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7) ABSTRACT

A semiconductor device comprises an AIN layer, a GaN layer,
and an AlGaN layer sequentially formed on a semiconductor
substrate. A first opening extends through said GaN layer and
said AlGaN layer and exposes part of an upper surface of the
AlIN layer. A second opening extends through the semicon-
ductor substrate and exposes a part of a lower surface of the
AlN layer, in a location facing the first opening. A upper
electrode is exposed on an upper surface of the AIN layer in
the first opening; and a lower electrode is disposed on a lower
surface of the AIN layer in the second opening.

3 Claims, 4 Drawing Sheets
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1
SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor device
wherein the laminated structure of nitride semiconductors is
formed, and more specifically, to a semiconductor device that
can ensure sufficient capacitance and withstand voltage with-
out enlarging a chip area.

2. Background Art

A nitride semiconductor is the generic term for gallium
nitride (GaN), aluminum nitride (AIN), indium nitride (InM),
and mixed crystals composed of these nitrides. Generally, the
nitride semiconductor is mechanically robust and chemically
stable, and has high thermal conductivity and excellent heat
dissipation properties. Therefore, a semiconductor element
fabricated using a nitride semiconductor multilayer film
structure, for example, an Al Ga, N/GaN high electron
mobility transistor (HEMT) is considered to be applied to a
high output high-frequency element. Therefore, a large num-
ber of trial products of AlGaN/GaN HEMTs have been
reported.

A circuit using an AlGaN/GaN HEMT can be used as a
monolithic microwave integrated circuit (MMIC) in the same
way as other high-frequency transistors. For fabricating an
MMIC, the structure and the fabricating method of passive
elements, such as a resistor, an inductor, and a capacitor, other
than transistors are important. In conventional metal insulator
metal (MIM) capacitors, a silicon nitride (SiN_ ) film is depos-
ited on an underlying metal layer by a chemical gas-phase
growing method, and is used as an insulating film.

The breakdown electric field of the SiN,_ film is not more
than about 6 MV/cm (for example, refer to N. Inoue, Ippei
Kume, Jun Kawahara, Shinobu Saito, Naoya Furutake,
Takeshi Toda, Koichiro Matsui, Takayuki [waki, Masayuki
Furumiya, Toshiki Shinmura, Koichi Ohto, and Yoshihiro
Hayashi, Jpn. I. Appl. Phys. 46, 1968 (2007)). Therefore, the
breakdown voltage of an MIM capacitor using a normal SiN,.
film of a thickness of 150 nm is about 90V, and is insufficient
for withstanding voltage as a capacitor for the MMIC of an
AlGaN/GaN HEMT. When the SiN_ film is thickened in order
to make the break down voltage higher, the capacitance is
lowered in proportional to the film thickness: therefore, the
area of the capacitor mustbe enlarged. If the sufficient capaci-
tance and withstand voltage are to be ensured, a problem of
enlarged chip area is caused.

SUMMARY OF THE INVENTION

To solve the above-described problem, it is an object of the
present invention to provide a semiconductor device that can
ensure sufficient capacitance and withstand voltage without
enlarging a chip area.

According to one aspect of the present invention, a seri-
conductor device comprises an AIN layer, a GaN layer, and an
AlGaN layer sequentially formed on a semiconductor sub-
strate, wherein a first opening is formed through said GaN
layer and said AlGaN layer so as to expose a part of the upper
surface of said AIN layer; a second opening is formed through
said semiconductor substrate so as to expose a part of the
lower surface of said AIN layer, in a location facing said first
opening; an upper electrode is formed on the upper surface of
said AIN layer in said first opening; and a lower electrode is
formed on the lower surface of said AIN layer in said second
opening.
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According to the present invention, a semiconductor
device that can ensure sufficient capacitance and withstand
voltage without enlarging a chip area can be provided.

Other and further objects, features and advantages of the
invention will appear more fully from the following descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11is a sectional view showing a semiconductor device
according to the first embodiment.

FIGS. 2-4 are sectional views for explaining a method of
manufacturing semiconductor device according to the first
embodiment.

FIG. 5 is a sectional view showing a semiconductor device
according to the second embodiment.

FIG. 6 is a sectional view showing a semiconductor device
according to the third embodiment.

FIG. 7 is a sectional view showing a semiconductor device
according to the fourth embodiment.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

First Embodiment

FIG. 1is a sectional view showing a semiconductor device
according to the first embodiment. The semiconductor device
1s an MMIC having an HEMT of an AlGaN/GaN hetero
epitaxial structure and an MIM capacitor. Here, the illustra-
tion and description about the configuration of the HEMT
will be omitted.

An AIN layer 12, a GaN layer 13, and an AlGaN layer 14
are sequentially formed on an SiC substrate 11 (semiconduc-
tor substrate). A first opening 15 is formed through the GaN
layer 13 and the AlGaN layer 14 so as to expose a part of the
upper surface of the AIN layer 12. A second opening 16 is
formed through the SiC substrate 11 so as to expose a part of
the lower surface of the AIN layer 12, in a location facing the
first opening 15.

Anupper electrode 17 is formed on the upper surface of the
AlN layer 12 in the first opening 15; and a lower electrode 18
is formed on the lower surface of the AIN layer 12 in the
second opening 16. An MIM capacitor is composed of the
upper electrode 17, the AIN layer 12, and the lower electrode
18.

The manufacturing process of the above-described semi-
conductor device will be described. First, as shown in FIG. 2,
an AN layer 12, a GaN layer 13, and an AlGaN layer 14 are
sequentially epitaxially grown on an SiC substrate 11. Then,
on the AlGaN layer 14, a resist 19 patterned by photolithog-
raphy is formed. Using the resist 19 as a mask, the AlGaN
layer 14 and the GaN layer 13 are etched to form a first
opening 15. As the etching gas, for example, Cl, plasma
having an etching ability to AlGaN and GaN is used. After
conducting etching for a time estimated from the etching rate
that the etching does not reach the AIN layer 12, O, plasma is
introduced. Since a stable AlO, layer is formed by reacting
with the O, plasma on the surface of the AIN layer 12, etching
is stopped.

Next, as shown in FIG. 3, an upper electrode 17 of the MIM
capacitor is formed on the upper surface of the AIN layer 12
in the first opening 15 by depositing a metal film.

After the entire surface process to the surface of the wafer
in the HEMT has been completed, a back-face process to the
back-face of the wafer is carried out. Upon this back-face
process, a lower electrode 18 of the capacitor 1s formed.
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Specifically, as shown in FIG. 4, a resist 20 patterned by
photolithography is formed on the back-face of the SiC sub-
strate 11. Using the resist 20 as a mask, the SiC substrate 11
is etched from the back-face by SF,/O, plasma to form a
second opening 16. When etching reaches the AIN layer 12,
the etching stops due to the difference in etching-rate ratio
between SiC and AIN to the SF/O, plasma.

Thereafter, a metal film is deposited to form a lower elec-
trode 18 of the MIM capacitor on the lower surface of the AIN
layer 12 in the second opening 16. By the above-described
steps, a semiconductor device according to the first embodi-
ment is formed.

Here, the band gap energy of AIN is 6.28 eV at a room
temperature (300 K) (for example, refer to L. Roskovcovaand
J. Pastrnak, Czech. J. Phys. B 30, 586 (1980)); and the static
dielectric constant thereof is 9.14 (for example, refer to A. T.
Collins, E. C. Lightowlers, and P. I. Dean, Phys Rev. 158, 833
(1967)). These values are both larger than the band gap energy
of SN, (not more than 5 eV), and the static dielectric constant
thereof (not more than 7). The breakdown voltage generally
elevates in proportional to second to 2.5th power of the band
gap energy (for example, refer to J. L. Hudgins, J. Electron.
Mater. 32, 471 (2003)). In the case of AIN, the breakdown
field is theoretically estimated to be about 9.5 MV/cm. There-
fore, when an MIM capacitor having the same capacitance
and areas as the MIM capacitor using an SiN, film of a
thickness of 150 nm as the insulating film is fabricated, break-
down voltage as high as about 190 V can be achieved by
designing the thickness of the AIN layer 12 to be 200 nm.
Therefore, sufficient capacitance and withstand voltage can
be ensured without enlarging the chip area.

When the AIGaN/GaN hetero structure is epitaxially
grown, an AIN layer is normally grown on the SiC substrate as
the nucleation layer and the buffer layer. This is because
epitaxial growth to achieve favorable crystallinity cannot be
performed without the nucleation layer and the buffer layer.
Therefore, by using the AIN layer as an insulating film for the
MIM capacitor, the formation of a separate insulation film is
not required.

Although an SiC substrate is used in the first embodiment,
the present invention is not limited thereto, but a GaN sub-
strate can also be used. In this case, if a mixed plasma of Cl,
and O, is used when the GaN substrate is etched from the
back-face, etching can be stopped at the AIN layer.

Second Embodiment

FIG. 5 is a sectional view showing a semiconductor device
according to the second embodiment. The semiconductor
device is an MMIC having an HEMT of an AlGaN/GaN
hetero epitaxial structure and an MIM capacitor. Here, the
illustration and description about the configuration of the
HEMT will be omitted.

An AIN layer 12, a GaN layer 13, and an AlGaN layer 14
are sequentially formed on an SiC substrate 11 (semiconduc-
tor substrate). A first opening 15 is formed through the A1GaN
layer 14 50 as to expose a part of the upper surface of the GaN
layer 13. A second opening 16 is formed through the SiC
substrate 11 so as to expose a part of the lower surface of the
AlN layer 12, in a location facing the first opening 15.

Anupper electrode 17 is formed on the upper surface of the
AIN layer 12 in the first opening 15; and a lower electrode 18
is formed on the lower surface of the AIN layer 12 in the
second opening 16. An MIM capacitor is composed of the
upper electrode 17, the AIN layer 12, the GaN layer 13 and the
lower electrode 18. However, the GaN layer 13 is thin so as
not to affect the capacitance of the MIM capacitor.
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In AlGaN/GaN hetero epitaxial structures, there are vari-
ous structures depending on characteristics. The present
embodiment is applied when the GaN layer 13 is thin so as not
to affect the capacitance of the MIM capacitor. However, the
AlGaN layer 14, which generates a two-dimensional electron
gas must be removed. By this configuration, the effect equiva-
lent to the effect of the first embodiment can be achieved.

Third Embodiment

FIG. 6 is a sectional view showing a semiconductor device
according to the third embodiment. Only the configuration
different from the configuration of the second embodiment
will be described.

The GaN layer 13 is not as thin as that in the second
embodiment. By the design of the AlGaN/GaN hetero epi-
taxial structure, a two-dimensional electron gas layer 24 is
formed in the interface between the AIN layer 12 and the
AlGaN layer 14. An impurity diffused layer 22 is formed in
the GaN layer 13 by ion implantation so as to be connected
with the two-dimensional electron gas layer 24. An upper
electrode 17 is formed on the impurity diffused layer 22. An
element isolating region 21 is formed in the periphery of the
region to be an MIM capacitor by insulation implantation.

Since a bias can be applied to the two-dimensional electron
gas layer 24 from the exterior via the impurity diffused layer
22, the two-dimensional electron gas layer 24 functions as the
lower electrode of the MIM capacitor. By this configuration,
the effect equivalent to that of the first embodiment can be
achieved.

Fourth Embodiment

FIG. 7 1s a sectional view showing a semiconductor device
according to the fourth embodiment. The semiconductor
device is an MMIC having an HEMT of an AlGaN/AIN
hetero epitaxial structure and an MIM capacitor. Here, the
illustration and description about the configuration of the
HEMT will be omitted.

An AlN layer 12, an AlGaN layer 14, and an AIN layer 25
are sequentially formed on an SiC substrate 11 (semiconduc-
tor substrate). An opening 26 is formed through the AIN layer
25 so as to expose a part of the upper surface of the AlGaN
layer 14. An element isolating region 21 is formed in the
periphery of the region to be an MIM capacitor by insulation
implantation.

Inthe case of the AlGaN/AIN structure, a two-dimensional
electron gas layer 24 is formed in the interface between the
AlGaN layer 14 and the AIN layer 25. An impurity diffused
layer 22 is formed in the AlGaN layer 14 in the opening 26 so
as to be connected with the two-dimensional electron gas
layer 24. Anupper electrode 17 is formed on the AIN layer 25,
and the lower electrode 18 is formed on the impurity diffused
layer 22.

An MIM capacitor is composed of an upper electrode 17,
the AIN layer 25, and the lower electrode 18. However, since
a bias can be applied to the two-dimensional electron gas
layer 24 from the exterior via the impurity diffused layer 22,
the two-dimensional electron gas layer 24 functions as the
lower electrode of the MIM capacitor. By this configuration,
the effect equivalent to the effect of the first embodiment can
be achieved.

Obviously many modifications and variations of the
present invention are possible in the light of the above teach-
ings. It is therefore to be understood that within the scope of
the appended claims the invention may be practiced other-
wise than as specifically described.
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The entire disclosure of a Japanese Patent Application No.
2008-052409, filed on Mar. 3, 2008 including specification,
claims, drawings and summary, on which the Convention
priority of the present application is based, are incorporated
herein by reference in its entirety. 5

What is claimed is:

1. A semiconductor device comprising:

a semiconductor substrate; and

an AlN layer, a GaN layer, and an AlGaN layer sequentially
disposed on said semiconductor substrate, wherein

a first opening extends through said GaN layer and said
AlGaN layer and exposes a part an upper surface of
said AIN layer;

a second opening extends through said semiconductor
substrate and exposes a part a lower surface of said
AIN layer, in a location facing said first opening,

an upper electrode is disposed on the upper surface of
said AIN layer, in said first opening, and

alower electrode is disposed on the lower surface of said
AlN layer, in said second opening.

6

2. A semiconductor device comprising:
a semiconductor substrate; and
an AIN layer, a GaN layer, and an AlGaN layer sequentially
disposed on said semiconductor substrate, wherein
a first opening extends through said AlGaN layer and
exposes a part of an upper surface of said GaN layer,
a second opening extends through said semiconductor
substrate and exposes a part of a lower surface of said
AlN layer, in a location facing said first opening,
an upper electrode is disposed on the upper surface of
said GaN layer in said first opening, and
alower electrode is disposed on the lower surface of said
AlN layer, in said second opening.
3. The semiconductor device according to claim 2, wherein
a two-dimensional electron gas layer is formed at an inter-
face of said AIN layer and said GaN layer;
an impurity region is located in said GaN layer and con-
nected to said two-dimensional electron gas layer; and
said upper electrode is disposed on said impurity region.
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