1s
designed to fall within an approprnate range, even when a
nitride semiconductor layer 1s a polycrystal or amorphous,
the InGaAlN-based nitride semiconductor exhibits excellent
clectric characteristics suflicient to realize transistor opera-
tion. According to the present invention, it 1s possible to
provide a semiconductor device which drastically eliminates
constraints to manufacturing conditions, and which includes
an InGaAlN-based nitride semiconductor layer which 1is
inexpensive and has excellent electric characteristic as a
channel.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a diagram for explaiming a configuration of a
transistor (semiconductor device) according to a first
embodiment.

FIG. 2 1s a diagram illustrating dependency on a film
thickness of InN of a ratio between an ON current and an
OFF current of a field effect transistor using an InN layer as
a channel.

FI1G. 3 1s a diagram illustrating 1,,.-V < characteristics of
a transistor 1n the case where the nitride semiconductor layer
1s a polycrystalline InN layer.

FI1G. 4 1s a diagram 1illustrating 1,,.-V - characteristics of
the transistor in the case where the nitride semiconductor
layer 1s a polycrystalline InN layer.

FI1G. 35 1s a diagram illustrating 1,,.-V < characteristics of
the transistor in the case where the nitride semiconductor
layer 1s an amorphous InN layer.
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FIG. 6 1s a diagram for explaining one aspect ol a
configuration of a transistor (semiconductor device) accord-
ing to a second embodiment.

FIG. 7 1s a diagram for explaining one aspect of the
configuration of the transistor (semiconductor device)
according to the second embodiment.

FIGS. 8(A) and 8(B) are graphs illustrating 1,V <
characteristics and 1,.-V . characteristics of the transistor
in the case where the nitride semiconductor layer 1s a single
crystalline InN layer having a film thickness of 2 nm, and
FIGS. 8(C) and 8(D) are graphs illustrating 1.~V . char-
acteristics and 1,,.~V . characteristics of the transistor 1n the
case where the nitride semiconductor layer i1s a single
crystalline InN layer having a film thickness of 5 nm.

FIG. 9 1s a diagram in which composition of a nitride
semiconductor layer of an experimentally manufactured
transistor 1s plotted in a ternary phase diagram of In Ga,-
Al N.

FIG. 10 1s a diagram 1n which composition of a nitride
semiconductor layer of a transistor exhibiting an ON/OFF
ratio of 10° or higher is plotted with “@” and composition
ol other nitride semiconductor layers 1s plotted with “c™ 1n
a ternary phase diagram of In Ga Al N.

FIG. 11 1s a diagram 1n which composition of a nitride
semiconductor layer of a transistor exhibiting an on/off ratio
of 10° or higher is plotted with “@” and composition of other
nitride semiconductor layers 1s plotted with “o” 1n a ternary
phase diagram of In Ga ALN.

FIG. 12 1s a diagram 1n which composition of a nitride
semiconductor layer having transistor characteristics exhib-
iting maximum current density exceeding 5 mA/mm 1s
plotted with “@”°, and composition of other nitride semi-
conductor layers 1s plotted with “c” 1n a ternary phase
diagram of In Ga Al N.

FIG. 13 1s a diagram 1llustrating electric characteristics of
a transistor including a mitride semiconductor layer as a
channel, the nitride semiconductor layer being expressed as
In,Ga, ALLN where x=0.64, y=0 and z=0.36.

FIG. 14 1s a diagram 1llustrating electric characteristics of
a transistor including a mitride semiconductor layer as a
channel, the nitride semiconductor layer being expressed as
In,Ga ALLN where x=0.34, y=0.33 and z=0.33.

FIG. 15 1s a diagram 1llustrating electric characteristics of
a transistor including a mitride semiconductor layer as a
channel, the nitride semiconductor layer being expressed as
In, Ga, AlLN where x=0.42, y=0.42 and z=0.16.

FIG. 16 1s a diagram 1llustrating electric characteristics of
a transistor including a mitride semiconductor layer as a
channel, the nitride semiconductor layer being expressed as
In,Ga ALLN where x=0.3, y=0.7 and z=0.

FIG. 17 1s a diagram 1llustrating electric characteristics of
a transistor including a mitride semiconductor layer as a
channel, the nitride semiconductor layer being expressed as
In,Ga, AlLLN where x=0.67, y=0.33 and z=0.

FIG. 18 1s a diagram 1llustrating electric characteristics of
a transistor including a mitride semiconductor layer as a
channel, the nitride semiconductor layer being expressed as
In, Ga, AlLN where x=0.5, y=0.5 and z=0.

FIG. 19 1s a diagram 1illustrating a configuration example
of a transistor having a laminate structure (heterojunction
structure) 1n which an AIN layer and a second nitride
semiconductor layer are bonded on the nitride semiconduc-

tor layer ot In,Ga Al N.
FIG. 20 1s a diagram 1illustrating a configuration example
of a transistor having a bottom gate structure.

DESCRIPTION OF EMBODIMENTS

Preferred embodiments of a semiconductor device
according to the present invention will be described below
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with reference to the drawings. It should be noted that, in the
description of the drawings, the same reference numerals
will be assigned to the same components, if possible, and
overlapped explanation will be omuitted.

First Embodiment: InN Layer

FIG. 1 illustrates a configuration of a transistor 1a (semi-
conductor device) according to a first embodiment. The
transistor 1a includes a substrate 2a, a first insulating layer
3a, a nitride semiconductor layer 4a, a second insulating
layer Sa, a source electrode 61, a drain electrode 62 and a
gate electrode 63.

The first msulating layer 3a, the nitride semiconductor
layer 4a and the second insulating layer Sa are sequentially
provided on a principal surface S1a of the substrate 2a. The
first msulating layer 3a 1s bonded to the substrate 2a. The
nitride semiconductor layer 4a 1s bonded to the first insu-
lating layer 3a. The second insulating layer 5a 1s bonded to
the nitride semiconductor layer 4a.

In the example illustrated in FIG. 1, the substrate 2a has
insulation properties. The substrate 2aq 1s a fused silica
substrate. It should be noted that while the substrate 2a does
not have to be an msulating substrate, and may be a substrate
having conductive properties, when the nitride semiconduc-
tor layer 4a 1s directly formed on the substrate 2a, 1t 1s
preferable to provide an insulating film on a surface of the
substrate 2a.

While the substrate 2a may be a single crystalline sub-
strate, because, typically, the single crystalline substrate 1s
expensive, the substrate 2a may be a non-single crystalline
substrate which 1s less expensive. As will be described later,
in the present invention, because the InGaAlN-based nitride
semiconductor layer which i1s the nitride semiconductor
layer 4a 1s a polycrystalline or amorphous film having a film
thickness falling within a specific range, a single crystalline
substrate does not have to be necessarily used. It should be
noted that the substrate 2a does not have to be a so-called
“crystalline” substrate, and only has to be a substrate which
allows film formation through a method which will be
described later, and may be a plastic substrate, or the like.

The first msulating layer 3a functions as a foundation
layer of the mitride semiconductor layer 4a, and, {for
example, 1s a layer having a thickness between 1 nm and 20
nm. Examples of the first insulating layer 3a can include an
amorphous HIO, layer, an Al,O, layer, a S10, layer, or the
like. Because the InGaAlN-based nitride semiconductor
exhibits characteristics such as high wettability with respect
to the surfaces of these isulating layers, by providing the
above-described nsulating layer, nucleus generation density
1s 1ncreased, so that it becomes possible to form a flat and
high-quality polycrystalline or amorphous InGaAlN-based
nitride semiconductor layer. It should be noted that when
wettability of the InGaAlN-based nitride semiconductor
with respect to the surface of the substrate 2a 1s sufliciently
high, even 1f the InGaAlN-based nitride semiconductor layer
1s directly formed on a surface of such a substrate, 1t 1s
possible to obtain a flat and high-quality InGaAlIN-based
nitride semiconductor layer.

In the present embodiment, the nitride semiconductor
layer 4a 1s an InN layer provided on the substrate 2a, and
this InN layer 1s a polycrystalline or amorphous film having,
a film thickness between 1 nm and 10 nm. It should be noted
that, 1n the aspect illustrated 1n FIG. 1, a planar shape of the
nitride semiconductor layer 4a 1s, for example, a rectangle of
approximately, 50 umx5 um to 50 umx10 um.
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While “amorphous” means, 1n a more limited sense, a

maternial state which does not have long-range order as 1n a
crystal, but has short-range order, in the present specifica-
tion, amorphous also includes “cryptocrystalline” which
does not have a complete crystal structure, but exhibits weak
diffraction in X-ray analysis. Further, the amorphous film
includes even an amorphous film which microscopically
includes a microcrystal.
The nitride semiconductor layer 4a which 1s a group 11I-V
compound semiconductor may have either group V polarity
(N polarity) or group III polarity. The nitride semiconductor
layer 4a can contain impurities (for example, Zn) as a
dopant. Further, even a layer containing light element such
as oxygen as impurities 1s the nitride semiconductor layer
da.

A film thickness of the nitride semiconductor layer 4a 1s
between 1 nm and 10 nm. As described above, it 1s conven-
tionally considered that if the film thickness of the InN 1s
made thinner, electric characteristics such as mobility
becomes poorer, there 1s no 1dea of trying to manufacture a
transistor using an extremely thin film of several nanometers
as a channel layer. However, the present inventors have
studied characteristics of the InN layer in the case where the
thickness of the InN layer 1s made extremely thin, and have
reached a conclusion that when the thickness of the InN
layer falls within the above-described thickness range, even
a polycrystalline or amorphous film can exhibit electric
characteristics equal to a single crystalline film, and can
realize favorable transistor operation, and thus, have made
the present invention.

FIG. 2 1s a diagram 1illustrating dependency of a film
thickness dependency of InN of a ratio between an ON
current and an OFF current of a field eflect transistor which
uses the InN layer as a channel, the film thickness depen-
dency being obtained through experiments by the present
inventors. FIG. 2 indicates a film thickness [nm] on a
horizontal axis and indicates the ON current/OFF current
ratio on a vertical axis.

A measurement result indicated with P1 1 FIG. 2 15 a
result 1n the case where the nitride semiconductor layer 4a
1s polycrystalline InN, a measurement result indicated with
P2 i FIG. 2 1s a result in the case where the nitride
semiconductor layer 4a 1s amorphous InN, and a measure-
ment result indicated with P3 in FIG. 2 1s a result 1n the case
where the nitride semiconductor layer 4a 1s single crystalline
InN.

Referring to FIG. 2, 1t can be understood that a favorable
ON current/OFF current ratio of the nitride semiconductor
layer 4a between approximately 10 and 10° can be realized
in the range where the film thickness of the InN layer which
1s the nitride semiconductor layer 4a 1s between 1 nm and 10
nm. Further, when the film thickness of the nitride semi-
conductor layer 4q 1s thinner within the range between 1 nm
and 10 nm, the ON current/OFF current ratio becomes more
favorable. The above-described tendency does not depend
on whether the InN layer which 1s the nitride semiconductor
layer 4a 1s a single crystal, a polycrystal or amorphous. That
1s, by designing the film thickness of the InN layer which 1s
the nitride semiconductor layer 4a 1n the range between 1
nm and 10 nm, even when the InN layer i1s a polycrystal or
amorphous, 1t 1s possible to obtain electric characteristics
equal to those of a single crystal.

It should be noted that such an InN layer 1s favorably a
f1lm deposited through a sputtering method because it 1s easy
to form a film at a relatively low temperature. More pret-
erably, the InN layer 1s a film deposited through a pulsed
sputtering deposition method (PSD method) which has high
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flexibility 1n setting of film forming conditions. Further,
because when a film 1s formed at a higher temperature, a size
of individual grains becomes larger, which makes 1t difhicult
to obtain a flat film, i1t 1s preferable to form a film at a
temperature less than 600° C.

While, in order to form a film of a smgle crystalline InN
layer, 1t 1s necessary to make a diffusion length of an atom
on a {ilm formation surface suiliciently long, which inevi-
tably requires to form a film at a relatively high temperature,
in the present invention, because the InlN layer does not have
to be a single crystal 11 the film thickness falls within a range
between 1 nm and 10 nm, 1t 1s possible to obtain an
advantage that there 1s no obstacle even when a film for-
mation temperature 1s set low.

In addition, typically, a light element such as oxygen 1s
likely to be incorporated into a film as impurities under the
influence of remaining gas within a chamber when a film 1s
formed through the sputtering method, and, i1 the InN layer
1s a single crystal, there 1s a problem that such oxygen
impurities act as a donor. However, 11 the InN layer 1s a
polycrystal or amorphous, because oxygen impurities are
incorporated 1nto the InN layer 1n a state where the oxygen
impurities are electrically mnactive by, for example, being
trapped 1n a grain boundary, 1t 1s possible to obtain an
advantage that the oxygen impurities are less likely to act as
a donor as described above.

As with the first insulating layer 3a, examples of the
second 1nsulating layer Sa can include an amorphous H1O,
layer, an Al,O; layer, a S10, layer, or the like. As described
above, because InN has high wettability with respect to the
surfaces of these insulating layers, InN has an eflect of
suppressing occurrence of a defect at an interface with the
InN layer. It should be noted that the second msulating layer
5a 1s, for example, a layer having a thickness between
approximately 1 nm and 100 nm.

In the example 1illustrated i FIG. 1, thicknesses of the
source electrode 61, the drain electrode 62 and the gate
clectrode 63 are all approximately 50 nm, and materials of
the source electrode 61, the drain electrode 62 and the gate
clectrode 63 are all, for example, Au. Both the source
clectrode 61 and the drain electrode 62 are bonded to the
nitride semiconductor layer 4a and the second insulating
layer Sa. The gate electrode 63 1s provided on a surface of
the second insulating layer 5a and bonded to the second
insulating layer 3a.

A manufacturing method of the transistor 1la will be
described next. A waler corresponding to the substrate 2a 1s
prepared. On a surface of this water, the first insulating layer
3a, the mitride semiconductor layer 4a and the second
insulating layer 5a are laminated 1n this order. It should be
noted that layers corresponding to the first insulating layer
3a and the second insulating layer 5a may both be layers
made of an oxide semiconductor.

If the first mnsulating layer 3a and the second insulating
layer 5a are oxide semiconductors, these layers are both
formed through, for example, an atomic layer deposition
method (ALD method). An oxygen material when a film 1s
formed through the ALD method 1s H,O, a deposition
temperature 1s approximately 200° C., and a deposition
period 1s approximately one and a half hours.

The InN layer corresponding to the nitride semiconductor
layer 4a 1s formed through the pulsed sputtering deposition
method (PSD method). A deposition rate of the InN layer 1s
approximately 1 nm/min, and the thickness 1s set within a
range between 1 nm and 10 nm. When the deposition
temperature of the InN layer depends on the sputtering
method, the temperature 1s room temperature in the case of
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an amorphous film, and approximately between 300° C. and

500° C. 1n the case of a polycrystal. That 1s, the temperature
1s lower than a typical crystal growth temperature (600° C.
or higher) 1in the case where a film of a single crystalline InN
layer 1s formed.

While a film of the InN layer corresponding to the nitride
semiconductor layer 4a may be formed through the sputter-
ing method other than the PSD method, and may be formed

through other evaporation methods or a thin film formation
methods such as an MBE method and an MOCVD method,
the sputtering method 1s favorable because it 1s easy to form
a film whose composition 1s uniform at a relatively low
temperature. It should be noted that, as described above,
because a size of individual grains become larger when a
film of a polycrystalline nitride semiconductor layer 4a 1s
formed at a higher temperature, which makes it diflicult to
obtain a flat film, 1t 1s preferable to form a film at a
temperature of less than 600° C.

Contact holes respectively corresponding to the source
clectrode 61 and the drain electrode 62 are formed on the
second 1sulating layer 5a using lithography technique. Both
the source electrode 61 and the drain electrode 62 are formed
through lithography after, for example, Au 1s vacuum evapo-
rated. The gate electrode 63 i1s formed by patterning Au
vacuum evaporated on a surface of the second insulating
layer Sa through a lift-off method.

In this manner, the first insulating layer 3a, the nitride
semiconductor layer 4a and the second insulating layer 5a
are laminated on a surface of the water corresponding to the
substrate 2a 1n this order, and separated into chips corre-
sponding to the transistor 1a after the source electrode 61,
the drain electrode 62 and the gate electrode 63 are formed.
The transistor 1a 1s manufactured through the above-de-
scribed manufacturing method.

Transistor characteristics of the transistor 1a which uses
the above-described InN layer as a channel will be described
next with reference to FIGS. 3 to 3.

FIG. 3 illustrates 1.~V 5 characteristics of the transistor
1a 1n the case where the nitride semiconductor layer 4a 1s a
polycrystalline InN layer. Here, 1. indicates a current tlow-
ing between a drain and a source, V . 1s a voltage between
the drain and the source. FIG. 3 indicates V. [V] on a
horizontal axis and indicates 1, [A] on a vertical axis.

The result 1llustrated 1n FIG. 3 1s 1,5~V 5o characteristics
in the case where V .. which 1s a voltage between the gate
and the source 1s changed 1n a step of =0.5 [V] within a range
between 5 [V] and -8[V]. The ON current/OFF current ratio
is approximately 10°. FIG. 3 illustrates an aspect where I,
approaches zero as V. decreases. Therelore, referring to
FIG. 3, it can be understood that 1t 1s sufliciently possible to
switch the ON current/OFF current ratio of the transistor 1a
by controlling V . 1n the case of the polycrystalline InN.

FIG. 4 illustrates 1,,.-V . characteristics of the transistor
1a 1n the case where the nitride semiconductor layer 4a 1s the
polycrystalline InN layer. FIG. 4 indicates V.. [V] on a
horizontal axis and indicates 1, [A] on a vertical axis.

According to the result illustrated 1n FIG. 4, 1t can be
understood that as V .. decreases within a range between 4
[V] and -8 [V], 1,5 also decreases, and a ratio between a
value of IDS when V.15 4 [V] and a value of I,,o when V .
is —8 [V] is approximately 10°. Therefore, referring to FIG.
4, 1t can be understood that 1t 1s su 101ently possible to
control I, of the transistor 1a by controlling V . 1n the case
of the polycrystalline InN.

FIG. 5 illustrates 1,5~V 5 characteristics of the transistor
1a 1n the case where the nitride semiconductor layer 4a 1s an
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amorphous InN layer. FIG. 5 indicates V. [V] on a hori-
zontal axis and indicates 1, [A] on a vertical axis.

The result illustrated 1n FIG. 5 indicates 1,5~V o charac-
teristics when V . 1s changed 1n a step of -2 [V] within a
range between 10 [V] and O [V]. FIG. 5 illustrates that as
V =< decreases, 1,,. also approaches zero. Therefore, refer-
ring to FIG. §, it can be understood that 1t 1s sufliciently
possible to switch the ON current/OFF current ratio of the

transistor 1a by controlling V . 1n the case of the amorphous
InN.

Second Embodiment: InN Layer

FIGS. 6 and 7 are diagrams for explaining one aspect of
a configuration of a transistor 15 (semiconductor device)
according to a second embodiment. It should be noted that,
also 1 the present embodiment, a mtride semiconductor
layer 46 1s an InN layer provided on a substrate 2b.

FIG. 6(A) 1s an optical microscope 1mage illustrating a
planar shape of the transistor 15, and FIG. 6(B) 1s a diagram
mainly illustrating a configuration of a cross-section of the
transistor 16 along line I-I illustrated in FIG. 6(A).

FIG. 7(A) 1s a TEM (Transmission Electron Microscope)
lattice image illustrating a laminate structure of the transistor
156, FIG. 7(B) illustrates an electron diffraction pattern
(Fourier transformed image of the TEM image) from a
region indicated with InN 1n FIG. 7(A), and FIG. 7(C) 1s an
clectron diflraction pattern (Founer transformed image of
the TEM 1mage) from a region indicated with YSZ 1n FIG.
7(A). It can be confirmed from FIGS. 7(A) to 7(C) that a
single crystalline InN as the nitride semiconductor layer 1s
epitaxially grown on a single crystalline YSZ substrate.

The transistor 15 includes the substrate 25, a nitride
semiconductor layer 4b, an insulating layer 5b, a source
clectrode 61, a drain electrode 62 and a gate electrode 63.
The nitride semiconductor layer 46 and the nsulating layer
5b are sequentially provided on a principal surface S15 of
the substrate 2b.

In the present embodiment, the substrate 25 1s an yttria-
stabilized zirconmia substrate (YSZ substrate). The YSZ sub-
strate has relatively small in-plane lattice mismatch with not
only InN but also nitride semiconductors such as InGal,
InAIN and InAlGaN which includes InN as a main compo-
nent. The principal surface S15 of the substrate 26 1s bonded
to the mitride semiconductor layer 4b and has plane indices
(111). The principal surface S1b 1s made flat at the atomic
level.

The InN layer as the nitride semiconductor layer 4b 1s
provided on the substrate 25. The nitride semiconductor
layer 4b 1s bonded to the substrate 2b. The nitride semicon-
ductor layer 45 1s a single crystal. The nitride semiconductor
layer 4b 1s an epitaxial layer formed through epitaxial
growth from the principal surface S1b6 of the substrate 25b.
The nitride semiconductor layer 45 can have any of N-po-
larity and group III polarity. The nitride semiconductor layer
4b can contain impurity Zn (zinc). The planar shape of the
nitride semiconductor layer 45 1s, for example, a rectangle of
approximately 50 umx5 um to 50 umx10 um.

The film thickness of the InN layer which 1s the nitride
semiconductor layer 4b falls between 1 nm and 10 nm. As
already described with reference to FIG. 2, in the range
where the film thickness of the InN layer which 1s the nitride
semiconductor layer falls between 1 nm and 10 nm, the ON
current/OFF current ratio of the nitride semiconductor layer
is between approximately 10 and 10°, so that it is possible
to realize a favorable ON current/OFF current ratio. Further,
as the film thickness of the nitride semiconductor layer is
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thinner within a range between 1 nm and 10 nm, the ON
current/OFF current ratio becomes more favorable. In addi-
tion, the above-described tendency does not depend on
whether the InN layer which 1s the nitride semiconductor
layer 1s a single crystal, a polycrystal or amorphous.

Therefore, 1n the present embodiment, while the InN layer
which 1s the nitride semiconductor layer 46 1s a single
crystalline InN which 1s epitaxially grown on the single
crystalline YSZ substrate, even when the InN layer 1s a
polycrystalline or amorphous InN layer deposited on a fused
silica substrate, or the like, 1t 1s possible to obtain electric
characteristics equal to those of a single crystal by designing
the film thickness 1n a range between 1 nm and 10 nm.

The insulating layer 56 1s bonded to the nitride semicon-
ductor layer 4b6. Examples of the insulating layer 56 can
include an amorphous H1O, layer, an Al,O; layer, a S10,
layer, or the like. As already described, because the InN has
high wettability with respect to the surfaces of these 1nsu-
lating layers, 1t 1s possible to provide an eflect of suppressing
occurrence of a defect at an 1nterface with the InN layer. It
should be noted that the film thickness of the insulating layer
5b 1s, for example, between 1 nm and 100 nm.

In the example 1llustrated 1n FIG. 6, the thicknesses of the
source electrode 61, the drain electrode 62 and the gate
clectrode 63 are all approximately 50 nm, and maternals of
the source electrode 61, the drain electrode 62 and the gate
clectrode 63 are all, for example, Au. Both the source
clectrode 61 and the drain electrode 62 are bonded to the
nitride semiconductor layer 45 and the 1nsulating layer 55b.
The gate electrode 63 1s provided on the surface of the
insulating layer 56 and bonded to the insulating layer 55.

A manufacturing method of the transistor 156 will be
described next. A waler corresponding to the substrate 25 1s
prepared. While, in the present embodiment, this wafer 1s a
YSZ substrate, 11 a polycrystalline or amorphous InN layer
1s formed, this waler may be a non-single crystalline sub-
strate or an insulating substrate (for example, a fused silica
substrate). On the surface of this water, the nitride semi-
conductor layer 4b and the insulating layer 36 are laminated
in this order.

The InN layer corresponding to the nitride semiconductor
layer 45 1s formed through the pulsed sputtering deposition
method (PSD method) as 1n the first embodiment. A depo-
sition rate of the InN layer 1s approximately 1 nm/min, and
the thickness 1s set in a range between 1 nm and 10 nm.
Because, 1n the present embodiment, a single crystalline InN
1s formed, an epitaxial temperature 1s between 600° C. and
700° C. However, 11 an amorphous InN 1s deposited through
the sputtering method, the deposition temperature 1s made
an ambient temperature, while, if a polycrystalline InN 1s
deposited, the deposition temperature 1s made between
approximately 300° C. and 500° C. That 1s, the deposition
temperature 1s lower than a typical crystal growth tempera-
ture (600° C. or higher) 1n the case where a film of a single
crystalline InN layer 1s formed.

While a film of the InN layer corresponding to the nitride
semiconductor layer 45 may be formed through the sputter-
ing method other than the PSD method, and may be formed
through other evaporation methods or a thin film formation
method such as an MBE method and an MOCVD method,
the sputtering method 1s favorable because it 1s easy to form
a film whose composition 1s uniform at a relatively low
temperature. It should be noted that, as described above, a
s1ze of individual grains becomes larger as the film 1s formed
at a higher temperature, which makes it difficult to obtain a
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flat film, a film of a polycrystalline nitride semiconductor
layer 4a 1s preferably formed at a temperature of less than
600° C.

When the insulating layer 55 1s an oxide semiconductor,
for example, a film 1s formed through an atomic layer
deposition method (ALD method). An oxygen material
when the film 1s formed through the ALD method 1s H,O,
the deposition temperature 1s 200° C., and a deposition
period 1s approximately one and a half hours.

Contact holes respectively corresponding to the source
clectrode 61 and the drain electrode 62 are formed in the
isulating layer 56 using lithography technique. Both the
source electrode 61 and the drain electrode 62 are formed
through lithography after, for example, Au 1s vacuum evapo-
rated. The gate electrode 63 1s formed by patterning Au
which 1s vacuum evaporated on a surface of the msulating
layer 56 using a lift-ofl method.

In this manner, on the surface of the waler corresponding
to the substrate 25, the mitride semiconductor layer 46 and
the insulating layer 36 are laminated in this order, and
separated mto chips corresponding to the transistor 16 after
the source electrode 61, the drain electrode 62 and the gate
clectrode 63 are formed. The transistor 15 1s manufactured
through the above-described manufacturing method.

Transistor characteristics of the transistor 16 which uses
the above-described InN layer as a channel will be described

next with reference to FIG. 8.
FIGS. 8(A) and 8(B) illustrate I1,,.~-V,,. characteristics

(FIG. 8(A)) 1n the case where V ¢ of the transistor 15 1n the
case where the nitride semiconductor layer 46 1s a single
crystalline InN layer having a film thickness of 2 nm, is

changed 1n a step of —1 [V] within a range between +2 [V]
and -2 [V], and I,,.-V . characteristics (FIG. 8(B)) under

Vo of 5[V]. FIG. 8(A) indicates V. [V] on a horizontal
axis and indicates I, [mA/mm] on a vertical axis. Further,
FIG. 8(B) indicates V - [ V] on a horizontal axis and indicates
I, [A] on a vertical axis.

FIGS. 8(C) and 8(D) illustrate 1,.-V 5 characteristics
(FIG. 8(C)) 1n the case where V .. of the transistor 15 1n the
case where the nitride semiconductor layer 46 1s a single
crystalline InN layer having a film thickness of 5 nm, 1s
changed 1n a step of -2 [V] within a range between +4 [V]
and -10 [V], and 1,.-V < characteristics (FIG. 8(D)) under
Voot 5 [V]. FIG. 8(C) indicates V. [V] on a horizontal
axis, and indicates 1, [mA/mm] on a vertical axis. FIG.
8(D) indicates V - [V] on a horizontal axis and indicates 1,5
[A] on a vertical axis.

Referring to the results illustrated 1n FIGS. 8(A) to 8(D),
it can be understood that it 1s sufliciently possible to switch
the ON current/OFF current ratio of the transistor 15 by
controlling V ~. 1n the case of a single crystalline InN.

Further, as described above, even when the InN layer 1s a
polycrystal or amorphous, by designing the film thickness
within a range between 1 nm and 10 nm, 1t 1s possible to
obtain electric characteristics equal to those of a single
crystal. Therefore, even when the nitride semiconductor
layer 456 1s a polycrystalline or amorphous InlN layer, 1t 1s
suiliciently possible to switch the ON current/OFF current
ratio of the transistor 15.

While the principle of the present invention has been
described 1n the preferred embodiments, a person skilled 1n
the art would recognize that arrangement and details of the
present invention can be modified without departing from
such principle.

For example, the semiconductor device according to the
present ivention can be made a semiconductor device
having a configuration including a laminate structure in
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which the nitride semiconductor layer having composition
different from that of InN 1s bonded on at least one principle

surface of the above-described InN layer, that 1s, a semi-
conductor device having a heterojunction structure.

The present mvention 1s not limited to a specific configu-
ration disclosed in the present embodiments. Theretfore, all
modifications and changes that result from the claims and
the scope of 1ts spirit are claimed. For example, the nitride
semiconductor layers 4a and 46 of the present embodiments
can be applied to semiconductor devices other than a tran-
sistor. In the case of the nitride semiconductor layer 4a, the
first msulating layer 3a 1s also applied to such a semicon-
ductor device along with the nitride semiconductor layer 4a.

Third Embodiment: InGaAIN Layer

In the above-described first and second embodiments, the
nitride semiconductor layer 1s made an InN layer expressed
with a general expression In Ga AN (where x+y+z=1.0)
where x=1. Further, 1t 1s clarified that, in the case of the InN
layer, by setting the thickness within a specific thickness
range, 1t 1s possible to obtain a “non-single crystalline” film
exhibiting channel characteristics equal to those of a single
crystal.

If desired electric characteristics can be obtained only
within a specific thickness range (1 to 10 nm), there 1s a
problem that flexibility of design of the semiconductor
device cannot be secured. Therefore, the present inventors
have further studied electric characteristics of an InGaAIN-
based mitride semiconductor and found that even a “non-
single crystalline film” exhibits channel characteristics equal
to those of a single crystal 11 a composition range of the film
falls within a specific composition range.

It has been conventionally considered that it 1s diflicult to
change the composition of In 1n the InGaAlN-based nitride
semiconductor 1 a broad range in thermodynamic terms,
because an 1on radius of In 1n the InGaAlN-based nitride
semiconductor 1s larger than those of other elements. How-
ever, such conventional knowledge 1s one that 1s applied to
an InGaAlIN-based nitride semiconductor obtained through a
CVD method 1n which a film 1s formed at a relatively high
temperature. The present inventors have pursued study
based on 1dea that the above-described knowledge 1s one
that 1s merely applied to the InGaAIN-based nitride semi-
conductor formed under a thermal equilibrium state, and 1f
the InGaAlN-based nitride semiconductor i1s deposited
through a sputtering method 1n which a film can be formed
at a relatively low temperature, the film may be quenched
while a state 1s kept a thermally non-equilibrium state, and
film formation may stably proceed, thereby achieving the
present 1nvention.

In the following examples, a result of study as to how
clectric characteristics of the InGaAlN-based nitride semi-
conductor expressed with a general expression In Ga Al N
(where x+y+z=1.0) depends on its composition will be
described.

A field eflect transistor 1a having a configuration illus-
trated mn FIG. 1 was experimentally manufactured, and
clectric characteristics were evaluated with ratios between
ON currents and OFF currents (ON/OFF ratios) and maxi-
mum current density of the transistor 1¢ while composition
(In,Ga, Al N) ot the nitride semiconductor layer 4a which
becomes a channel 1s variously changed. The substrate 2a 1s
a Tused silica substrate, the first insulating layer 3a 1s HI1O,
having a thickness of 20 nm, the second insulating layer 3a
1s H1O,, which 1s also used as a gate insulating film and has
a thickness of 20 nm. It should be noted that the substrate 2a
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may be a non-single crystalline substrate or an insulating
substrate other than the fused silica substrate, and the first
isulating layer 3a and the second insulating layer 3Sa may
be an Al,O; layer or a S10,, layer. Further, all transistors 1a
have a gate length of 5 um and a channel width of 50 um.

All In,Ga ALN layers are formed through the sputtering
method (1n the present embodiment, the PSD method). The
deposition rate 1s approximately 1 nm/min. Further, the
deposition temperature 1s made less than 600° C., and the
In, Ga, ALN layers are made polycrystalline or amorphous
In, Ga, ALN layers.

FIG. 9 1s a diagram 1n which composition of the nitride
semiconductor layer 4a of the transistor 1a which 1s experi-
mentally manufactured 1s plotted 1n a ternary phase diagram
of In Ga Al N.

FIG. 10 1s a diagram 1n which composition of the nitride
semiconductor layer 4a of the transistor exhibiting an
ON/QFF ratio of 10° or higher is plotted with “@” and
composition of other nitride semiconductor layer 4a 1is
plotted with “o” 1n a ternary phase diagram ot In Ga, ALLN
among the composition illustrated 1n FIG. 9.

According to this result, when the composition expressed
with a general expression In Ga ALN (where x+y+z=1.0)
talls within a range of 0.3=x=1.0 and 0<z<0.4, a transistor
la exhibiting the ON/OFF ratio of 10° or higher can be
obtained.

Further, FIG. 11 1s a diagram in which composition of the
nitride semiconductor layer of a transistor exhibiting the
ON/OFF ratio of 10° or higher is plotted with “@” and
composition of other mitride semiconductor layers 1s plotted
with “0” 1n a ternary phase diagram of In,Ga Al N.

According to this result, when composition expressed
with a general expression In Ga ALN (where x+y+z=1.0)
talls within a range of 0.3=x=1.0 and 0<z<0.4, a transistor
la exhibiting the ON/OFF ratio of 10° or higher can be
obtained.

Further, FIG. 12 1s a diagram 1n which composition of a
nitride semiconductor layer having transistor characteristics
exhibiting maximum current density exceeding 5 mA/mm 1s
plotted with “@”” and composition of other nitride semicon-
ductor layers 1s plotted with “o” 1n a ternary phase diagram
of In Ga AL N.

According to this result, when composition expressed
with a general expression In,Ga ALN (where x+y+z=1.0)
falls within a range of 0.5=x=1.0 and 0=z<0.1, transistor
characteristics exhibiting the maximum current density
exceeding 5 mA/mm can be obtained.

As described above, when composition of the mtride
semiconductor layer expressed with a general expression
In Ga ALLN (where x+y+z=1.0) falls within a range of
0.3=x=<1.0 and 0=z<0.4, even when the film 1s a non-single
crystalline film, 1t 1s possible to provide suflicient channel
characteristics (having the ON/OFF ratio of 10” or higher) as
transistor operation, and, when the composition falls within
a range of 0=z=<0.2 when 0.3=x<0.7 and 0=z<0.1 when
0.7=x<1.0, the ON/OFF ratio becomes further higher by an
order of magnitude (10° or higher). Further, when the
composition of the nitride semiconductor layer falls within
a range ol 0.5=x=1.0 and 0=z<0.1, a transistor having
excellent transistor characteristics of maximum current den-
sity exceeding 5 mA/mm can be obtained.

It should be noted that, as described 1n the first embodi-
ment, when InN which 1s a nitride semiconductor having,
composition of x=1.0 when the nitride semiconductor 1is
expressed with a general expression In, Ga, Al N 1s used as
a channel layer, 1t 1s impossible to obtain suflicient transistor
characteristics 1f the film thickness exceeds 10 nm.
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Therefore, 1n order to secure flexibility of design of the
semiconductor device, it 1s preferable to remove InN from
the above-described composition range, that 1s, the In com-

position ratio X of the nitride semiconductor layer 1s prei-
erably 0.99 or less (x=0.99).

It 1s known that a film of an InGaAlIN-based nitride
semiconductor containing 1% or higher of Al or Ga, that 1s,
a nitride semiconductor in which x=<0.99 when the nitride
semiconductor 1s expressed with a general expression In -
Ga, ALLN, becomes structurally strong, and a defect 1s less
likely to occur (see, for example, Non Patent Literature 4).
This 1s considered because of a phenomenon that an
InGaAlN-based nitride semiconductor containing 1% or
higher of Al or Ga 1s thermodynamically likely to be phase
separated, which makes it likely to make concentration of Al
or Ga locally non-uniform, resulting in suppressing propa-
gation ol dislocation.

FIG. 13 1s a diagram 1llustrating electric characteristics of
a ftransistor including a mitrnde semiconductor layer
expressed with In,Ga Al LN where x=0.64, y=0 and z=0.36
as a channel, and FIG. 13(A) 1llustrates 1,,.-V . character-
istics 1n the case where V .. 1s changed 1n a step of -1 [V]
within a range between +5 [V] and -7 [V]. Further, FIG.
13(B) illustrates 1,,.~V < characteristics under V. of 1 [V].

This transistor 1s obtained by depositing 5 nm of a channel
layer having composition of In, ,Al, ;xN on a fused silica
substrate through a sputtering method at an ambient tem-
perature. It should be noted that a gate insulating film 1s
H1O,, a gate length 1s 5 um, and a channel width 1s 50 um.

The above-described composition falls within a range of
03<x=<1.0 and 0=z<0.4, the ON/OFF ratio is 7x10°%, and
maximum current density 1s 0.4 mA/mm.

FIG. 14 1llustrates electric characteristics of a transistor
including a nitride semiconductor layer expressed with
In Ga Al N where x=0.34, y=0.33 and 7=0.33 as a channel,
and F1G. 14(A) illustrates 1 ,,~V ,, characteristics 1n the case
where V . 1s changed 1 a step of —1 [V] within a range
between +5 [V] and -7 [V]. Further, FIG. 14(B) illustrates
I,V 5o characteristics under V. 0f 1 [V].

This transistor 1s obtained by depositing 5 nm of a channel
layer having composition of In, 5,Ga, 33Al; 53N on a fused
s1lica substrate at a substrate temperature of 400° C. through
the sputtering method. It should be noted that a gate 1nsu-
lating film 1s HIO,, a gate length 1s 5 um, and a channel
width 1s 50 um.

The above-described composition also falls within a range
of 0.3=<7<1.0 and 0=<z<0.4, and has the ON/OFF ratio of
1x10° and maximum current density of 3.4x10™* mA/mm.

FIG. 15 1s a diagram 1llustrating electric characteristics of
a ftransistor including a mitride semiconductor layer
expressed with In Ga Al, N where x=0.42, y=0.42 and
7z=0.16 as a channel, and FIG. 15(A) illustrates 1,5V <
characteristics 1n the case where V 4. 1s changed in a step of
-2 [V] within a range between +2 [V] and -6 [V]. Further,
FIG. 15(B) illustrates 1,.-V < characteristics under V . of
1 [V].

This transistor 1s obtained by depositing 5 nm of a channel
layer having composition of In, ,,Ga, ,.Al; ;<N on a fused
silica substrate at a substrate temperature of 400° C. through
the sputtering method. It should be noted that a gate 1nsu-
lating film 1s HIO,, a gate length 1s 5 um, and a channel
width 1s 50 um.

The above-described composition falls within a range of
0.3<x<0.7 and 0=z<0.2, and has the ON/OFF ratio of 1x10°
and the maximum current density of 1x10™> mA/mm.

FIG. 16 1s a diagram 1llustrating electric characteristics of
a ftransistor including a mitride semiconductor layer
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expressed with In Ga Al N where x=0.3, y=0.7 and z=0 as
a channel, and FIG. 16(A) illustrates 1,,.-V . characteristics
in the case where V . 1s changed in a step of -0.5 [V] within
a range between +5 [V] and -9 [V]. Further, FIG. 16(B)
illustrates 1,,.~V . characteristics under V,,. of 1 [V].

This transistor 1s obtained by depositing 30 nm of a
channel layer having composition of In, ;Ga, -N on a fused
s1lica substrate at a substrate temperature of 400° C. through
the sputtering method. It should be noted that a gate 1nsu-
lating film 1s H1O,, a gate length 1s 5 um, and a channel
width 1s 50 um.

The above-described composition also falls within a range
of 0.3=x<0.7 and 0=7<0.2, and has the ON/OFF ratio of
1x10° and maximum current density of 0.5 mA/mm.

FIG. 17 1s a diagram 1illustrating electric characteristics of
a transistor including a mitride semiconductor layer
expressed with In Ga Al N where x=0.67, y=0.33 and z=0
as a channel, and FIG. 17(A) illustrates 1,5~V 5o character-

1stics 1n the case where V .. 1s changed 1n a step of -1 [V]
within a range between +4 [V] and -9 [V]. Further, FIG.
17(B) illustrates 1,,~V o characteristics under V. of 1 [V].

This transistor 1s obtained by depositing 6 nm of a channel
layer having composition of In, .-Ga, ;3N on a fused silica
substrate at a substrate temperature of 400° C. through the
sputtering method. It should be noted that a gate insulating
film 1s HIO,, a gate length 1s 5 um and a channel width 1s
50 um.

The above-described composition falls within a range of
0.5=x<1.0 and 0<7<0.1, and has an ON/OFF ratio of 1x10%
and maximum current density of 7.5 mA/mm.

FI1G. 18 1s a diagram 1illustrating electric characteristics of
a transistor including a mitride semiconductor layer
expressed with In Ga Al N where x=0.5, y=0.5 and z=0, and
FIG. 18(A) 1illustrates 1,.-V,,. characteristics in the case
where V . 1s changed 1n a step of -1 [V] within a range
between 0 [V] and -9 [V]. Further, FIG. 18(B) illustrates
I,V =o characteristics under V. of 5 [V].

This transistor 1s obtained by depositing 45 nm of a
channel layer having composition of In, .Ga, N on a fused
s1lica substrate at a substrate temperature of 400° C. through
the sputtering method. It should be noted that this transistor
has a ring gate structure, 1n which a gate insulating film 1s
H1O,, a gate nng diameter 1s 100 um, and a channel length
1s 10 um.

The above-described composition also falls within a range
of 0.5=x=<1.0 and 0=<z<0.1, and has an ON/OFF ratio of
1x10® and maximum current density of 25 mA/mm.

The transistor characteristics illustrated in FIGS. 13 to 18
are characteristics of part of a number of transistors experi-
mentally manufactured by the present inventors. As a result
ol performing characteristics analysis on a number of tran-
sistors, the above-described conclusion has been reached as
to composition of the nitride semiconductor.

That 1s, when the composition expressed with a general
expression In Ga Al N (where x+y+z=1.0) falls within a
range of 0.3=x<1.0 and 0=z<0.4, a transistor 1la exhibiting
an ON/OFF ratio of 10® or higher can be obtained.

Further, when the composition expressed with a general
expression In Ga AN (where x+y+z=1.0) falls within a
range of 0.3=x=1.0 and 0=z<0.4, a transistor 1a exhibiting
an ON/OFF ratio of 10° or higher can be obtained.

Still further, when the composition expressed with a
general expression In,Ga AN (where x+y+z=1.0) falls
within a range of 0.5=x=<1.0 and 0=z<0.1, transistor char-
acteristics having maximum current density exceeding 5
mA/mm can be obtained.
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While the semiconductor device according to the present
invention mcluding a mitride semiconductor layer expressed
with a general expression In Ga, Al N (where x+y+z=1.0) as
a channel has been described above, 1t goes without saying
that the transistor configuration can be variously changed.
Some examples of the transistor configuration will be
described below.

FIG. 19 1s a diagram 1llustrating a configuration example
of a transistor 1¢ having a laminate structure (heterojunction
structure) 1n which an AIN layer and a second nitride
semiconductor layer 6¢ are bonded on the above-described
nitride semiconductor layer 4¢ ot In Ga AL N.

In the example illustrated 1n FIG. 19, a substrate 2¢ 1s a
synthetic quartz substrate. The mitride semiconductor layer
dc 1s, for example, a polycrystalline or amorphous film
having a film thickness of 3 nm. An amorphous HIO, layer
having a film thickness of 15 nm 1s provided on the second
nitride semiconductor layer 6¢ as an insulating layer 5¢. By
placing the AIN layer between the nitride semiconductor
layer 4¢ and the HIO, layer as the insulating layer 3¢, as the
second nitride semiconductor layer 6¢, a favorable interface
1s obtained.

FIG. 20 1s a diagram 1illustrating a configuration example
of a transistor 14 having a bottom gate structure.

Also 1n the example 1llustrated 1n FIG. 20, a substrate 2d
1s a synthetic quartz substrate. A nitride semiconductor layer
dd 1s, for example, a polycrystalline or amorphous film
having a film thickness of 3 nm. An amorphous HIO, layer
having a film thickness between 100 nm and 130 nm 1s
provided between the mitride semiconductor layer 44 and the
substrate 24 as an insulating layer 54, and a gate 63 1s
formed with an ITO film having a thickness of approxi-
mately 90 nm.

As described above, the semiconductor device according
to the present invention may have a laminate structure
(heterojunction structure) in which the second nitride semi-
conductor layer having a different composition from that of
the nitride semiconductor layer 1s bonded on at least one
principle surface of the above-described nitride semicon-
ductor layer.

At this time, the second nitride semiconductor layer may
be a nitride semiconductor layer expressed with the above-
described general expression In Ga ALN (where x+y+
7z=1.0). For example, a transistor may be configured such
that the nitride semiconductor layer 1s In ,Ga, Al N, and
the second nitride semiconductor layer 1s In ,Ga,,Al ,N
(where x2=x1), and may be configured to have a double
heterostructure 1n which the nitride semiconductor layer of
In ,Ga,, Al N 1s vertically put between the second nitride
semiconductor layer of In ,Ga ,Al ,N.

INDUSTRIAL APPLICABILITY

According to the present invention, it 1s possible to
provide a semiconductor device in which constraints to
manufacturing conditions are drastically eliminated, and
which includes an InGaAlN-based nitride semiconductor
layer which 1s mexpensive and has excellent electric char-
acteristics.

REFERENCE SIGNS LIST

la, 15, 1c¢, 1d transistor

2a, 2b, 2¢, 25 substrate

3a first msulating layer

da, 4b, 4c, 44 nitride semiconductor layer
5a second 1nsulating layer
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5b, 5¢, 5d nsulating layer

6¢ second mitride semiconductor layer

61 source electrode

62 drain electrode

63 gate clectrode

Sla, S1b principle surface

The 1invention claimed 1is:

1. A field eflect transistor, comprising;:

a foundation layer;

a nitride semiconductor layer as an n-type channel, the
nitride semiconductor layer consisting of a nitride
semiconductor having a formula of In,Ga Al N where
X, V, and z satisiy x+y+z=1.0, 0.3=x<0.99, and 0=z<0.4,
wherein the nitride semiconductor 1s polycrystalline or
amorphous;

an 1nsulating layer provided on a surface of the nitride
semiconductor layer; and

a gate electrode provided on and directly bonded to a
principal surface of the msulating layer and facing the
nitride semiconductor layer such that the insulating
layer 1s interposed between the gate electrode and the
nitride semiconductor layer,

wherein the nitride semiconductor layer i1s provided on
and 1n direct contact with the foundation layer and has
a thickness of from 1 nm to 10 nm,

wherein the foundation layer 1s an msulating substrate, or
an 1nsulating amorphous layer provided directly
between a substrate and the nitride semiconductor
layer, and

wherein the field effect transistor 1s a depletion type field

ellect transistor.

2. The field effect transistor according to claim 1,

wherein x and z satisly 0=z<0.2 and 0.33x<0.7, or
O=<z<0.1 and 0.7=x=<0.99.

3. The field eflect transistor according to claim 2,

wherein x and z satisty 0.5=x=<0.99 and 0=z<0.1.

4. The field eflect transistor according to claim 1,

wherein x satisfies 0.3=x=0.67.

5. The field eflect transistor according to claim 1,

wherein the foundation layer 1s an 1nsulating amorphous
layer comprising H1O,, Al,O;, or S10,,.

6. The field efiect transistor according to claim 1,

wherein the substrate 1s a non-single crystalline substrate.

7. The field effect transistor according to claim 1,

wherein the foundation layer 1s an nsulating substrate.

8. The field effect transistor according to claim 7,

wherein the insulating substrate 1s a synthetic quartz
substrate.

9. The field eflect transistor according to claim 1,

wherein an ON/OFF ratio of the field eflect transistor 1s
10” or higher.

10. The field effect transistor according to claim 1,

wherein the nitride semiconductor layer has a thickness of
from 1 nm to 5 nm.

11. The field eflect transistor according to claim S,

wherein the insulating amorphous layer has a thickness of
from 1 nm to 20 nm.

12. The field effect transistor according to claim 1,

wherein the nitride semiconductor in the nitride semicon-
ductor layer 1s polycrystalline.

13. The field effect transistor according to claim 1,

wherein the nitride semiconductor 1n the nitride semicon-
ductor layer 1s amorphous.

14. A field eflect transistor, comprising:

a substrate:

a first insulating layer;

a mitride semiconductor layer;
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a second insulating layer;

a source electrode;

a drain electrode; and

a gate electrode,

wherein the first insulating layer, the nitride semiconduc-
tor layer, and the second insulating layer are sequen-
tially provided on a principal surface of the substrate,

wherein the nitride semiconductor layer consists of a
nitride semiconductor having a formula of In Ga Al N
where X, y, and z satisty x+y+z=1.0, 0.3<x<0.99, and
0<z<0.4,

wherein the nitride semiconductor i1s polycrystalline or
amorphous,

wherein the source electrode and the drain electrode are
bonded to the nitride semiconductor layer and the
second 1nsulating layer,

wherein the gate electrode 1s provided on and directly
bonded to a principal surface of the second insulating
layer and facing the nitride semiconductor layer such
that the second msulating layer 1s mterposed between
the gate electrode and the nitride semiconductor layer,

wherein the field eflect transistor 1s an InGaAlN-based or
InGaN-based semiconductor device and includes the
nitride semiconductor layer as an n-type channel, and

wherein the field eflect transistor 1s a depletion type field

ellect transistor.

15. A field eflect transistor, comprising:

a substrate:

a nitride semiconductor layer;

an insulating layer;

a source electrode;

a drain electrode; and

a gate electrode,

wherein the nitride semiconductor layer and the insulating
layer are sequentially provided on a principal surface of
the substrate,

wherein the nitride semiconductor layer consists of a
nitride semiconductor having a formula of In Ga Al N
where X, vy, and z satisty x+y+z=1.0, 0.3=x<0.99, and
O=<z<0.4,

wherein the nitride semiconductor i1s polycrystalline or

amorphous,

wherein the source electrode and the drain electrode are
bonded to the nitride semiconductor layer and the
insulating layer,

wherein the gate electrode 1s provided on and directly
bonded to a principal surface of the insulating layer and
facing the nitride semiconductor layer such that the
isulating layer i1s interposed between the gate elec-
trode and the mitride semiconductor layer,

wherein the field eflect transistor 1s an InGaAlIN-based or
InGaN-based semiconductor device and includes the
nitride semiconductor layer as an n-type channel, and

wherein the field efect transistor 1s a depletion type field

cllect transistor.

16. A field effect transistor having a bottom gate structure,

comprising;

a substrate;

an insulating layer;

a nitride semiconductor layer;

a source electrode;

a drain electrode; and

a gate electrode,

wherein the insulating layer 1s provided between the
nitride semiconductor layer and the substrate,
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wherein the nitride semiconductor layer consists of a
nitride semiconductor having a formula of In, Ga ALN
where X, vy, and z satisty x+y+z=1.0, 0.3<x<0.99, and
0=<z<0.4,

wherein the nitride semiconductor 1s polycrystalline or
amorphous,

wherein the source electrode and the drain electrode
clectrically contact the nitride semiconductor layer,

wherein the gate electrode 1s provided between the sub-
strate and the msulating layer,

wherein the field effect transistor 1s an InGaAlN-based or
InGaN-based semiconductor device and includes the
nitride semiconductor layer as an n-type channel, and

wherein the field effect transistor 1s a depletion type field

ellect transistor.

17. The field effect transistor according to claim 1,
wherein the nitride semiconductor layer consists of a single
layer consisting of a single material of the nitride semicon-
ductor having the formula of In Ga Al N.

18. The field effect transistor according to claim 14,
wherein the nitride semiconductor layer consists of a single
layer consisting of a single material of the nitride semicon-
ductor having the tormula of In Ga AL N.

19. The field effect transistor according to claim 15,
wherein the nitride semiconductor layer consists of a single
layer consisting of a single material of the nitride semicon-
ductor having the formula of In Ga Al N.

20. The field eflect transistor according to claim 16,
wherein the nitride semiconductor layer consists of a single
layer consisting of a single material of the nitride semicon-
ductor having the formula of In Ga Al N.
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