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SEMICONDUCTOR DEVICE AND METHOD
FOR MANUFACTURING SEMICONDUCTOR
DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from the prior Japanese Patent Application No.
2010-276379 filed on Dec. 10, 2010, the entire contents of
which are incorporated herein by reference.

FIELD

[0002] The present invention relates to a semiconductor
device and a method for manufacturing a semiconductor
device.

BACKGROUND

[0003] A material formed from GaN, AIN, or InN, which is
a nitride semiconductor, or a mixed crystal thereof or the like
has a wide band gap and has been used as a high output
electronic device, a short wavelength light-emitting device, or
the like. Among them, as for the high output electronic device,
a technology related to a field effect transistor (FET), in
particular a high electron mobility transistor (HEMT), has
been developed. The above-described HEMT by using the
nitride semiconductor is used for high-output high-efficiency
amplifiers, high-power switching devices, and the like.
[0004] HEMT used for such purposes is required to be
normally off, have a high dielectric strength, and the like. In
particular, normally off is important from the viewpoint of
safe operation. Therefore, various methods for ensuring nor-
mally off have been studied. As for one of the methods for
ensuring normally off, a method in which a gate recess is
formed by removing a part of a semiconductor layer imme-
diately below a gate electrode is mentioned. The gate recess
structure formed by this method has advantages that, for
example, a threshold voltage may be made positive without
increasing a resistance component between electrodes.
Meanwhile, a semiconductor device of normally off, which is
used for electric power applications, is required to have a high
drain breakdown voltage and a high gate breakdown voltage.
Therefore, regarding horizontal structure FET and HEMT, a
metal insulator semiconductor (MIS) structure, in which an
insulating film serving as a gate insulating film is formed, has
been used. As described above, regarding HEMT by using a
GaN based semiconductor material, a semiconductor device
suitable for the electric power applications may be produced
by employing a structure, in which the gate recess structure
and the MIS structure are combined.

[0005] Japanese Patent Laid-Open No. 2002-359256 is

noted here as related literature.

SUMMARY

[0006] According to aspects of embodiments, a semicon-
ductor device includes a first semiconductor layer disposed
over a substrate, a second semiconductor layer disposed over
the first semiconductor layer, a gate recess disposed, through
removal of a part of or all the second semiconductor layer, in
a predetermined region over the first semiconductor layer, an
insulating film disposed over the gate recess and the second
semiconductor layer, a gate electrode disposed over the gate
recess with the insulating film therebetween, and a source
electrode and a drain electrode disposed over the first semi-
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conductor layer or the second semiconductor layer, whereby
a central portion of the gate recess is higher than the periph-
eral portion of the gate recess.

[0007] The object and advantages of the invention will be
realized and attained by means of the elements and combina-
tions particularly pointed out in the claims.

[0008] Itisto be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are not restrictive of the invention,
as claimed.

BRIEF DESCRIPTION OF DRAWINGS

[0009] FIG. 1 is an explanatory diagram of HEMT formed
from GaN or the like;

[0010] FIG. 2 is a structural diagram of a semiconductor
device according to a first embodiment;

[0011] FIG. 3 is an explanatory diagram of the semicon-
ductor device according to the first embodiment;

[0012] FIG. 4 is a structural diagram of another semicon-
ductor device according to the first embodiment;

[0013] FIG. 5 is a structural diagram of another semicon-
ductor device according to the first embodiment;

[0014] FIGS. 6A to 63 are diagrams of a method for manu-
facturing the semiconductor device according to the first
embodiment;

[0015] FIG. 7 is a explanatory diagram of a breakdown
voltage in a semiconductor device;

[0016] FIG. 8 is a structural diagram of a semiconductor
device according to a second embodiment;

[0017] FIGS. 9A to 93 are diagrams of a method for manu-
facturing the semiconductor device according to the second
embodiment;

[0018] FIG. 10 is a structural diagram of a semiconductor
device according to a third embodiment;

[0019] FIGS. 11A to 111 are diagrams of a method for
manufacturing the semiconductor device according to the
third embodiment;

[0020] FIG. 12 is an explanatory diagram of a discrete-
packaged semiconductor device according to a fourth
embodiment; and

[0021] FIG. 13 is a circuit diagram of a PFC circuit accord-
ing to the fourth embodiment.

DESCRIPTION OF EMBODIMENTS

[0022] Various embodiments will be explained with refer-
ence to accompanying drawings.

[0023] As depicted in FIG. 1 in a related art, HEMT having
the above-described gate recess structure is formed in such a
way that the bottom of the gate recess takes on a flat shape.
[0024] That is, in a semiconductor device 410 formed from
this HEMT having the gate recess structure, an i-GaN elec-
tron transit layer 412, an i-AlGaN spacer layer 413, an n-Al-
GaN electron supply layer 414, and an n-GaN cap layer 415
are disposed on a substrate 411 formed from semi-insulating
SiC or the like. Consequently, a two-dimensional electron gas
(2DEG) 412a is formed in the i-GaN electron transit layer 412
in the vicinity of the interface between the i-GaN electron
transit layer 412 and the i-AlGaN spacer layer 413. A gate
recess 422 is disposed in the n-GaN cap layer 415 and the
n-AlGaN electron supply layer 414. An insulating film 431
serving as a gate insulating film is disposed on the bottom and
the side surface of the gate recess 422 and the n-GaN cap layer
415. Furthermore, a gate electrode 432 is disposed on the
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region provided with the gate recess 422 with the insulating
film 431 therebetween. A source electrode 433 and a drain
electrode 434 are disposed on the n-AlGaN electron supply
layer 414.

[0025] The bottom of the gate recess 422 is formed by
common dry etching or the like and is nearly flat. However, if
the bottom 423 of the gate recess is formed to become nearly
flat, a region 4125, which is indicated by a broken line and in
which electrons are hardly present, is formed in the 2DEG
412a. In this case, if a high voltage is applied between the
drain and the source, in a region A indicated by a broken line,
an electric field is concentrated on the insulating film 431, the
i-AlGaN spacer layer 413, and the like at the end portion of
the gate electrode 432 in the drain electrode 434 side. Con-
sequently, dielectric breakdown and the like occurs in the
insulating film 431 and the semiconductor layer, e.g., the
i-AlGaN spacer layer 413, the semiconductor device is bro-
ken, and the reliability is degraded.

[0026] Accordingly, a highly reliable semiconductor
device in which dielectric breakdown and the like do not
occur easily in an insulating film serving as a gate insulating
film and an semiconductor layer and a method for manufac-
turing the semiconductor device is provided.

[0027] A semiconductor device according to the present
embodiment will be described with reference to FIG. 2. The
semiconductor device 10 according to the present embodi-
ment includes an electron transit layer 12, a spacer layer 13,
an electron supply layer 14, and a cap layer 15, which are
formed by epitaxial growth, on a substrate 11 formed from
semi-insulating film SiC or the like. In this regard, the elec-
tron transit layer 12 serving as a first semiconductor layer is
formed from i-GaN, and the spacer layer 13 serving as a
fourth semiconductor layer is formed from i-AlGaN. Mean-
while, the electron supply layer 14 serving as a second semi-
conductor layer is formed from n-AlGaN, and the cap layer
15 serving as a third semiconductor layer is formed from
n-GaN. Consequently, a two-dimensional electron gas
(2DEG) 124 is formed in the electron transit layer 12 formed
from i-GaN in the vicinity of the interface between the elec-
tron transit layer 12 formed from i-GaN and the spacer layer
13 formed from i-AlGaN.

[0028] The gate recess 22 is formed by etching a part of the
cap layer 15, the electron supply layer 14, and the spacer layer
13, and the bottom 23 of the gate recess 22 is formed into a
convex shape by shaping the spacer layer 13. That is, the
bottom 23 of the gate recess 22 is formed in such a way that
in the spacer layer 13 serving as the fourth semiconductor
layer, the central portion 23a of the recess 22 is higher than the
peripheral portion 235 of the recess 22. The method for form-
ing the bottom 23 of the gate recess 22 into the convex shape,
as described above, will be described later. Moreover, an
insulating film 31 serving as a gate insulating film is disposed
on the bottom 23 and the side surface ofthe gate recess 22 and
the cap layer 15. A gate electrode 32 is disposed on the region
provided with the gate recess 22 with the insulating film 31
therebetween. Furthermore, a source electrode 33 and a drain
electrode 34 are disposed on the electron supply layer 14. In
this regard, the source electrode 33 and the drain electrode 34
may be disposed on the electron transit layer 12 or the like.

[0029] In the present embodiment, as shown in FIG. 3, the
bottom 23 of the gate recess 22 is formed into the shape in
which the central portion 23a is higher than the peripheral
portion 23b. That is, the bottom 23 of the gate recess 22 is
formed in such a way that the peripheral portion 235 becomes
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deeper than the central portion 23a. Consequently, the elec-
tron density of a region 125, which corresponds to the central
portion 23a of the bottom 23 of the gate recess 22 and which
is indicated by a broken line, may be made higher than the
electron densities of a region 12¢, which corresponds to the
peripheral portion 235 of the bottom 23 of the gate recess 22
and which is indicated by a broken line, and the 2DEG 12a.
[0030] In the case where such a structure is employed,
concentration of an electric field on the end portion of the gate
electrode 32 in the drain electrode 34 side is relaxed and
dielectric breakdown and the like may be prevented or
reduced. That is, electrons of two-dimensional electron gas in
the region 1254, which is the central portion immediately
below the gate electrode 32, may be increased, concentration
of an electric field immediately below the gate electrode 32 is
relaxed, and breakage in the insulating film 31 and the semi-
conductor layer may be prevented or reduced, so that the
reliability may be improved.

[0031] In this regard, in the present embodiment, besides
the above-described structure, as shown in FIG. 4, the bottom
23 of the gate recess 22 may be formed in such a way that the
spacer layer 13 serving as the fourth semiconductor layer is
exposed at the central portion 23qa, and the electron transit
layer 12 serving as the first semiconductor layer is exposed at
the peripheral portion 235. In the case where such a structure
is employed as well, the electron density of the region 125
corresponding to the central portion 23a of the bottom 23 of
the gate recess 22 may be made higher than the electron
densities of the region 12¢ corresponding to the peripheral
portion 235 of the bottom 23 of the gate recess 22 and the
2DEG 12a.

[0032] Alternatively, as shown in FIG. 5, the bottom 23 of
the gate recess 22 may be formed locating at the electron
supply layer 14 serving as the second semiconductor layer in
such a way that the central portion 23a of the bottom 23 of the
gate recess 22 is higher than the peripheral portion 235. In the
case where such a structure is employed as well, the electron
density of the region 125 corresponding to the central portion
23a ofthe bottom 23 of the gate recess 22 may be made higher
than the electron densities of the region 12¢ corresponding to
the peripheral portion 235 of the bottom 23 of the gate recess
22 and the 2DEG 12a.

[0033] Inthisregard, the electron supply layer 14 serving as
the second semiconductor layer may be formed from i-InAIN,
n-InAlN, or the like besides the above-described n-AlGaN.
[0034] Next, the method for manufacturing a semiconduc-
tor device according to the present embodiment will be
described with reference to FIG. 6A to FIG. 6J.

[0035] Initially, as shown in FIG. 6A, the electron transit
layer 12, the spacer layer 13, the electron supply layer 14, and
the cap layer 15 are formed sequentially on the substrate 11
formed from semi-insulating SiC or the like by epitaxial
growth by MOVPE, so as to form the semiconductor layer. As
for the substrate 11, sapphire, GaN, and the like may be used
besides SiC. The electron transit layer 12 serving as the first
semiconductor layer is formed from i-GaN in such a way that
the thickness becomes about 3 um. The spacer layer 13 serv-
ing as the fourth semiconductor layer is formed from
i-Al, ;GagsN in such a way that the thickness becomes about
several nanometers. The electron supply layer 14 serving as
the second semiconductor layer is formed from n-Al;,Ga, N
in such a way that the thickness becomes about 30 nm and is
doped with 5x10'® cm~> of Si as an impurity element. The cap
layer 15 serving as the third semiconductor layer is formed
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from n-GaN in such a way that the thickness becomes about
10 nm and is doped with 5x10'® cm™ of Si as an impurity
element. Consequently, the 2DEG 12a is formed in the elec-
tron transit layer 12 in the vicinity of the interface between the
electron transit layer 12 and the spacer layer 13. Regarding
the semiconductor device and the like having the structure
shown in FIG. 4, it is preferable that the composition ratio of
Al in the spacer layer 13 serving as the fourth semiconductor
layer is a value lower than the composition ratio of Al in the
electron supply layer 14 serving as the second semiconductor
layer. This is because regarding dry etching, e.g., RIE, by
using a gas that includes a chlorine component, the etching
rate becomes large, as the composition ratio of Al becomes
small and, therefore, the bottom 23 of the gate recess 22 is
formed into a convex shape easily. Thereafter, an element
isolation region is formed, although not shown in the draw-
ing. Specifically, a photoresist to form the element isolation
region is applied, and exposure with an exposing apparatus
and development are performed, so that a resist pattern having
an opening portion in the region to be provided with the
element isolation region is formed. Subsequently, dry etching
by using a gas that includes a chlorine component is per-
formed, and an insulating film is formed or ion implantation
of'a predetermined ion is performed in the region subjected to
the dry etching, so that the element isolation region is formed.
[0036] Then, as shown in FIG. 6B, a resist pattern 41 is
formed. Specifically, a photoresist is applied to the surface of
the cap layer 15, and exposure with an exposing apparatus and
development are performed, so that a resist pattern 41 having
opening portions in the regions to be provided with the source
electrode 33 and the drain electrode 34 is formed.

[0037] As shown in FIG. 6C, a part of the cap layer 15 and
the electron supply layer 14 in the region not provided with
the resist pattern 41 are removed by dry etching, e.g., RIE, so
as to form opening regions 42 and 43. This dry etching, e.g.,
RIE, is performed by introducing a gas, which includes a
chlorine component, as an etching gas into a chamber.
[0038] Asshown in FIG. 6D, a Ta film having a thickness of
about 20 nm and an Al film having a thickness of about 200
nm are formed sequentially through vacuum evaporation, so
that a metal film 44 is formed.

[0039] As shown in FIG. 6E, lift-off is performed by using
an organic solvent or the like and, thereby, the metal film 44
formed on the resist pattern 41 is removed together with the
resist pattern 41. Consequently, the source electrode 33 and
the drain electrode 34 are formed by the metal film 44 formed
in the regions not provided with the resist pattern 41, that is,
opening regions 42 and 43. Thereafter, the source electrode
33 and the drain electrode 34 are brought into ohmic contact
by performing a heat treatment at a temperature of 400° C. to
1,000° C., for example, 550° C.

[0040] AsshowninFIG. 6F, aresist pattern 45 is formed on
the surfaces of the source electrode 33, the drain electrode 34,
and the cap layer 15. The resist pattern 45 is formed by
applying a photoresist to the surfaces of the cap layer 15 and
the like and performing exposure with an exposing apparatus
and development. In this manner, the resist pattern 45 having
an opening portion in the region to be provided with the gate
recess 22, as described later, is formed.

[0041] As shown in FIG. 6G, dry etching, e.g., RIE, is
performed and, thereby, a part of or all the cap layer 15, the
electron supply layer 14, and the spacer layer 13 in the region
not provided with the resist pattern 45 are removed, so as to
form the gate recess 22. As for the etching gas used for this dry
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etching, e.g., RIE, a chlorine based gas (gas that includes a
chlorine component) is employed. In the present embodi-
ment, 30 scan of Cl, serving as an etching gas is introduced
into an etching chamber, the pressure in the etching chamber
is specified to be 2 Pa, 20 W of radio frequency (RF) power is
applied and, thereby, RIE is performed, so as to form the gate
recess 22. Consequently, as shown in FIG. 2, the bottom 23 of
the gate recess 22 may be formed into a convex shape. That is,
the bottom 23 may be formed into the shape in which the
central portion 23q is higher than the peripheral portion 235.
In order to form the bottom 23 of the gate recess 22 into a
convex shape, as described above, a condition in which the
substrate temperature is relatively low, specifically a condi-
tion in which the substrate temperature is specified to be
ambient or room temperature or lower by, for example, cool-
ing the substrate, and a condition in which the applied bias is
relatively high are preferable. The condition in which the
applied bias is high refers to, for example, the condition in
which the applied RF power is high because a high RF power
causes a high self bias.

[0042] As shown in FIG. 6H, the resist pattern 45 is
removed by an organic solvent or the like. Consequently, the
resist pattern 45 is removed and, thereby, the gate recess 22 is
formed.

[0043] AsshowninFIG. 6], the insulating film 31 is formed
on the surface of'the cap layer 15 and the gate recess 22. In the
present embodiment, as for the insulating film 31, an alumi-
num oxide (Al,O;) film having a thickness of 2 nm to 200 nm
is formed. Specifically, an aluminum oxide film having a
thickness of about 10 nm is formed and, thereby, the insulat-
ing film 31 is formed. Examples of methods for forming the
insulating film 31 include chemical vapor deposition (CVD),
atomic layer deposition (ALD), and sputtering. In this regard,
the insulating film 31 may be formed from an oxide, a nitride,
an oxynitride, or the like of Si, Al, Hf, Zr, Ti, Ta, W, or the like
besides the above-described aluminum oxide.

[0044] Asshown in FIG. 6], the gate electrode 32 is formed
on the region provided with the gate recess 22 with the insu-
lating film 31 therebetween. Specifically, a photoresist is
applied to the insulating film 31, and exposure with an expos-
ing apparatus and development are performed, so that a resist
pattern, although not shown in the drawing, having an open-
ing portion in the region to be provided with the gate electrode
32 is formed. Thereafter, a Ni film having a thickness of about
30 nm and a Au film having a thickness of about 400 nm are
formed sequentially through vacuum evaporation, so that a
metal film is formed. Subsequently, lift-off is performed by
using an organic solvent or the like and, thereby, the metal
film disposed on the resist pattern is removed together with
the resist pattern. Consequently, the gate electrode 32 is
formed by the metal film formed in the region not provided
with the resist pattern.

[0045] Inthis manner, a semiconductor device may be pro-
duced on the basis of the method for manufacturing a semi-
conductor device according to the present embodiment.
[0046] Regarding the semiconductor device produced on
the basis of the method for manufacturing a semiconductor
device according to the present embodiment, the bottom 23 of
the gate recess 22 is formed into a convex shape, so that the
breakdown voltage is high, dielectric breakdown and the like
may be prevented or reduced, and the reliability is high.
[0047] FIG. 7 shows breakdown voltages between gate and
drain of the semiconductor device 410 shown in FIG. 1 and
the semiconductor device 10 according to the present
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embodiment shown in FIG. 2. The breakdown voltage of the
semiconductor device 410, in which the bottom of the gate
recess 422 is flat, shown in FIG. 1 is 330 V, whereas the
breakdown voltage of the semiconductor device 10, in which
the bottom of the gate recess 22 is formed into the convex
shape, shown in FIG. 2 is 420 V. As described above, regard-
ing the semiconductor device according to the present
embodiment, it is possible to improve the breakdown voltage
by forming the bottom of the gate recess into the convex
shape.

[0048] As foranother method for forming the bottom of'the
gate recess into the convex shape, the bottom of the gate
recess is dry-etched into a flat shape and, thereafter, the resist
is removed by an organic solvent or the like. Subsequently, a
resist pattern is formed in such a way that both end portions of
the recess bottom are exposed, and dry etching is performed,
so that the recess bottom may be formed into the convex
shape. As for another method, a resist pattern for forming a
gate recess is patterned into a convex shape in the recess, dry
etching is performed and, thereafter, the resist is removed by
an organic solvent or the like. In this manner, the recess
bottom may be formed into a convex shape.

[0049] Next, a second embodiment will be described.
[0050] A semiconductor device according to the present
embodiment will be described with reference to FIG. 8. The
semiconductor device 110 according to the present embodi-
ment includes a semiconductor layer composed of an electron
transit layer 12, an electron supply layer 14, and a cap layer
15, which are formed by epitaxial growth, on a substrate 11
formed from semi-insulating film SiC or the like. In this
regard, the electron transit layer 12 serving as a first semicon-
ductor layer is formed from i-GaN, the electron supply layer
14 serving as a second semiconductor layer is formed from
n-AlGaN, and the cap layer 15 serving as a third semicon-
ductor layer is formed from n-GaN.

[0051] Consequently, a 2DEG 124 is formed in the electron
transit layer 12 in the vicinity of the interface between the
electron transit layer 12 and the electron supply layer 14. The
gate recess 22 is formed by etching a part of the cap layer 15
and the electron supply layer 14, and the bottom 23 of the gate
recess 22 is formed into a convex shape. That is, the central
portion 23a is formed to become higher than the peripheral
portion 235. The method for forming the bottom 23 of the gate
recess 22 into the convex shape, as described above, will be
described later. Moreover, an insulating film 31 serving as a
gate insulating film is disposed on the bottom 23 and the side
surface of the gate recess 22 and the cap layer 15. A gate
electrode 32 is disposed on the region provided with the gate
recess 22 with the insulating film 31 therebetween. Further-
more, a source electrode 33 and a drain electrode 34 are
disposed on the electron supply layer 14. In this regard, the
source electrode 33 and the drain electrode 34 may be dis-
posed on the electron transit layer 12.

[0052] Next, the method for manufacturing the semicon-
ductor device 110 according to the present embodiment will
be described with reference to FIG. 9A to FIG. 9J.

[0053] Initially, as shown in FIG. 9A, the electron transit
layer 12, the electron supply layer 14, and the cap layer 15 are
formed sequentially on the substrate 11 formed from semi-
insulating SiC or the like by epitaxial growth by MOVPE, so
as to form the semiconductor layer. As for the substrate 11,
sapphire, GaN, and the like may be used besides SiC. The
electron transit layer 12 serving as the first semiconductor
layer is formed from i-GaN in such a way that the thickness
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becomes about 3 um. The electron supply layer 14 serving as
the second semiconductor layer is formed from n-AlGaN in
such a way that the thickness becomes about 30 nm and is
doped with 5x10'® cm~> of Si as an impurity element. The cap
layer 15 serving as the third semiconductor layer is formed
from n-GaN in such a way that the thickness becomes about
10 nm and is doped with 5x10'® cm™ of Si as an impurity
element. Consequently, the 2DEG 12a is formed in the elec-
tron transit layer 12 in the vicinity of the interface between the
electron transit layer 12 and the electron supply layer 14.
Subsequently, dry etching by using a gas including a chlorine
component is performed, and an insulating film is formed or
ion implantation of a predetermined ion is performed in the
region subjected to the dry etching, so that the element isola-
tion region is formed.

[0054] Then, as shown in FIG. 9B, a resist pattern 41 is
formed. Specifically, a photoresist is applied to the surface of
the cap layer 15, and exposure with an exposing apparatus and
development are performed, so that a resist pattern 41 having
opening portions in the regions to be provided with the source
electrode 33 and the drain electrode 34 is formed.

[0055] As shown in FIG. 9C, a part of the cap layer 15 and
the electron supply layer 14 in the region not provided with
the resist pattern 41 are removed by dry etching, e.g., RIE, so
as to form opening regions 42 and 43. This dry etching, e.g.,
RIE, is performed by introducing a gas, which includes a
chlorine component, as an etching gas into a chamber.
[0056] Asshown in FIG. 9D, a Ta film having a thickness of
about 20 nm and an Al film having a thickness of about 200
nm are formed sequentially through vacuum evaporation, so
that a metal film 44 is formed.

[0057] As shown in FIG. 9E, lift-off is performed by using
an organic solvent or the like and, thereby, the metal film 44
formed on the resist pattern 41 is removed together with the
resist pattern 41. Consequently, the source electrode 33 and
the drain electrode 34 are formed by the metal film 44 formed
in the regions not provided with the resist pattern 41, that is,
opening regions 42 and 43. Thereafter, the source electrode
33 and the drain electrode 34 are brought into ohmic contact
by performing a heat treatment at a temperature of 400° C. to
1,000° C., for example, 550° C.

[0058] AsshowninFIG. 9F, aresist pattern 45 is formed on
the surfaces of the source electrode 33, the drain electrode 34,
and the cap layer 15. The resist pattern 45 is formed by
applying a photoresist to the surfaces of the cap layer 15 and
the like and performing exposure with an exposing apparatus
and development. In this manner, the resist pattern 45 having
an opening portion in the region to be provided with the gate
recess 22, as described later, is formed.

[0059] As shown in FIG. 9G, dry etching, e.g., RIE, is
performed and, thereby, a part of or all the cap layer 15 and the
electron supply layer 14 in the region not provided with the
resist pattern 45 are removed, so as to form the gate recess 22.
As for the etching gas used for this dry etching, e.g., RIE, a
gas including a chlorine component is employed. In the
present embodiment, 30 sccm of Cl, serving as an etching gas
is introduced into an etching chamber, the pressure in the
etching chamber is specified to be 2 Pa, 20 W of RF power is
applied and, thereby, RIE is performed, so as to form the gate
recess 22. Consequently, the bottom 23 of the gate recess 22
may be formed into a convex shape. That is, the bottom 23
may be formed in such a way that the central portion 23« is
higher than the peripheral portion 235. In order to form the
bottom 23 of the gate recess 22 into a convex shape, as
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described above, a condition in which the substrate tempera-
ture is relatively low, specifically a condition in which the
substrate temperature is specified to be ambient temperature
or lower by, for example, cooling the substrate, and a condi-
tion in which the applied bias is relatively high are preferable.
The condition in which the applied bias is high refers to, for
example, the condition in which the applied RF power is high.
This is because a high RF power causes a high self bias.
[0060] As shown in FIG. 9H, the resist pattern 45 is
removed by an organic solvent or the like. Consequently, the
resist pattern 45 is removed and, thereby, the gate recess 22 is
formed.

[0061] AsshowninFIG. 9], theinsulating film 31 is formed
on the surface of'the cap layer 15 and the gate recess 22. In the
present embodiment, as for the insulating film 31, an alumi-
num oxide film having a thickness of 2 nm to 200 nm is
formed. Specifically, an aluminum oxide film having a thick-
ness of about 10 nm is formed and, thereby, the insulating film
31 is formed. Examples of methods for forming the insulating
film 31 include CVD, ALD, and sputtering.

[0062] Asshown in FIG. 9], the gate electrode 32 is formed
on the region provided with the gate recess 22 with the insu-
lating film 31 therebetween. Specifically, a photoresist is
applied to the insulating film 31, and exposure with an expos-
ing apparatus and development are performed, so that a resist
pattern, although not shown in the drawing, having an open-
ing portion in the region to be provided with the gate electrode
32 is formed. Thereafter, a Ni film having a thickness of about
30 nm and a Au film having a thickness of about 400 nm are
formed sequentially through vacuum evaporation, so that a
metal film is formed. Subsequently, lift-off is performed by
using an organic solvent or the like and, thereby, the metal
film disposed on the resist pattern is removed together with
the resist pattern. Consequently, the gate electrode 32 is
formed by the metal film formed in the region not provided
with the resist pattern.

[0063] Inthis manner, a semiconductor device may be pro-
duced on the basis of the method for manufacturing a semi-
conductor device according to the present embodiment. The
details other than those described above are substantially the
same as the first embodiment.

[0064] Next, a third embodiment will be described.

[0065] A semiconductor device according to the present
embodiment will be described with reference to FIG. 10. The
semiconductor device 210 according to the present embodi-
ment includes a semiconductor layer composed of an electron
transit layer 12 and an electron supply layer 14, which are
formed by epitaxial growth, on a substrate 11 formed from
semi-insulating film SiC or the like. In this regard, the elec-
tron transit layer 12 serving as a first semiconductor layer is
formed from i-GaN and the electron supply layer 14 serving
as a second semiconductor layer is formed from n-AlGaN.
[0066] Consequently,a 2DEG 12qis formed in the electron
transit layer 12 in the vicinity of the interface between the
electron transit layer 12 and the electron supply layer 14. The
gate recess 22 is formed by etching a part of the electron
supply layer 14, and the bottom 23 of the gate recess 22 is
formed into a convex shape. That is, the central portion 23a is
formed to become higher than the peripheral portion 235. The
method for forming the bottom 23 of the gate recess 22 into
the convex shape, as described above, will be described later.
Moreover, an insulating film 31 serving as a gate insulating
film is disposed on the bottom 23 and the side surface of the
gate recess 22 and the electron supply layer 14. A gate elec-
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trode 32 is disposed on the region provided with the gate
recess 22 with the insulating film 31 therebetween. Further-
more, a source electrode 33 and a drain electrode 34 are
disposed on the electron supply layer 14. In this regard, the
source electrode 33 and the drain electrode 34 may be dis-
posed on the electron transit layer 12.

[0067] Next, the method for manufacturing the semicon-
ductor device 210 according to the present embodiment will
be described with reference to FIG. 11A to FIG. 111.

[0068] Initially, as shown in FIG. 11A, the electron transit
layer 12 and the electron supply layer 14 are formed sequen-
tially on the substrate 11 formed from semi-insulating SiC or
the like by epitaxial growth by MOVPE, so as to form the
semiconductor layer. As for the substrate 11, sapphire, GaN,
and the like may be used besides SiC. The electron transit
layer 12 serving as the first semiconductor layer is formed
from i-GaN in such a way that the thickness becomes about 3
um. The electron supply layer 14 serving as the second semi-
conductor layer is formed from n-AlGaN in such a way that
the thickness becomes about 30 nm and is doped with 5x10*®
cm™ of Si as an impurity element. Consequently, the 2DEG
124 is formed in the electron transit layer 12 in the vicinity of
the interface between the electron transit layer 12 and the
electron supply layer 14. Subsequently, dry etching by using
a gas including a chlorine component is performed, and an
insulating film is formed or ion implantation of a predeter-
mined ion is performed in the region subjected to the dry
etching, so that the element isolation region is formed.
[0069] Then, as shown in FIG. 11B, a resist pattern 41 is
formed. Specifically, a photoresist is applied to the surface of
the electron supply layer 14, and exposure with an exposing
apparatus and development are performed, so that a resist
pattern 41 having opening portions in the regions to be pro-
vided with the source electrode 33 and the drain electrode 34
is formed.

[0070] As shownin FIG. 11C, a part of the electron supply
layer 14 is removed by dry etching, e.g., RIE, as desired or
necessary. Subsequently, a Ta film having a thickness of about
20 nm and an Al film having a thickness of about 200 nm are
formed sequentially through vacuum evaporation, so that a
metal film 44 is formed.

[0071] Asshownin FIG. 11D, lift-off is performed by using
an organic solvent or the like and, thereby, the metal film 44
formed on the resist pattern 41 is removed together with the
resist pattern 41. Consequently, the source electrode 33 and
the drain electrode 34 are formed by the metal film 44 formed
in the regions not provided with the resist pattern 41. There-
after, the source electrode 33 and the drain electrode 34 are
brought into ohmic contact by performing a heat treatment at
a temperature of 400° C. to 1,000° C., for example, 550° C.
[0072] As shown in FIG. 11E, a resist pattern 45 is formed
on the surfaces of the source electrode 33, the drain electrode
34, and the electron supply layer 14. The resist pattern 45 is
formed by applying a photoresist to the surfaces of the elec-
tron supply layer 14 and the like and performing exposure
with an exposing apparatus and development. In this manner,
the resist pattern 45 having an opening portion in the region to
be provided with the gate recess 22, as described later, is
formed.

[0073] As shown in FIG. 11F, dry etching, e.g., RIE, is
performed and, thereby, a part of or all the electron supply
layer 14 in the region not provided with the resist pattern 45 is
removed, so as to form the gate recess 22. As for the etching
gas used for this dry etching, e.g., RIE, a gas including a
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chlorine component is employed. In the present embodiment,
30 sccm of Cl, serving as an etching gas is introduced into an
etching chamber, the pressure in the etching chamber is speci-
fied to be 2 Pa, 20 W of RF power is applied and, thereby, RIE
is performed, so as to form the gate recess 22. Consequently,
the bottom 23 of the gate recess 22 may be formed into a
convex shape. That is, the bottom 23 may be formed in such
away that the central portion 23« is higher than the peripheral
portion 235. In order to form the bottom 23 of the gate recess
22 into a convex shape, as described above, a condition in
which the substrate temperature is relatively low, specifically
a condition in which the substrate temperature is specified to
be ambient temperature or lower by, for example, cooling the
substrate, and a condition in which the applied bias is rela-
tively high are preferable. The condition in which the applied
bias is high refers to, for example, the condition in which the
applied RF power is high. This is because a high RF power
causes a high self bias.

[0074] As shown in FIG. 11G, the resist pattern 45 is
removed by an organic solvent or the like. Consequently, the
resist pattern 45 is removed and, thereby, the gate recess 22 is
formed.

[0075] As shown in FIG. 11H, the insulating film 31 is
formed on the surface of the electron supply layer 14 and the
gate recess 22. In the present embodiment, as for the insulat-
ing film 31, an aluminum oxide film having a thickness of 2
nm to 200 nm is formed. Specifically, an aluminum oxide film
having a thickness of about 10 nm is formed and, thereby, the
insulating film 31 is formed. Examples of methods for form-
ing the insulating film 31 include CVD, ALD, and sputtering.

[0076] As shown in FIG. 111, the gate electrode 32 is
formed onthe region provided with the gate recess 22 with the
insulating film 31 therebetween. Specifically, a photoresist is
applied to the insulating film 31, and exposure with an expos-
ing apparatus and development are performed, so that a resist
pattern, although not shown in the drawing, having an open-
ing portion in the region to be provided with the gate electrode
32 is formed. Thereafter, a Ni film having a thickness of about
30 nm and a Au film having a thickness of about 400 nm are
formed sequentially through vacuum evaporation, so that a
metal film is formed. Subsequently, lift-off is performed by
using an organic solvent or the like and, thereby, the metal
film disposed on the resist pattern is removed together with
the resist pattern. Consequently, the gate electrode 32 is
formed by the metal film formed in the region not provided
with the resist pattern.

[0077] Inthis manner, a semiconductor device may be pro-
duced on the basis of the method for manufacturing a semi-
conductor device according to the present embodiment. The
details other than those described above are the same as the
first embodiment.

[0078] Next, a fourth embodiment will be described. In the
present embodiment, the semiconductor device according to
any one of the first to the third embodiments is discrete-
packaged. Such a discrete-packaged semiconductor device
will be described with reference to FIG. 12. In this regard,
FIG. 12 schematically shows the inside of the discrete-pack-
aged semiconductor device, and the arrangement of the elec-
trodes and the like are different from those shown in the first
to the third embodiments.

[0079] Initially, the semiconductor device produced in any
one of the first to the third embodiments is cut by dicing or the
like to form a semiconductor chip 310 of HEMT of a GaN

Page 28 of 29

Jun. 14, 2012

based semiconductor material. This semiconductor chip 310
is fixed to a lead frame 320 with a die-attach agent 321, e.g.,
solder.

[0080] Thereafter, a gate electrode 32 is connected to a gate
lead 322 with a bonding wire 332, a source electrode 33 is
connected to a source lead 323 with a bonding wire 333, and
a drain electrode 34 is connected to a drain lead 324 with a
bonding wire 334. In this regard, the bonding wires 332, 333,
and 334 are formed by a metal material, e.g., Al.

[0081] Subsequently, resin-sealing with a mold resin 340 is
performed by a transfer mold method. In this manner, a dis-
crete-packaged semiconductor device of HEMT by using a
GaN based material may be produced.

[0082] Then, a power factor correction (PFC) circuit by
using a GaN based semiconductor material HEMT 350,
which is a semiconductor device produced in any one of the
first to the third embodiments, will be described with refer-
ence to FIG. 13. This PFC circuit is formed on a circuit board,
although not shown in the drawing, and includes a diode
bridge 361, a first capacitor 362, a choke coil 363, a diode
364, and a second capacitor 365 besides HEMT 350. The
input side of the diode bridge 361 is connected to an alternat-
ing current (AC) power supply through input terminals 371
and 372. One terminal in the output side of the diode bridge
361 is connected to one terminal of the first capacitor 362, a
source electrode 33 (S) of HEMT 350, one terminal of the
second capacitor 365, and an output terminal 373. Further-
more, the other terminal in the output side of the diode bridge
361 is connected to the other terminal of the first capacitor
362 and one terminal of the choke coil 363. The other terminal
of'the choke coil 363 is connected to a drain electrode 34 (D)
of HEMT 350, and the anode terminal of the diode 364. The
cathode terminal of the diode 364 is connected to the other
terminal of the second capacitor 365 and an output terminal
374. The gate electrode 32 (G) of HEMT 350 is connected to
a gate driver, although not shown in the drawing. Conse-
quently, this PFC circuit may obtain a direct current (DC)
electric power through the output terminals 373 and 374.
Such a PFC circuit is used while being incorporated into a
server electric supply or the like, so that harmonic compo-
nents may be removed, and the power factor may be
increased.

[0083] In the present embodiment, the semiconductor
devices, which have uniform characteristics and which
exhibit high yields, according to the first to the third embodi-
ments are used and, therefore, the electric power may be
supplied stably at a low cost with high reliability.

[0084] All examples and conditional language recited
herein are intended for pedagogical purposes to aid the reader
in understanding the invention and the concepts contributed
by the inventor to furthering the art, and are to be construed as
being without limitation to such specifically recited examples
and conditions, nor does the organization of such examples in
the specification relate to a showing of the superiority and
inferiority of the invention. Although the embodiment(s) of
the present inventions have been described in detail, it should
be understood that the various changes, substitutions, and
alterations could be made hereto without departing from the
spirit and scope of the invention.

What is claimed is:

1. A semiconductor device comprising:

a first semiconductor layer disposed over a substrate;

a second semiconductor layer disposed over the first semi-
conductor layer;
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a gate recess disposed, through removal of a part of or all
the second semiconductor layer, in a predetermined
region over the first semiconductor layer;

an insulating film disposed over the gate recess and the
second semiconductor layer;

a gate electrode disposed over the gate recess with the
insulating film therebetween; and

a source electrode and a drain electrode disposed over the
first semiconductor layer or the second semiconductor
layer,

whereby a central portion of the gate recess is higher than
a peripheral portion of the gate recess.

2. A semiconductor device comprising:

a first semiconductor layer disposed over a substrate;

a second semiconductor layer disposed over the first semi-
conductor layer;

athird semiconductor layer disposed over the second semi-
conductor layer;

a gate recess disposed, through removal of all the third
semiconductor layer and a part of or all the second
semiconductor layer, in a predetermined region over the
first semiconductor layer;

an insulating film disposed over the gate recess and the
third semiconductor layer;

a gate electrode disposed over the gate recess with the
insulating film therebetween; and

a source electrode and a drain electrode disposed over the
first semiconductor layer or the second semiconductor
layer,

whereby a central portion of the gate recess is higher than
a peripheral portion of the gate recess.

3. The semiconductor device according to claim 2,

wherein the third semiconductor layer comprises n-GaN.

4. The semiconductor device according to claim 1,

wherein in a bottom of the gate recess, the first semicon-
ductor layer is exposed at the peripheral portion.

5. The semiconductor device according to claim 1,

wherein the first semiconductor layer and the second semi-
conductor layer are formed from a nitride semiconduc-
tor.

6. The semiconductor device according to claim 1,

wherein the first semiconductor layer comprises i-GaN.

7. The semiconductor device according to claim 1,

wherein the second semiconductor layer comprises any
one of AlGaN or InAIN.

8. The semiconductor device according to claim 1,

wherein a fourth semiconductor layer is disposed between
the first semiconductor layer and the second semicon-
ductor layer.

9. The semiconductor device according to claim 8,

wherein in a bottom of the gate recess, the fourth semicon-
ductor layer is exposed at any one of the central portion,
the peripheral portion, and both the central portion and
the peripheral portion.

10. The semiconductor device according to claim 8,

wherein both the second semiconductor layer and the
fourth semiconductor layer comprise AlGaN, and

the composition ratio of Al in the fourth semiconductor
layer is lower than that in the second semiconductor
layer.

11. The semiconductor device according to claim 1,

wherein the insulating film is formed from at least one
material selected from the group consisting of oxides,
nitrides, and oxynitrides of Si, Al, Hf, Zr, Ti, Ta, and W.
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12. The semiconductor device according to claim 1,
wherein the semiconductor device is HEMT.
13. A method for manufacturing a semiconductor device,
comprising:
forming aresist pattern over a first semiconductor layer and
a second semiconductor layer over a substrate;
removing a part of or all the second semiconductor layer in
an opening region of the resist pattern, so as to form a
gate recess having a central portion that is higher than a
peripheral portion thereof;
removing the resist pattern and forming an insulating film
over the gate recess and the first semiconductor layer;
forming a gate electrode in a region of the gate recess, over
the insulating film; and
forming a source electrode and a drain electrode on the
semiconductor layer.
14. A method for manufacturing a semiconductor device,
comprising:
forming a resist pattern over a first semiconductor layer, a
second semiconductor layer, and a third semiconductor
layer over a substrate;
removing all the third semiconductor layer and a part of or
all the second semiconductor layer in an opening region
of the resist pattern, so as to form a gate recess having a
central portion that is higher than a peripheral portion
thereof;
removing the resist pattern and forming an insulating film
over the gate recess and the first semiconductor layer;
forming a gate electrode in a region of the gate recess, over
the insulating film ; and
forming a source electrode and a drain electrode over the
semiconductor layer.
15. The method for manufacturing a semiconductor device,
according to claim 13, further comprising:
forming a fourth semiconductor layer between the first
semiconductor layer and the second semiconductor
layer, and
the gate recess is formed in such a way that a part of or all
of a bottom of the gate recess is formed from the fourth
semiconductor layer.
16. The method for manufacturing a semiconductor device,
according to claim 13,
wherein the forming of the gate recess is performed by dry
etching.
17. The method for manufacturing a semiconductor device,
according to claim 16,
wherein the forming of the gate recess is performed by dry
etching using a gas that includes a chlorine component
while the substrate is in the state of being cooled.
18. The method for manufacturing a semiconductor device,
according to claim 17,
wherein the substrate is cooled to a temperature lower than
or substantially equal to room temperature.
19. The method for manufacturing a semiconductor device,
according to claim 17,
wherein the gas including the chlorine component is at
least one gas selected from the group consisting of Cl,,
BCl;, and SiCl,.
20. The method for manufacturing a semiconductor device,

according to claim 13,

wherein the semiconductor layer is formed by epitaxial
growth.





