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(57) ABSTRACT

A semiconductor device includes: a first nitride semiconduc-
tor layer; a second nitride semiconductor layer formed over
the first nitride semiconductor layer; and a gate electrode
facing the second nitride semiconductor layer via a gate insu-
lating film. Because the second nitride semiconductor layer is
formed by stacking plural semiconductor layers with their Al
composition ratios different from each other, the Al compo-
sition ratio of the second nitride semiconductor layer changes
stepwise. The semiconductor layers forming the second
nitride semiconductor layer are polarized in the same direc-
tion so that, among the semiconductor layers, a semiconduc-
tor layer nearer to the gate electrode has higher (or lower)
intensity of polarization. In other words, the intensities of
polarization of the semiconductor layers change with an incli-
nation based on their distances from the gate electrode so that,
at each interface between two semiconductor layers, the
amount of negative charge becomes larger than that of posi-
tive charge.
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1
SEMICONDUCTOR DEVICE AND
MANUFACTURING METHOD OF

SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The disclosure of Japanese Patent Application No. 2011-
173020 filed on Aug. 8, 2011 including the specification,
drawings and abstract is incorporated herein by reference in
its entirety.

BACKGROUND

The present invention relates to semiconductor devices
including nitride semiconductor layers and methods for
manufacturing the semiconductor devices.

Field-effect transistors including nitride semiconductor
layers such as GaN layers are expected to be widely used as
electric power control elements because they have high with-
stand voltages and low resistivities. It is required that these
electric power control elements are normally-off type ele-
ments. However, it is difficult to make field-effect transistors
including nitride semiconductor layers normally-off type
transistors.

International Publication WO 03/071607 discloses a tran-
sistor that uses two-dimensional electron gas accumulated at
the interface, that is, at the hetero junction between an AlGaN
layer and a GaN layer as carriers. This transistor is configured
in a way that there is no hetero junction under the gate elec-
trode of'the transistor to prevent the two-dimensional electron
gas from generating under the gate electrode. International
Publication WO 03/071607 states that a normally-off transis-
tor can be realized with the use of this configuration.

Japanese Unexamined Patent Application Publication No.
2011-044647 discloses a transistor that has a configuration
that is formed as follows. First, a first nitride semiconductor
layer, a second nitride semiconductor layer, and a third nitride
semiconductor layer are stacked, and two-dimensional elec-
tron gas is generated at the interface between the second and
third nitride semiconductor layers. Next, a concave portion,
which reaches the first nitride semiconductor layer, is formed
in the third nitride semiconductor layer and the second nitride
semiconductor layer, and a gate insulating film and a gate
electrode are embedded in this concave portion. In Japanese
Unexamined Patent Application Publication No. 2011-
044647, the concave portion penetrates the second nitride
semiconductor layer. In addition, Japanese Unexamined
Patent Application Publication No. 2011-044647 discloses
that the second nitride semiconductor layer is formed by
stacking plural AlGaN layers each of which has an Al con-
centration different from each other.

SUMMARY

It is also required that electric power control transistors
have high threshold voltages. However, it has been said that it
is difficult to make the threshold voltage of a transistor having
a channel made of a nitride semiconductor layer high.

According to an aspect of the present invention, provided is
a semiconductor device that include: a first nitride semicon-
ductor layer; a second nitride semiconductor layer formed
over the first nitride semiconductor layer; a gate insulating
film contacting the second nitride semiconductor layer; and a
gate electrode facing the second nitride semiconductor layer
via the gate insulating film, in which the second nitride semi-
conductor layer is formed by stacking plural semiconductor
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layers, and the semiconductor layers are polarized in the same
direction at least in the region under the gate electrode, and
have compositions different from each other, with the result
that the amount of negative charge is larger than that of
positive charge at each interface between two semiconductor
layers.

According to the above-described aspect of the present
invention, the second nitride semiconductor layer is formed
by stacking plural semiconductor layers. These semiconduc-
tor layers are polarized in such a direction so that the amount
of'negative charge becomes larger than that of positive charge
ateach interface between two semiconductor layers at least in
the region under the gate electrode. In other words, it can be
said in appearance that there is negative charge in advance in
the region where a channel is formed in the second nitride
semiconductor layer. Therefore, a transistor formed in such a
way has a high threshold voltage.

According to another aspect of the present invention, pro-
vided is a semiconductor device that includes a first nitride
semiconductor layer formed by an Al o, N layer (ot is Ga or
In, and 0<x<1); a second nitride semiconductor layer formed
over the first nitride semiconductor layer and formed by an
Ale, Nlayer (O=y<1); a gate insulating film contacting the
second nitride semiconductor layer; and a gate electrode fac-
ing the second nitride semiconductor layer via the gate insu-
lating film, is provided. In addition, the semiconductor device
has a feature that y of the Al o, N layer forming the second
nitride semiconductor layer increases at least in the region
under the gate electrode as a position where y is measured
approaches the first nitride semiconductor layer.

According to the above-described aspect of the present
invention, the second nitride semiconductor layer are formed
by the Al o, N layer (O<y<1). In addition, y increases as a
position where y is measured approaches the first nitride
semiconductor layer. Therefore, it can be said in appearance
that there is negative charge in advance in the region where a
channel is formed in the second nitride semiconductor layer,
with the result that a transistor formed in such a way has a high
threshold voltage.

According to another aspect of the present invention, pro-
vided is a method of manufacturing a semiconductor device
including the steps of: forming a second nitride semiconduc-
tor layer over a first nitride semiconductor layer; forming a
gate insulating film contacting the second nitride semicon-
ductor layer; and forming a gate electrode facing the second
nitride semiconductor layer via the gate insulating film,
wherein, in the step of forming the second nitride semicon-
ductor layer. In addition, in this method, the second nitride
semiconductor layer is formed by stacking plural semicon-
ductor layers having compositions different from each other,
and the semiconductor layers are polarized in the same direc-
tion and have compositions different from each other at least
in the region under the gate electrode, with the result that the
intensity of the polarization of the second nitride semicon-
ductor layer becomes higher or lower as a position where the
intensity of the polarization is measured approaches the gate
electrode, and the semiconductor layers are polarized with an
inclination so that, at each interface between two semicon-
ductor layers, the amount of negative charge becomes larger
than that of positive charge.

According to another aspect of the present invention, pro-
vided is a method of manufacturing a semiconductor device
including the steps of: forming a second nitride semiconduc-
tor layer formed by an Al o, N layer (O=y<l1) over a first
nitride semiconductor layer formed by an Al i, N layer (a.is
Ga or In, and 0<x<1); forming a gate insulating film contact-
ing the second nitride semiconductor layer; and forming a
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gate electrode facing the second nitride semiconductor layer
via the gate insulating film. In addition, in the step of forming
the second nitride semiconductor layer, the second nitride
semiconductor layer is formed so thaty ofthe Al o, Nlayers
forming the second nitride semiconductor layer becomes
larger as a position where y is measured approaches the first
nitride semiconductor layer.

According to aspects of the present invention, a transistor
employing a nitride semiconductor layer as a channel can
have a high threshold voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-section view showing the structure of a
semiconductor device according to a first embodiment;

FIG. 2 is a schematic diagram for explaining the structure
of a second nitride semiconductor layer;

FIG. 3 is a diagram showing a simulation result of the
potential of the conduction band of the second nitride semi-
conductor layer having a structure according to the embodi-
ment and a simulation result of the potential of the conduction
band of the second nitride semiconductor layer having a
structure formed by a single layer of GaN (a comparative
example);

FIG. 4 is a diagram showing results obtained from a two-
dimensional device simulation executed on the structures
used in the simulation in FIG. 3;

FIG. 5A and FIG. 5B are cross-section views used for
explaining a method of manufacturing the semiconductor
device whose cross-section is shown in FIG. 1;

FIG. 6 is cross-section view used for explaining the method
of manufacturing the semiconductor device whose cross-sec-
tion is shown in FIG. 1;

FIG. 7 is a cross-section view showing the structure of a
semiconductor device according to a second embodiment;

FIG. 8 is a cross-section view of a semiconductor device
including a field-effect transistor according to a third embodi-
ment; and

FIG. 9 is a diagram showing a circuit configuration of an
electrics apparatus according to a fourth embodiment.

DETAILED DESCRIPTION

Embodiments of the present invention will be described
with reference to the attaching drawings hereinafter. In all the
attaching drawings, members having identical functions are
denoted by identical reference numerals and signs and
repeated explanation of the members is omitted.

First Embodiment

FIG. 1 is a cross-section view showing the structure of a
semiconductor device according to a first embodiment.
This semiconductor device includes a field-effect transistor
10. This semiconductor device includes a first nitride semi-
conductor layer 100, a second nitride semiconductor layer
200, a third nitride semiconductor layer 300, a gate insulating
film 410, and a gate electrode 420. The second nitride semi-
conductor layer 200 is a channel layer of the field-effect
transistor 10. In this embodiment, because the field-effect
transistor 10 uses two-dimensional electron gas 202 gener-
ated at the interface between the second nitride semiconduc-
tor layer 200 and the third nitride semiconductor layer 300,
the field-effect transistor 10 has a low resistivity.

The first nitride semiconductor layer 100 functions as a
buffer layer in which the second nitride semiconductor layer
200 is epitaxially grown. The first nitride semiconductor layer
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100 is, for example, an Al Ga,_ N layer (0<x<1),oranAl In,_
*N layer (0<x<1). The film thickness of the first nitride semi-
conductor layer 100 is, for example, larger than 1 pm, and it
can be larger than 3 um. By making the film thickness of the
first nitride semiconductor layer 100 thicker, the withstand
voltage of the field-effect transistor 10 can be made higher.
For example, if the film thickness of the first nitride semicon-
ductor layer 100 is 3 um, the withstand voltage of the field-
effect transistor 10 can be larger than 500 volts.

The second nitride semiconductor layer 200 functions as a
channel layer. Therefore, the gate insulating film 410 contacts
the second nitride semiconductor layer 200. The second
nitride semiconductor layer 200 is, for example, an Al Ga,_
N layer (O<y<1)ifthe first nitride semiconductor layer 100 is
an Al Ga, N layer, and an Al In, N layer (O<y<1)if the first
nitride semiconductor layer 100 is an Al In, N layer.

The film thickness of the second nitride semiconductor
layer 200 is, for example, larger than 10 nm and smaller than
10 um. By making the film thickness of the second nitride
semiconductor layer 200 thicker, the withstand voltage of the
field-effect transistor 10 can also be higher. For example, if
the film thickness of the first nitride semiconductor layer 100
is 1 pm and the film thickness of the second nitride semicon-
ductor layer 200 is 2 um, the withstand voltage of the field-
effect transistor 10 can also be made larger than 500 volts.

The third nitride semiconductor layer 300 is epitaxially
grown over the second nitride semiconductor layer 200. The
third nitride semiconductor layer 300 functions as an electron
supply layer, and is prepared for generating two-dimensional
electron gas 202 in the second nitride semiconductor layer
200. In order to generate the two-dimensional electron gas
202, it is necessary that there is a conduction band disconti-
nuity at the interface between the second nitride semiconduc-
tor layer 200 and the third nitride semiconductor layer 300. In
other words, it is necessary that the third nitride semiconduc-
tor layer 300 has a lower electron affinity than the second
nitride semiconductor layer 300 has at the interface between
the second nitride semiconductor layer 200 and the third
nitride semiconductor layer 300, For example, if the second
nitride semiconductor layer 200 is formed by an Al Ga, N
layer 200, the third nitride semiconductor layer 300 is formed
by an Al Ga, N layer (0=sz<l), and if the second nitride
semiconductor layer 200 is formed by an Al In, N layer, the
third nitride semiconductor layer 300 is formed by an AL In, _
=N layer (0=z<1).

In addition, at the interface between the second nitride
semiconductor layer 200 and the third nitride semiconductor
layer 300, there is a relationship “z>y” between z of the
Al o, N layer forming the third nitride semiconductor layer
300 and y of the Al &, N layer forming the second nitride
semiconductor layer 200. The reason why the Al composition
ratio of the third nitride semiconductor layer 300 is set larger
than that of the second nitride semiconductor layer 200 is
because a conduction band discontinuity is formed between
the second nitride semiconductor layer 200 and the third
nitride semiconductor layer 300 owing to the difference
between these Al composition ratios, and hence the two-
dimensional electron gas 202 is generated. At this interface, it
is preferable that z>y+0.05, and it is more preferable that
7z>y+0.10. If the relationship between y and z is set as above,
the two-dimensional electron gas 202 with an adequate con-
centration is generated at the interface between the second
nitride semiconductor layer 200 and the third nitride semi-
conductor layer 300.

A concave portion 310 is formed in the third nitride semi-
conductor layer 300. The gate insulating film 410 is formed
on the inner wall and the bottom of the concave portion 310.
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The gate insulating film 410 can be made of, for example,
oxide silicon (Si0,), but can be made of other materials-such
as alumina (Al,0;), hafnium oxide (HfO,), silicon nitride
(SiN), or aluminum nitride (AIN). The thickness of the gate
insulating film 410 is, for example, larger than 30 nm, but
preferably it is larger than 50 nm, and more preferably larger
than 70 nm. If the gate insulating film 410 is made thicker, the
gate withstand voltage of the field-effect transistor 10
becomes higher. Specifically, if the thickness of the gate
insulating film 410 is made 70 nm or larger, the long-term
reliability of the field-effect transistor 10 is greatly improved.

The empty space in the concave portion 310 where the gate
insulating film 410 is not formed is embedded with a gate
electrode 420. In other words, the gate electrode 420 faces the
second nitride semiconductor layer 200 via the gate insulat-
ing film 410. The gate electrode 420 can be made of, for
example, Au, but it can also be made of a metal monolayer
film such as a Ni or Pt film, a multilayer film formed by
stacking an Ni layer and an Au layer, a metal multilayer film
formed by stacking plural metals other than Ni and Au, a
metal compound film formed by WSi or TiN, or a film formed
by a semiconductor material such as polysilicon.

In this embodiment, the upper parts of the gate insulating
film 410 and the gate electrode 420 form a protruding portion
425. The protruding portion 425 is a portion that protrudes
from the concave portion 310 and extends over the third
nitride semiconductor layer 300 that surrounds the concave
portion 310. In this embodiment, an electric field is concen-
trated to the corners of the bottom of the concave portion 310
of the gate insulating film 410. However, the protruding por-
tion 425 is prepared, so that the electric field is also concen-
trated to the end parts of the protruding portion 425. As a
result, the concentration of the electric field to the corners of
the bottom of the concave portion 310 of the gate insulating
film 410 is alleviated, and the withstand voltage of the field-
effect transistor 10 is improved.

The lower end of the concave portion 310 reaches the
second nitride semiconductor layer 200, but does not reach
the first nitride semiconductor layer 100. In an example
shown in FIG. 1, the lower end of the concave portion 310
extends into the inside of the second nitride semiconductor
layer 200. Therefore, the two-dimensional electron gas 202 is
divided into two by the concave portion 310. As a result, the
field-effect transistor 10 becomes a normally-oft type tran-
sistor.

In this embodiment, the content of Al (Al composition
ratio) of the second nitride semiconductor layer 200 increases
at least in the region under the gate electrode 420 (that is, y
increases) as a position where y is measured approaches the
first nitride semiconductor layer 100. In other words, the Al
composition ratio of the second nitride semiconductor layer
200 is aslant in its thickness direction. Here, it is conceivable
that the Al composition ratio continuously changes or that the
Al composition ratio discontinuously (or stepwise) changes
as seen in the case where the second nitride semiconductor
layer 200 is formed by stacking plural nitride semiconductor
layers with Al composition ratios different from each other.
For example, if the second nitride semiconductor layer 200
has a structure formed by plural nitride semiconductor layers
204 with Al composition ratios different from each other
stacked one-by-one (shown in FIG. 2), the Al composition
ratio of the second nitride semiconductor layer 200 is aslant.
Here, it will be assumed that a nitride semiconductor layer
204 includes a monolayer or monolayers. If one nitride semi-
conductor layer 204 has a structure formed by plural mona-
tomic layers, the Al composition of the second nitride semi-
conductor layer 200 changes stepwise.
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As described above, the plural semiconductor layers form-
ing the second nitride semiconductor layer 200 are polarized
in the same direction. In addition, at the interfaces between
the semiconductor layers, the amount of negative charge is
larger than that of positive charge. As a result, the threshold
voltage of the field-effect transistor 10 becomes higher. The
reason why the threshold voltage becomes higher will be
described later with reference to FIG. 2, FIG. 3, and FIG. 4. It
is all right that the intensity of the polarization of a semicon-
ductor layer nearer to the gate electrode 420 is higher (or
lower) than that of a semiconductor layer far from the gate
electrode 420. In addition, it is all right that the intensities of
polarization of the semiconductor layers much more change
in one direction as the positions of the semiconductor layers
become nearer to the gate electrode 420.

In order to make the threshold voltage of the field-effect
transistor 10 larger, assuming that y at the interface between
the first nitride semiconductor layer 100 and the second
nitride semiconductor layer 200 is y,, and y at the surface of
the second nitride semiconductor layer 200 (that is, at the
interface between the second nitride semiconductor layer 200
and the third nitride semiconductor layer 300) is y,, it is
preferable that 0.05<y,-y,<0.12.

A drain electrode 430 and a source electrode 440 are
formed over the third nitride semiconductor layer 300. The
drain electrode 430 and the source electrode 440 form ohmic
contacts with the third nitride semiconductor layer 300
respectively. The drain electrode 430 and the source electrode
440 are made of, for example, stacked films that are formed
by stacking Al on Ti. In the example shown in FIG. 1, in order
to make the drain withstand voltage high, the distance from
the drain electrode 430 to the gate electrode 420 is set longer
than the distance from the source electrode 440 to the gate
electrode 420.

Part of the upper surface of the third nitride semiconductor
layer 300 where neither the drain electrode 430 nor the source
electrode 440 is formed is covered with a protective insulating
film 450. The protective insulating film is, for example, a SiN
film. The protruding portion 425 of the gate insulating film
410 and the gate electrode 420 is formed over the protective
insulating film 450. Part of the drain electrode 430 and part of
the source electrode 440 that are near to the protruding por-
tion 425 are also covered with the protective insulating film
450.

FIG. 2 is a schematic diagram for explaining the configu-
ration of the second nitride semiconductor layer 200. As
described above, the second nitride semiconductor layer 200
has a structure formed by stacking plural nitride semiconduc-
tor layers 204. The nitride semiconductor layers 204 each are
polarized in their thickness direction. In an example shown in
FIG. 2, the nitride semiconductor layers 204 each are polar-
ized so that the bottom surfaces of the nitride semiconductor
layers 204 are charged positively. This example shows that
the higher the position of a nitride semiconductor layer 204 is,
the weaker the intensity of polarization of the nitride semi-
conductor layer 204 becomes. Here, the strength of polariza-
tion indicates the amount of polarized charge at each of the
nitride semiconductor layers 204. In other words, the amount
of polarized charge, which each of the nitride semiconductor
layers 204 (204-1 to 204-») has, has a tendency to decrease as
the position of the layer becomes higher (that is, as the layer
approaches the gate electrode 420). Therefore, at the interface
between two nitride semiconductor layers 204, the strength of
negative charge at the top surface of the lower nitride semi-
conductor layer 204 is larger than the strength of positive
charge at the bottom surface of the upper nitride semiconduc-
tor layer 204. In other words, at the interface between two
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layers adjacent to each other of the nitride semiconductor
layers 204 (assuming that the upper layer is a semiconductor
layer 204-i and the lower layer is a semiconductor layer
204-(i-1), where 2<i=n), the amount of polarized charge in
the semiconductor layer 204-(i-1) is larger than that of polar-
ized charge in the semiconductor layer 204-i. In addition,
positively-polarized charge is generated at the bottom surface
of an upper semiconductor layer that contacts a lower semi-
conductor layer having a higher Al composition ratio, and
negatively-polarized charge is generated at the top surface of
a lower semiconductor layer that contacts an upper semicon-
ductor layer having a lower Al composition ratio. In other
words, in the vicinity of the interface between two adjacent
layers (that is, a lower layer and an upper layer), negatively-
polarized charge is generated in the lower layer and posi-
tively-polarized charge is generated in the upper layer. There-
fore, in the vicinity of each interface, the amount of negative
charge is larger than that of positive charge. As a result, it can
be said in appearance that there is negative charge at the
interfaces between the nitride semiconductor layers 204. As a
material of which the second nitride semiconductor layer 200
is made, nitride semiconductors including Al can be used, and
for example, AlGaN, AllnN, and AlGalnN can be cited. The
above description has been made under the assumption that
the polarization is made in such a way that the bottom surface
of a nitride semiconductor layers 204 is negatively charged
and the top surface is positively charged. In the case where the
direction of polarization is opposite to the above case, things
go all right if the composition ratios of the nitride semicon-
ductor layers 204 and the like are changed so that the amount
of polarized charge, which each layer of the nitride semicon-
ductor layers 204 has, has a tendency to increase as the posi-
tion of the layer becomes higher. Even in this case, because it
can be said in appearance that there is negative charge at the
interfaces between the nitride semiconductor layers 204, the
threshold voltage can be made high.

FIG. 3 is a diagram showing a simulation result of the
potential of the conduction band of the second nitride semi-
conductor layer 200 having a structure according to the
embodiment and a simulation result of the potential of the
conduction band of the second nitride semiconductor layer
having a structure formed by a single layer of GaN (a com-
parative example). FIG. 3 is a diagram showing potentials of
the conduction bands regarding this embodiment and the
comparative example at the cross-section view taken along
the vertical line that passes through the center of the gate
electrode 420 in FIG. 1. In FIG. 3, it is assumed that the
voltage Vg of the gate electrode 420 is O volt.

In this simulation, the structure of the embodiment is as
follows. The Al composition ratio z of the third nitride semi-
conductor layer 300 is set to be 0.2. In addition, the Al com-
position ratio y of the second nitride semiconductor layer 200
is set to be 0 at the interface between the second nitride
semiconductor layer 200 and the third nitride semiconductor
layer 300, and set to be 0.02 at the interface between the first
nitride semiconductor layer 100 and the second nitride semi-
conductor layer 200. In addition, the Al composition ratio x in
the first nitride semiconductor layer 100 is set to be 0.02.
Furthermore, the thickness of the first nitride semiconductor
layer 100 is set to be 1 um, the thickness of the second nitride
semiconductor layer 200 is setto be 100 nm, and the thickness
of'the third nitride semiconductor layer 300 is set to be 30 nm.
In addition, an SiO, film whose thickness is 30 nm is used as
the gate insulating film 410.

The structure of the comparative example is the same as
that of the embodiment except for the following points. First,
the first nitride semiconductor 100 is not prepared. Secondly,
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the second nitride semiconductor layer 200 is formed by a
GaN film whose thickness is 1 pm. In addition, the Al com-
position ratio z of the third nitride semiconductor layer 300 is
set to be 0.15, and the thickness of the third nitride semicon-
ductor layer 300 is set to be 45 nm.

The threshold voltage of the field-effect transistor 10 is
determined by the difference (AV) between the potential of
the conduction band and the Fermi level at the interface
between the gate insulating film 410 and the second nitride
semiconductor layer 200. In the comparative example,
because any electric field is not applied to the gate insulating
film 410 under the condition that any gate voltage is not
applied, the potential of the conduction band is almost flat,
and AV is about 1 eV.

On the other hand, in the structure of the embodiment, by
changing the Al composition ratio in the direction of the
thickness of the second nitride semiconductor layer 200,
negative charge generated from polarization is distributed in
the second nitride semiconductor layer 200. Therefore, an
electric field corresponding to the negative charge distributed
in the second nitride semiconductor layer 200 is applied to the
gate insulating film 410, hence the potential of the conduction
band at the interface between the gate insulating film 410 and
the second nitride semiconductor layer 200 is raised upwards.
As aresult, AV in this embodiment gets larger than that in the
comparative example. In other words, the threshold voltage of
the field-effect transistor 10 becomes high. AV in this
embodiment is about 2 eV.

In addition, in the structure of this embodiment, by chang-
ing the magnitude of the slant of the Al composition ratio of
the second nitride semiconductor layer 200, the amount of
negative charge distributed in the second nitride semiconduc-
tor layer 200 can be changed. Therefore, the threshold voltage
of the field-effect transistor 10 can be controlled by control-
ling the magnitude of the slant of the Al composition ratio of
the second nitride semiconductor layer 200.

FIG. 4 shows the result of a two-dimensional device simu-
lation with the use of the structures that are used in the
simulation whose result is shown in FIG. 3. Under the
assumption that a gate voltage that causes a drain current to
become 1 mA/mm is defined as a threshold voltage for this
device simulation, the threshold voltage for the embodiment
is 2.1 V while the threshold voltage for the comparison
exampleis 0.7 V. This result also shows that, in the case where
the second nitride semiconductor layer 200 has the structure
according to the embodiment, the threshold voltage of the
field-effect transistor 10 becomes high.

The grounds for the fact that the threshold voltage of the
field-effect transistor 10 becomes high in the case where the
second nitride semiconductor layer 200 has the structure
according to the embodiment will be theoretically explained
hereinafter.

It will be assumed that the Al composition ratio y of the
second nitride semiconductor layer 200 changes in K steps
from the lowermost portion to the uppermost portion of the
second nitride semiconductor layer 200 (where K is an integer
equal to 2 or larger). In addition, it will be assumed that y, is
the Al composition ratio of the kth nitride semiconductor
layer 204 of the nitride semiconductor layers 204 that form
the second nitride semiconductor layer 200 (where k=0, 1, . .
., K). In addition, if a sufficiently large value is given to the
value of K, the Al composition ratio x can be viewed as a
continuously changing ratio.

A non-patent document (O. Ambacher, et al., “Pyroelectric
properties of Al(In)GaN/GaN hetero- and quantum well
structures”, Journal of Physics C: Condensed Matter, Vol. 14,
pp- 3399-3434 (2002)) discloses that spontaneous polariza-
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tion charge P, (unit: C/m*=Cm?) generated in an AlGaN
layer that has an Al composition ratio y, is given by the next
equation (1).

PSPA’G"N(yzk):-o.090yk-0.034(1-yk)+0.02 1y (1-v)

[Cm™] M

The distortion €, of the kth AlGaN layer is defined by the
next equation (2).

ao — G 2
a-24 @

In the equation (2), a, is the lattice constant of an AlGaN
buffer layer, and a, is the lattice constant of the kth AlGaN
layer that has an Al composition ratio y;.

Because the Al composition ratio of the second nitride
semiconductor layer 200 decreases as a position where the Al
composition ratio is measured moves upward, the lattice con-
stant increases as a position where the lattice constant is
measured moves upward. Therefore, €,<0. In this case, piezo-
electric polarization charge P, (unit: C/m*=Cm~2) gener-
ated in the nitride semiconductor layer 204 that forms the
second nitride semiconductor layer 200 is given by the next
equation (2B).

Pp AN (1)=—0.918€,49.541€,49.541 0,2~ (0.89¢,+

3.915¢,2)y,[Cm 2] (2B)

In addition, polarization charge P, in the nitride semi-
conductor layer 204 is given by the next equation (3).

Prpor %N (1) =Psp 0N (1) +Pp N () 3

There is a difference between the polarization charge of the
(k-1)th nitride semiconductor layer 204 and the polarization
charge of the kth nitride semiconductor layer 204, and nega-
tive charge Ao, corresponding to the difference exists at the
interface between both layers. The negative charge Ao, is
given by the next equation (4).

AC=Pror "Ny -Pror N (yiy) (©)]

Assuming that the volume density of negative charge gen-
erated at the interface between the two nitride semiconductor
layers 204 is represented by N, , and the thickness of the kth
nitride semiconductor layer 204 is represented by t,, the vol-
ume density N, is given by the next equation (5).

Aay

(5)
Nporw) = e

In addition, the surface charge Qch of the uppermost
nitride semiconductor layer 204 is given by the equation (6).

K (6)
Qon = Z Aoy
=0

An electric field applied to the gate insulating film 410 is
given by the equation (7).

Ocn o
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where er is the relative permittivity of the gate insulating film
410, and €0 is the vacuum permittivity.

Assuming that the work function of the gate electrode 420
is represented by @, .z, the electron affinity of the upper
most layer of the second nitride semiconductor layer 200 is
represented by Y.<z and the thickness of the gate insulating
film 410 is represented by t,,, the difference AV between the
potential of the conduction band and the Fermi level at the
interface between the gate insulating film 410 and the second
nitride semiconductor layer 200 can be approximated by the
equation (8).

®)

Concrete descriptions will be made with the use of the
structures used in the simulations whose results are shown in
FIG. 3 and FIG. 4. This time, 3.9, 8.85x107'* F/cm, 4.8 eV
(Au), and 4.1 eV (GaN) are given 10 €,, €y, P ;475 a0d Yszag
respectively. As a result of using these values, AV=0.70eV in
the case of the comparative example, and AV=1.75 eV in the
case of the embodiment. These values are almost equal to the
resultant values of the simulation shown in FIG. 3 respec-
tively.

FIG. 5A, FIG. 5B, and FIG. 6 are cross-section views used
for explaining a method of manufacturing the semiconductor
device the cross-section view of whose structure is shown in
FIG. 1. First, as shown in FIG. 5A, the first nitride semicon-
ductor layer 100, the second nitride semiconductor layer 200,
and the third nitride semiconductor layer 300 are formed in
this order on a substrate made of Si, sapphire, SiC or the like
(not shown) with the use of an MOCVD method. Raw gas
used for the MOCVD method is trimethyl gallium (TNG),
trimethyl aluminum (TMA), or ammonia gas. In order to
change the Al composition ratios of the first nitride semicon-
ductor layer 100, the second nitride semiconductor layer 200,
or the third nitride semiconductor layer 300, it is necessary to
change the supply amount of trimethyl gallium while keeping
constant the supply amounts of trimethyl aluminum and
ammonia gas. For example, in order to gradually decrease the
Al composition ratio of the second nitride semiconductor
layer 200, it is necessary to gradually increase the supply
amount of trimethyl gallium while keeping the supply
amounts of trimethyl aluminum gas and ammonia gas con-
stant.

Next, parts of the third nitride semiconductor layer 300 and
the second nitride semiconductor layer 200 are removed to
the extent that part of the first nitride semiconductor layer 100
is exposed in order to form a mesa and isolate elements.

Next, a metal film (for example, a film made of Ti and Al
stacked in this order) is formed over the third nitride semi-
conductor layer 300 with the use of a sputtering technique,
and then parts of this metal film are selectively removed. As a
result, the drain electrode 430 and the source electrode 440
are formed over the third nitride semiconductor layer 300.
Thereafter, an annealing process is carried out on the drain
electrode 430 and the source electrode 440. As a result, the
drain electrode 430 and the source electrode 440 form ohmic
contacts with the third nitride semiconductor layer 300
respectively.

Next, as shown in FIG. 5B, the protective insulating film
450 is formed over the third nitride semiconductor layer 300,
the drain electrode 430, and the source electrode 440 with the
use of a plasma CVD method. Thereafter, parts of the protec-
tive insulating film 450 covering the drain electrode 430 and
the source electrode 440 are removed.

Next, as shown in FIG. 6, part of the protective insulating
film 450 covering the region where the concave portion 310 is
to be formed is selectively removed. Thereafter, an etching

AV=Darz~KserrttoxEoxo
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process is carried out on part of the third nitride semiconduc-
tor layer 300 (and part of the second nitride semiconductor
layer 200, as required) using the drain electrode 430, the
source electrode 440, and the protective insulating film 450 as
masks. After the etching process, the concave portion 310 is
formed.

Next, the gate insulating film 410 is formed on the bottom
and the lateral side of the concave portion 310, on the drain
electrode 430, and on the source electrode 440 with the use of,
for example, an ALD (atomic layer deposition) method.
Thereafter, the gate electrode 420 is formed on the gate insu-
lating film 410 with the use of, for example, a sputtering
method. Next, unnecessary parts of the gate insulating film
410 and the gate electrode 420 are removed. As a result, the
semiconductor device including the field-effect transistor 10
shown in FIG. 1 is formed.

As described above, according to this embodiment, each of
the plural semiconductor layers forming the second nitride
semiconductor layer 200 is polarized in the same direction. In
addition, the intensity of the polarization of a semiconductor
layer nearer to the gate electrode 420 is higher (or lower) than
that of a semiconductor layer far from the gate electrode 420.
The direction of this polarization is such a direction as to
make the amount of negative charge larger than that of posi-
tive charge at each of plural interfaces between adjacent semi-
conductor layers. As a result, the threshold voltage of the
field-effect transistor 10 becomes high.

Second Embodiment

FIG. 7 is a cross-section view showing the structure of a
semiconductor device according to a second embodiment.
This semiconductor device is the same as the semiconductor
device according to the first embodiment except that a field-
effect transistor 10 according to this embodiment is a planar
type transistor.

To be precise, a third nitride semiconductor layer 300 is not
formed over a second nitride semiconductor layer 200 in this
second embodiment. A gate insulating film 410, a drain elec-
trode 430, and a source electrode 440 are formed directly over
the second nitride semiconductor layer 200. A gate electrode
420 is formed directly over the gate insulating film 410.

A drain region 432 and a source region 442 are formed on
the surface layer of the second nitride semiconductor layer
200. Both drain region 432 and source region 442 are n-type
impurity regions. In addition, an extension region 434 is
formed between the drain region 432 and the gate region 420
in planar view. The extension region 434 is also an n-type
impurity region. However, there is no extension region
between the source region 442 and the gate region 420. The
drain region 432, the source region 442, and the extension
region 434 are formed by implanting impurity ions such as Si
ions into the second nitride semiconductor layer 200. By
forming the extension region 434, the withstand voltage
between the gate electrode 420 and the drain electrode 430 is
improved. However, if the withstand voltage between the gate
electrode 420 and the drain electrode 430 is not required to be
very high, it is all right to replace the extension region 434
with the expanded portion of the drain region 432.

This embodiment also brings about advantageous effects
similar to those the first embodiment does. The third nitride
semiconductor layer 300 employed by the first embodiment is
given distortion to cause the second nitride semiconductor
layer 200 to generate the two-dimensional gas 202. Owing to
the distortion given to the third nitride semiconductor layer
300, there is a possibility that an inverse piezoelectric effect is
generated, and the characteristics of the field-effect transistor
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10 are deteriorated. On the other hand, because this embodi-
ment does not have the third nitride semiconductor layer 300,
apossibility that the characteristics of the field-effect transis-
tor 10 are deteriorated owing to an inverse piezoelectric effect
is very low.

In addition, a concave portion is not formed in this embodi-
ment, which leads to lower production costs.

Third Embodiment

FIG. 8 is a cross-section view of a semiconductor device
including a field-effect transistor 10 according to a third
embodiment. A field-effect transistor 10 according to this
embodiment has a structure similar to that the first embodi-
ment has except for the following points described below.

First, this embodiment has a third nitride semiconductor
layer 300 that includes n-type impurities. In other words,
different from the semiconductor device according to the first
embodiment, the semiconductor device according to this
embodiment does not use two-dimensional electron gas 202.
Therefore, it is not necessary to give distortion to the third
nitride semiconductor layer 300.

In addition, fourth nitride semiconductor layers 500 are
formed between the third nitride semiconductor layer 300 and
a drain electrode 430 and between the third nitride semicon-
ductor layer 300 and a source electrode 440. The fourth
nitride semiconductor layers 500 are N-type AlGaN layers,
and have an impurity concentration higher than the third
nitride semiconductor layer 300 has. It is desirable that the
ratio of the Al composition to the Ga composition of the
fourth nitride semiconductor layers 500 is similar to that of
the third nitride semiconductor layer 300.

In addition, in this embodiment, it is desirable to make the
Al composition ratio of the second nitride semiconductor
layer 200 equal to the Al composition ratio of the third nitride
semiconductor layer 300 in order to reduce the contact resis-
tance between the second nitride semiconductor layer 200
and the third nitride semiconductor layer 300.

This embodiment also brings about advantageous effects
similar to those the first embodiment does. In this embodi-
ment, because it is not necessary to give distortion to the third
nitride semiconductor layer 300, a possibility that the char-
acteristics of the field-effect transistor 10 is deteriorated
owing to an inverse piezoelectric effect is very low in the same
way as in the second embodiment.

In addition, when the third nitride semiconductor layer 300
is epitaxially grown, it is possible to implant n-type impurities
into the third semiconductor layer 300. Therefore, a process-
ing temperature in this embodiment can be set lower com-
pared with in the second embodiment. In addition, the con-
trollability of the impurity concentration of the third nitride
semiconductor layer 300 is higher than the controllability of
the impurity concentrations of the drain region 432 and the
source region 442 in the second embodiment.

In addition, the fourth nitride semiconductor layers 500 are
formed between the third nitride semiconductor layer 300 and
the drain electrode 430 and between the third nitride semi-
conductor layer 300 and the source electrode 440. Owing to
the fourth nitride semiconductor layers 500, it is possible to
lower the impurity concentration of the third nitride semicon-
ductor layer 300, which makes it possible to increase the
withstand voltage of the field-effect transistor 10.

In addition, in this embodiment, if the withstand voltage of
the field-effect transistor 10 is not required to be high, it is all
right that the fourth nitride semiconductor layers 500 are not
formed, and that the impurity concentration of the regions
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where the fourth nitride semiconductor layers 500 are to be
formed can be set to be similar to that of the third nitride
semiconductor layer 300.

Fourth Embodiment

FIG. 9 is a diagram showing a circuit configuration of an
electrics apparatus 2 according to a fourth embodiment. This
electronics apparatus 2 includes any of the semiconductor
devices (that is, the field-effect transistors 10) shown in the
first to third embodiments. This electronics apparatus 2 is
used for a vehicle, for example, and is coupled to a power
supply 4 and a load 6. The power supply 4 is, for example a
battery mounted on the vehicle. The load 6 includes, for
example, electronics parts mounted on the vehicle-such as
head lamps, motors that work as motive power sources for
power windows and the vehicle. The electronics apparatus 2
controls electric power supplied from the power supply 4 to
the load 6.

The electronics apparatus 2 is an electronics apparatus that
includes a circuit board (for example, a printed-wiring
board), and a semiconductor device having the field-effect
transistor 10, a semiconductor device 20, a semiconductor
device having a control circuit 30 that are all mounted on the
circuit board. The semiconductor device 20 includes a micro-
computer, and is coupled to the field-effect transistor 10 via
wires on the circuit board. The semiconductor device 20
controls the field-effect transistor 10. To be precise, the semi-
conductor device 20 sends control signals to the control cir-
cuit 30. Thereafter, the control circuit 30 sends signals to the
gate electrode 420 of the field-effect transistor 10 in accor-
dance with the control signals sent from the semiconductor
device 20. In other words, the control circuit 30 controls the
field-effect transistor 10. Electric power is properly provided
from the power supply 4 to the load 6 owing to the field-effect
transistor 10 controlled by the control circuit 30.

Although the embodiments of the present invention have
been described with reference to the accompanying drawings,
these embodiments are only illustrative examples, and vari-
ous modifications other than the above embodiments can be
made. Although an AlGaN layer or an AlInN layer has been
employed as an example of a nitride semiconductor layer in
the above embodiments, a quaternary nitride semiconductor
layer can also be employed as long as it satisfies the condition
about the polarization described with reference to FIG. 2.

What is claimed is:

1. A semiconductor device, comprising:

a first nitride semiconductor layer;

a second nitride semiconductor layer formed over the first

nitride semiconductor layer;

a gate insulating film contacting the second nitride semi-

conductor layer; and

a gate electrode facing the second nitride semiconductor

layer via the gate insulating film,

wherein the second nitride semiconductor layer is formed

by stacking a plurality of semiconductor layers, and the
semiconductor layers are polarized in a same direction at
least in a region under the gate electrode, and have
compositions different from each other, such that an
amount of negative charge is larger than an amount of a
positive charge at each interface between two semicon-
ductor layers.

2. The semiconductor device according to claim 1, wherein
the second nitride semiconductor layer includes Al, and the
semiconductor layers have Al composition ratios different
from each other.
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3. The semiconductor device according to claim 2, wherein
the first nitride semiconductor layer comprises an Al o, N
layer (o is Ga or In, and 0<x<1), and the second nitride
semiconductor layer comprises an Al o, N layer (O<y<1).

4. A semiconductor device, comprising:

a first nitride semiconductor layer comprising an Al o, N
layer (o is Ga or In, and 0<x<1);

a second nitride semiconductor layer formed over the first
nitride semiconductor layer and comprises an Al o, N
layer (O=y<l);

a gate insulating film contacting the second nitride semi-
conductor layer; and

a gate electrode facing the second nitride semiconductor
layer via the gate insulating film,

whereiny of the Al o, N layer forming the second nitride
semiconductor layer increases at least in a region under
the gate electrode as a position where y is measured
approaches the first nitride semiconductor layer.

5. The semiconductor device according to claim 4, wherein
an Al composition ratio of the second nitride semiconductor
layer changes stepwise.

6. The semiconductor device according to claim 3, further
comprising:

a third nitride semiconductor layer that is formed over the
second nitride semiconductor layer and comprises an
Al a, N layer (0=z<1); and

a concave portion that is formed in the third nitride semi-
conductor layer, a lower end of the concave portion
reaching the second nitride semiconductor layer and not
reaching the first nitride semiconductor layer,

wherein the gate insulating film is formed on a bottom and
a lateral side of the concave portion, and

wherein the gate electrode is embedded in the concave
portion.

7. The semiconductor device according to claim 6,
wherein, at the interface between the second nitride semicon-
ductor layer and the third nitride semiconductor layer, there is
arelationship “z>y” between z of the Al o, N layer forming
the third nitride semiconductor layer and y of the Al o, N
layer forming the second nitride semiconductor layer.

8. The semiconductor device according to claim 7,
wherein, at the interface between the second nitride semicon-
ductor layer and the third nitride semiconductor layer, there is
a relationship “z>y+0.05” between z and y.

9. The semiconductor device according to claim 7,
wherein, at the interface between the second nitride semicon-
ductor layer and the third nitride semiconductor layer, there is
a relationship “z>y+0.1” between z and y.

10. The semiconductor device according to claim 6,
wherein the third nitride semiconductor layer includes n-type
impurities, the semiconductor device further comprising:

an n-type fourth nitride semiconductor layer formed over
the third nitride semiconductor layer, the n-type fourth
nitride semiconductor layer having an impurity concen-
tration higher than the third nitride semiconductor layer;
and

a source electrode and a drain electrode formed over the
fourth nitride semiconductor layer.

11. The semiconductor device according to claim 3,
wherein the gate insulating film is formed over the second
nitride semiconductor layer.

12. The semiconductor device according to claim 3,
wherein, at the interface between the first nitride semicon-
ductor layer and the second nitride semiconductor layer, there
is a relationship “x=y” between x of the Al o, N layer form-
ing the first nitride semiconductor and y of the Al o, N layer
forming the second nitride semiconductor layer.
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13. The semiconductor device according to claim 3, further

comprising:

a third nitride semiconductor layer that is formed over the
second nitride semiconductor layer and comprises an
Al o, N layer (1=z<1),

wherein, assuming that when y of Al o, N layer at the
interface between the first nitride semiconductor and the
second nitride semiconductor is y1, and y of AL, N
layer at the interface between the second nitride semi-
conductor and the third nitride semiconductor is y2,
there is a relationship “0.05<y1-y2<0.12” between y1
and y2.

14. A method of manufacturing a semiconductor device,

said method comprising:

forming a second nitride semiconductor layer over a first
nitride semiconductor layer;

forming a gate insulating film contacting the second nitride
semiconductor layer; and

forming a gate electrode facing the second nitride semi-
conductor layer via the gate insulating film,

wherein, in the forming the second nitride semiconductor
layer, the second nitride semiconductor layer is formed
by stacking a plurality of semiconductor layers having
compositions different from each other, and the semi-
conductor layers are polarized in a same direction and
have compositions different from each other at least in a
region under the gate electrode, such that an intensity of
apolarization of the second nitride semiconductor layer
becomes higher or lower as a position where the inten-
sity of the polarization is measured approaches the gate
electrode, and the semiconductor layers are polarized
with an inclination so that, at each interface between two
semiconductor layers, an amount of a negative charge
becomes larger than that of an amount of a positive
charge.

15. A method of manufacturing a semiconductor device,

said method comprising:

forming a second nitride semiconductor layer comprising
an Al o, N layer (0_<y<1) over a first nitride semicon-
ductor layer comprising an Al o, N layer (ais Gaor In,
and 0<x<1);

forming a gate insulating film contacting the second nitride
semiconductor layer; and

founing a gate electrode facing the second nitride semicon-
ductor layer via the gate insulating film,

wherein, in the forming of the second nitride semiconduc-
tor layer, the second nitride semiconductor layer is
formed so that y of the Al &, N layer forming the sec-
ond nitride semiconductor layer becomes larger as a
position where y is measured approaches the first nitride
semiconductor layer.
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16. The semiconductor device according to claim 4, further
comprising:

a third nitride semiconductor layer that is formed over the
second nitride semiconductor layer and comprises an
Al o, N layer (0=sz<1); and

a concave portion that is formed in the third nitride semi-
conductor layer, a lower end of the concave portion
reaching the second nitride semiconductor layer and not
reaching the first nitride semiconductor layer,

wherein the gate insulating film is formed on a bottom and
a lateral side of the concave portion, and

wherein the gate electrode is embedded in the concave
portion.

17. The semiconductor device according to claim 5, further

comprising:

a third nitride semiconductor layer that is formed over the
second nitride semiconductor layer and comprises an
Al o, _, Nlayer (0=z<1); and

a concave portion that is formed in the third nitride semi-
conductor layer, a lower end of the concave portion
reaching the second nitride semiconductor layer and not
reaching the first nitride semiconductor layer,

wherein the gate insulating film is formed on a bottom and
a lateral side of the concave portion, and

wherein the gate electrode is embedded in the concave
portion.

18. The semiconductor device according to claim 7,
wherein the third nitride semiconductor layer includes n-type
impurities, the semiconductor device further comprising:

an n-type fourth nitride semiconductor layer formed over
the third nitride semiconductor layer, the n-type fourth
nitride semiconductor layer having an impurity concen-
tration higher than the third nitride semiconductor layer;
and

a source electrode and a drain electrode formed over the
fourth nitride semiconductor layer.

19. The semiconductor device according to claim 8,
wherein the third nitride semiconductor layer includes n-type
impurities, the semiconductor device further comprising:

an n-type fourth nitride semiconductor layer formed over
the third nitride semiconductor layer, the n-type fourth
nitride semiconductor layer having an impurity concen-
tration higher than the third nitride semiconductor layer;
and

a source electrode and a drain electrode formed over the
fourth nitride semiconductor layer.

20. The semiconductor device according to claim 4,

wherein the gate insulating film is formed over the second
nitride semiconductor layer.
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