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SEMICONDUCTOR DEVICE AND METHOD
FOR MANUFACTURING SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a Continuation of U.S. patent
application Ser. No. 13/531,279, filed Jun. 22, 2012, which 1s
a Divisional of U.S. patent application Ser. No. 13/126,569,
filed Apr. 28, 2011, which 1s a National Stage of International
Application No. PCT/IP2010/061679 filed Jul. 9, 2010, and
which claims the benefit of Japanese Patent Application No.

2009-178324, filed Jul. 30, 2009, all of which are incorpo-
rated herein by reference 1n their entirety.

TECHNICAL FIELD

[0002] Thepresentinventionrelatesto a small semiconduc-
tor device that 1s used for high-power switching and can
achieve good withstand voltage characteristics and low On-
state voltage, and a method for producing the semiconductor
device.

BACKGROUND ART

[0003] High reverse breakdown voltage and low on-resis-
tance are required for large current switching elements. To
achieve the protection against surge voltage or the like, there
has been proposed a structure 1n which a Schottky barrier
diode (SBD) 1s additionally arranged in parallel between a
source and a drain of a power field effect transistor (FET) that
functions as a switching element (PTL 1). In a GaN-based
semiconductor layer formed on a sapphire substrate, the SBD
accompanying the power FET (no specific structure 1s dis-
closed in PTL 1) includes an anode electrode that 1s 1n Schot-
tky contact with an AlGaN layer and a cathode electrode that
1s 1n ochmic contact with a GaNlN layer, and a two-dimensional
clectron gas 1s generated at an interface between the GalN
layer and the AlGaN layer.

CITATION LIST

Patent Literature

[0004] PTL 1: Japanese Unexamined Patent Application
Publication No. 2008-219021
SUMMARY OF INVENTION
Technical Problem

[0005] Intheabove-described device, the on-resistance and
withstand voltage characteristics may be improved, but the
entire structure of the device becomes complicated. In a large
current switching element, there 1s a tendency to use a vertical
clement in which a current flows in the thickness direction of
a semiconductor layered body. However, 1n the case of a
vertical element, the current-carrying capacity 1s determined
by the circumference of an SBD, which 1s a protective ele-
ment. Therefore, 1t 1s difficult to increase the current-carrying,
capacity and a sufficient amount of current cannot be dis-
charged when a surge voltage or the like with a large current
1s applied.

[0006] An object of the present invention 1s to provide a
semiconductor device that includes a bypass protection unit
against surge voltage or the like, achieves good withstand
voltage characteristics and low on-resistance (low On-state

Nov. 28, 2013

voltage), has a simple structure, and 1s used for large-current
purpose and a method for producing the semiconductor
device.

Solution to Problem

[0007] The semiconductor device of the present invention
includes a first conductivity type substrate, a FET having a
first conductivity type drift layer and constituting a switching
clement 1n a first region of the substrate, and an SBD having
an electrode that 1s 1n Schottky contact with a first conduc-
tivity type layer located 1n a second region of the substrate.
The FET and the SBD are arranged 1n parallel, the substrate 1s
a (GaN substrate, and a backside electrode of the FET and a
backside electrode (the counterpart of a Schottky electrode)
of the SBD are formed on the back of the GalN substrate.
Herein, the semiconductor device of the present invention 1s
intended to be any of electrical devices such as electronic
apparatuses for light electrical appliances, electrical devices
for heavy electrical equipment, electrical devices for car elec-
tronics, and electrical devices for electric trains or the like.

[0008] Inthe above-described structure, a vertical FET that
1s a switching element and a vertical SBD are arranged 1n
parallel on the same GaN substrate, and the SBD functions as
a protective element of the FET against surge voltage or the
like. The GaN substrate has conductivity, and a backside
clectrode such as a drain electrode of the FET or a cathode
clectrode of the SBD can be directly formed onthe back of the
(GaN substrate through ohmic contact. The backside electrode
may be an integrated body formed at the same timing and may
be a common electrode of the drain electrode and the cathode
clectrode. In this case, a simple structure having a small size
1s achieved. The channel of the FE'T may have a metal oxide
semiconductor (MOS) structure or a high electron mobility
transistor (HEMT) structure that generates a two-dimen-
sional electron gas or the like.

[0009] Furthermore, since a GalN-based driit layer or the
like 1s directly formed on the GaN substrate, there 1s no need
to use a butlfer layer or the like. By simplifying the structure of
the epitaxial layered body without using a buffer layer, the
production process 1s simplified and thus the production time
can be shortened and the production vield can be improved.
By combining the above-described advantage with the advan-
tages of the mounting of the FET and the SBD onto the same
(GaNN substrate and the formation of a backside electrode 1n a
shared manner, the entire structure can be simplified and a
reduction 1n size can be achieved.

[0010] Since a GaN-based semiconductor layer formed on
a GaN substrate 1s a vertical element and has good withstand
voltage characteristics and low on-resistance, a large current
can be passed. In the case where the channel has a HEMT
structure, among wide gap semiconductors, a hetero device 1s
casily formed using GaN (GalN includes many crystals that
are epitaxially grown and have different band gaps) compared
with S1C or the like. Therefore, a channel such as a two-
dimensional electron gas layer can be easily formed. Thus,
significantly low on-resistance can be achieved.

[0011] The first conductivity type layer of the SBD that can
be called a dnift layer 1s herein simply referred to as a first
conductivity type layer without adding “driit” to distinguish
the first conductivity type layer of the SBD from a {irst con-

ductivity type driit layer of the FET. In the description of a
production method or the like, there may be the case where a
common first conductivity type drift layer 1s formed 1n the




US 2013/0313564 Al

FET and the SBD 1n a certain production method. In such a
case, “dnit” 1s added to both the first conductivity type layers.

[0012] The first conductivity type layer of the SBD and the
first conductivity type drift layer of the FE'T may be formed at
the same film formation timing or may be formed separately.
As described below, even in the case where they are formed at
the same film formation timing, an object that prevents or

obstructs passing of current may be disposed between the
FET and the SBD.

[0013] The semiconductor device may include a second
conductivity type layer and a first conductivity type cap layer
formed on the first conductivity type drift layer in the first
region and each having an opening formed therein, wherein a
cylindrical channel-forming portion of the FET 1s located so
as to contact an 1nside surface of the opening, a gate electrode
1s located so that the gate electrode and an 1inside surface of the
second conductivity type layer 1n the opening sandwich the
channel-forming portion, and the second conductivity type
layer extends from the first region to the second region and
contacts a Schottky electrode of the SBD. With this extending
second conductivity type layer, a guard ring for the Schottky
clectrode of the SBD can be formed, which can improve the
withstand voltage characteristics of the SBD. The second
conductivity type layer 1s not necessarily in ohmic contact
with the Schottky electrode of the SBD, but ochmic contact
turther 1improves the withstand voltage characteristics. The
channel-forming portion 1s a regrown layer in the case of a
HEMT structure, there are the case (HEMT structure) where
the channel-forming portion 1tself includes a channel and the
case (MOS structure) where the channel-forming portion
itsell does not include a channel and 1s an insulating film for
forming a channel of an iversion layer in the second conduc-
tivity type layer.

[0014] The channel portion may be a regrown layer that
includes a first GaN-based semiconductor layer through
which carriers transit and a second GalN-based semiconduc-
tor layer having a band gap larger than that of the first GaN-
based semiconductor layer. Thus, the channel portion can be
constituted by a two-dimensional electron gas with high
mobility and the on-resistance can be decreased.

[0015] The dnit layer of the FET 1s formed by causing the
first conductivity type layer in the second region to extend to
the first region, and (d1) a continuous body can be formed
without disposing an obstacle to current between the first
region and the second region of the first conductivity type
layer, (d2) an 1-type GaN-based layer can be interposed ther-
cbetween, (d3) an insulating layer can be interposed therebe-
tween, or (d4) a groove can be formed therebetween. Thus,
the FET and the SBD can be electrically separated from each
other at any level 1n order to satisty various required levels of
reliability, resistance to surge, and the like.

[0016] A FET region including two or more FET's grouped
together and an SBD region including two or more SBDs
grouped together are arranged on a GaN substrate, the FET
region and the SBD region having a boundary therebetween.
The FETs can be connected to a corresponding SBD or cor-
responding SBDs in parallel 1n an individual or grouped
manner. Herein, the SBD connected in parallel with the FETs
that belong to the same group belongs to the same group.
Consequently, a simple wiring configuration can be achieved
while dealing with a large current. For example, 1n a device
including a plurality of FET's 1n order to treat a large current,
by arranging the group including a plurality of FETs and one
or a plurality of SBDs in a direction perpendicular to the
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direction of the boundary (the upper electrodes (anode elec-
trode and source electrode) of the SBD and the FET disposed
with the boundary therebetween are electrically connected to
cach other), the current path for the large current can be easily
made by film formation and thus the production process can
be simplified.

[0017] Two or more FET regions including two or more
FETs grouped together and one or more SBD regions includ-
ing two or more SBDs grouped together are arranged on a
(GaN substrate so that one out of the two or more FET regions
and the one or more SBD regions 1s interposed between the
others. The FETs can be connected to a corresponding SBD or
corresponding SBDs 1n parallel in an individual or grouped
manner. Since the grouping of the FETs and SBDs 1s easily
performed, a plurality of the same groups to be connected to
cach other 1n parallel can be easily selected. Furthermore, 1n
the same group, the sorting into the in-phase subgroup in
which On/OfI operation 1s conducted in phase can be easily
performed. Therefore, the sorting of a current path and a
signal line for a large current that requires On/O1f operation
performed on a plurality of FETs 1n phase can be achieved
with a simple structure. Since the FET regions and the SBD
region are located so as to be adjacent to each other, heat
generated at the FE'T regions and the SBD region 1s easily
conducted to the adjacent region. Therefore, despite the fact
that a large current can be passed with a simple structure, the
temperature 1s not locally increased, whereby the thermal
resistance can be improved.

[0018] Two or more FETs and one or more SBDs are
arranged on a GalN substrate. The SBDs are each located 1n at
least one of positions adjacent to a FE'T. The FETs can be
connected to a corresponding SBD or corresponding SBDs 1n
parallel 1n an individual or grouped manner. Thus, heat gen-
erated by a large current that tlows through the FE'Ts can be
dissipated. There1s also an advantage in that heat generated 1n
the SBDs by surge voltage or the like 1s dissipated.

[0019] The semiconductor device may include an inter-
layer mnsulating film that covers gate electrodes 1n the plural-
ity of FE'Ts, wherein upper electrodes, of the FETSs, that are
not covered with the interlayer insulating film and a Schottky
clectrode of the SBD corresponding to the FET's are electr-
cally connected to each other in an individual or grouped
manner through a common wiring layer. Thus, the current
path for a large current 1s simplified while being 1nsulated
from the signal line connected to the gate electrodes with
certainty, and can be easily formed in a simple production
Process.

[0020] The semiconductor device may include a second
conductivity type layer and a first conductivity type cap layer
cach having an opening that extends in a ridge shape and
formed on the first conductivity type drift layer in the FET,
wherein a channel-forming portion of the FET extends while
contacting an 1nside surface of the opening that extends 1n a
ridge shape, a gate electrode extends so that the gate electrode
and an 1nside surtace of the second conductivity type layer in
the ridge-shaped openming sandwich the channel-forming por-
tion, two source electrodes extend so as to sandwich the
extending gate electrode when viewed 1n plan, a Schottky
clectrode of the SBD extends in a direction in which the two
source electrodes extend, and the second conductivity type
layer contacts the Schottky electrode of the SBD. Thus, the
upper electrodes (source electrodes) and the gate electrodes
of the FE'T can be formed, for example, 1n a comb shape. The
Schottky electrode 1s arranged so as to be electrically con-
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nected to the upper electrodes of the FE'T. For example, 1n the
case where the FE'T and the SBD are formed between two
base electrodes facing each other when viewed in plan, there
can be employed a structure 1n which two upper electrodes
(source electrodes) of the FET and a Schottky electrode of the
SDB disposed beside the FET are caused to extend from one
of the base electrodes and one or two gate electrodes of the
FET are caused to extend from the other of the base electrodes
so as to be inserted between the upper electrodes. By densely
arranging the gate electrodes and the upper electrodes of the
FET, a large current can be passed 1n the thickness direction
while large current density 1s maintained. Furthermore, since
the second conductivity type layer of the FET extends so as to
be 1n contact with the Schottky electrode of the SBD, the
second conductivity type layer can produce an effect similar
to a guard ring etfect.

[0021] A semiconductor device 1s an inverter including a
first chip and a second chip different from the first chip and
configured to convert direct-current power and three-phase
current power into each other, wherein the first chip and the
second chip each include at least one FET and at least one
SBD corresponding to a first phase (U phase), the at least one
FET and the at least one SBD being the FET and the SBD 1n
one of the semiconductor devices described above; at least
one FET and at least one SBD corresponding to a second
phase (V phase), the at least one FET and the at least one SBD
being the FET and the SBD in one of the semiconductor
devices described above; and at least one FET and at least one
SBD corresponding to a third phase (W phase), the at least
one FET and the at least one SBD being the FET and the SBD
in one of the semiconductor devices described above, and a
backside electrode of the first chip and an upper electrode of
the second chip are connected to each other through a wiring,
line 1n each of the first phase (U phase) to the third phase (W
phase). Thus, the three-phase AC-DC 1nverter having good
withstand voltage characteristics and low on-resistance can
be simplified and the entire structure of the device can be
reduced in size.

[0022] A method for producing a semiconductor device of
the present invention includes a step of preparing a GaN
substrate; a step of forming an epitaxial layered body of first
conductivity type GalN-based drift layer/second conductivity
type GalN-based layer/first conductivity type GaN-based cap
layer on the GaN substrate; a step of etching the epitaxial
layered body on the GaN substrate 1n a first region to form a
FET opening that reaches the first conductivity type GalN-
based drift layer; a step of forming a channel-forming layer on
an 1nside surface of the opening; and a step of etching the
channel-forming layer and the epitaxial layered body 1n a
second region by masking the first region with a resist film to
form an SBD opeming that reaches the first conductivity type
(GaN-based drift layer, wherein an electrode that 1s in Schot-
tky contact with the first conductivity type GaN-based drit
layer in the SBD opening 1s formed.

[0023] By the above-described method, a FET with a pro-
tection circuit can be formed on the GaN substrate. The on-
resistance ol a GaN-based semiconductor layer can be sig-
nificantly reduced because a heterointerface can be easily
formed by stacking GalN-based semiconductors having dii-
terent band gaps (there are many GaN-based semiconductors
that have different band gaps and are epitaxially grown) and
the channel 1s easily formed using a HEMT structure. In
addition, the GaN-based semiconductor has good withstand
voltage characteristics. As a result, a switching element hav-
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ing good withstand voltage characteristics and on-resistance
can be formed 1n a simple structure with a small si1ze. Since
this FET 1s a vertical element through which a current tlows in
the thickness direction of the epitaxial layered body, a large
current can be passed.

[0024] Another method for producing a semiconductor
device of the present invention includes a step of preparing a
GaN substrate; a step of forming an epitaxial layered body of
first conductivity type GalN-based drift layer/second conduc-
tivity type GalN-based layer/first conductivity type GaN-
based cap layer on the GalN substrate; a step of etching the
epitaxial layered body 1n a first region and a second region of
the GaN substrate to form a FET opening 1n the first region,
the FET opening reaching the first conductivity type GalN-
based drift layer, and an SBD opening 1n the second region,
the SBD opeming reaching the first conductivity type GaN-
based driit layer; a step of forming an msulating film so that
the insulating {ilm covers the FET opening, the SBD opening,
and an unetched portion of the epitaxial layered body; and, 1n
the FE'T opening, a step ol forming a gate electrode so that the
gate electrode and an 1nside surface of the second conductiv-
ity type GaN-based layer 1n the opening sandwich the 1nsu-
lating film, wherein an electrode that 1s 1in Schottky contact
with the first conductivity type GalN-based driit layer 1s
formed 1n the SBD opening by making a hole that penetrates
through the msulating film.

[0025] Thus, a metal-msulator-semiconductor field effect
transistor (MISFET) with a protection circuit can be formed
on the common GaN substrate 1n a simple structure with a
small size. Since this FET 1s a vertical element through which
a current flows 1n the thickness direction of the epitaxial
layered body, a large current can be passed. A GaN-based
semiconductor layer has good withstand voltage characteris-
tics and low on-resistance. Furthermore, 1n the above-de-
scribed method, the FET and the SBD can be efficiently

formed using the gate insulating film of a MIS as a mask.

Advantageous Effects of Invention

[0026] According to the present imnvention, there can be
provided a semiconductor device that includes an SBD
bypass protection unit against surge voltage or the like,
achieves good withstand voltage characteristics and low on-
resistance (low On-state voltage), has a simple structure, and
1s used for large-current purpose and a method for producing
the semiconductor device.

BRIEF DESCRIPTION OF DRAWINGS

[0027] FIG. 1 shows a semiconductor device according to a
first embodiment of the present invention. FIGS. 1(a) to 1{¢)
are a sectional view, a plan view, and a circuit diagram,
respectively.

[0028] FIG. 2 1s a diagram for describing a channel-form-

ing layer of a FE'T of the semiconductor device shown in FIG.
1

[0029] FIG. 3 1s a diagram for describing an SBD of the

semiconductor device shown 1n FIG. 1. FIG. 3(a) 1s a plan
view and FIG. 3(b) 1s a sectional view taken along line I11B-

111B.

[0030] FIG. 4 1s a diagram for describing a production
process ol the semiconductor device shown in FIG. 1. FIG.

4(a) shows the state 1n which an epitaxial layered body has
been formed, FIG. 4(b) shows the state in which a FET
opening has been formed, FI1G. 4(¢) shows the state 1n which
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a channel-forming layer (HEMT structure) has been formed,
FIG. 4(d) shows the state 1n which an SBD opening has been
tormed, and F1G. 4(e) shows the state 1n which a resist pattern
has been formed before a source electrode 1s formed.

[0031] FIG.51sadiagram showing a semiconductor device
according to a second embodiment of the present invention.
[0032] FIG. 61sadiagram showing a semiconductor device
according to a modification 1 of the second embodiment of
the present invention.

[0033] FIG.71sadiagram showing a semiconductor device
according to a modification 2 of the second embodiment of
the present invention.

[0034] FIG. 81s adiagram showing a semiconductor device
according to a modification 3 of the second embodiment of
the present invention.

[0035] FIG.91s a diagram showing a channel portion of a
FET 1n a semiconductor device according to a third embodi-
ment of the present invention.

[0036] FIG. 10 shows a method for producing the semicon-
ductor device according to the third embodiment of the
present invention. FIG. 10(a) shows the state in which a FET
opening and an SBD openming have been formed and FIG.
10(b) shows the state 1n which a surface has been covered
with a gate insulating film.

[0037] FIG. 11 1s a plan view of a semiconductor device
according to a fourth embodiment of the present invention.
[0038] FIG.121sasectional view showing the wiring 1n the
semiconductor device shown in FI1G. 11.

[0039] FIG. 13 15 a plan view of a semiconductor device
according to a fifth embodiment of the present invention.
[0040] FIG. 14 1s a plan view of a semiconductor device
according to a sixth embodiment of the present invention.
[0041] FIG. 15 1s a plan view of a semiconductor device
according to a modification 1 of the sixth embodiment of the
present invention.

[0042] FIG. 16 1s a plan view of a semiconductor device
according to a modification 2 of the sixth embodiment of the
present invention.

[0043] FIG. 17 1s a plan view of a semiconductor device
according to a modification 3 of the sixth embodiment of the
present invention.

[0044] FIG. 18 1s a plan view of a semiconductor device
according to a modification 4 of the sixth embodiment of the
present invention.

[0045] FIG. 19 15 a plan view of a semiconductor device
according to a seventh embodiment of the present invention.
[0046] FIG. 20 15 a plan view of a semiconductor device
according to a modification of the seventh embodiment of the
present invention.

[0047] FIG. 21(a) 1s a plan view of a three-phase AC-DC

inverter that 1s a semiconductor device according to an eighth
embodiment of the present invention, and FIG. 21(5) 1s a
circuit diagram.

DESCRIPTION OF EMBODIMENTS

First Embodiment

[0048] FIG. 1(a) 1s a diagram showing a semiconductor
device 10 according to a first embodiment of the present
invention. FIG. 1(b) 1s a plan view of the semiconductor
device shown 1n FIG. 1(a). The semiconductor device 10 1s
formed of a substrate and a GaN layer that 1s formed on the
substrate through ohmic contact, and includes a FE'T consti-
tuting a switching element and an SBD that serves as a pro-
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tective element of the FET. The carrier density of an n™-type
GaN substrate 1 is, for example, about 3x10'® cm™. The FET
1s formed 1n a first region R1 and the SBD 1s formed 1n a
second region R2. An epitaxial layered body of n™-type GaN
drift layer 2/p-type AlGaN layer 3/n™-type GaN cap layer 4 is
formed on the n™-type GaN substrate 1 in that order. The
p-type AlGaNN layer 3 increases the back potential of a chan-
nel to achieve the normally-oif operation of the FET. In the
first region R1 where the FET 1s formed, an opening that
reaches the n™-type GaNlN drift layer 2 from the upper surtace
of the epitaxial layered body 2, 3, and 4 1s formed, and a
channel-forming layer 5 1s formed on the inside surface of the
opening. For the sake of convenience of the production pro-
cess, the channel-forming layer 5 1s formed up to the second
region R2 where the SBD 1s formed, but this has no particular
meaning. The channel-forming layer 5 of the FET 1s com-
posed of a GaN-based semiconductor layer that 1s epitaxially
grown on the inside surface of the opening and another GalN-
based semiconductor layer having a band gap larger than that
of the GaN-based semiconductor layer. In the channel-form-
ing layer 5, a two-dimensional electron gas 1s generated by a
signal voltage applied to a gate electrode G. A source elec-
trode S of the FET 1s formed on the entire surface, but some
portions (a gate region G of the FET and an anode region A of
the SBD) of the source electrode A are removed by forming an
opening.

[0049] In the On state, electrons that are carriers flow
through the path of source electrode S—n"-type GaN cap
layer 4—=channel-forming layer 5 (two-dimensional electron
gas layer)—n"-type GaN drift layer 2—n"-type GaN sub-
strate 1—drain electrode D, which 1s a backside electrode.
This electron-tlowing path extends in the thickness direction
of the epitaxial layered body or the like, which constitutes a
vertical element.

[0050] An eclectrode of the SBD that achieves Schottky
contact 1s an anode A, and electrons tlow through the path of
anode A—n"-type GaN drift layer 2—n"-type GaN substrate
1—cathode C, which 1s a backside electrode. This SBD has a
feature 1n that the p-type AlGaN layer 3 of the FET extends
from the first region R1 to the second region R2 and contacts
the anode A so as to surround the anode A. The contact
between the p-type AlGaN layer 3 and the anode A 1s prefer-
ably an ohmic contact to further improve withstand voltage
characteristics, but 1s not necessarily an ohmic contact. The
anode A of the SBD and the source electrode S of the FET are
clectrically connected to each other through a wiring layer
K1. The cathode C, which 1s a backside electrode, and the
drain D are formed 1n an integrated manner by forming a
conductive layer at the same film formation timing. Obvi-
ously, they are electrically connected to each other.

[0051] FIG. 1(c) 1s a circuit diagram of the semiconductor
device shown 1n FIG. 1. The FET constituting a switching
clement 1s connected to the SBD 1n parallel in terms of an
clectric circuit. For example, regardless of the presence or
absence of an On-signal to the gate electrode of the FET,
when a surge voltage or the like 1s applied to the source
clectrode S or the drain electrode, the SBD 1s brought into 1ts
On state to allow current to flow and functions as a bypass
protection unit that prevents the application of a surge voltage
to the FET for a certain period of time. In a Schottky electrode
that 1s composed of Ni/Au and 1s in Schottky contact with
(GaN, a current can be caused to rise by applying a forward
voltage of about 1 V. In contrast, such a voltage in the case of
a GaN pn diode having a pn junction 1s about 3 V. Thus, a
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Schottky diode can bypass a surge current at an earlier timing
ol surge voltage rise than a pn diode.

[0052] FIG. 2 1s a diagram for describing the channel-
forming layer 5 of the FET. The channel-forming layer 5
includes an electron conduction layer 56 formed of an
undoped GaN layer or an undoped InGaN layer and an AlGaN
layer Sa that supplies electrons and has a band gap larger than
that of the electron conduction layer 5. Although not shown
in FI1G. 2, an intermediate layer composed of an insulator such
as AIN may be disposed between the electron conduction
layer 556 and the electron supply layer 5a. The electron con-
duction layer 35, the electron supply layer 5a, and the like are
layers continuously formed through regrowth 1n the same
growth chamber. By applying a signal voltage to the gate
clectrode G, a two-dimensional electron gas layer 1s formed at
an interface between the electron conduction layer 56 and the
clectron supply layer 5a and thus the channel 1s brought into
its On state. As long as the channel-forming layer 3 is not
brought into 1ts On state, electrons do not move from the
n*-type GaN cap layer 4 to the n -type GaN drift layer 2
because of the presence of the p-type AlGaN barrier layer 3,
thereby achieving normally-oif operation. As shown 1n FIGS.
3(a) and 3(b), the p-type AlGaNN barrier layer 3 1s 1n contact
with the periphery of the Schottky electrode (anode elec-
trode) A of the SBD and functions as a guard ring for the
anode electrode A. The anode electrode A 1s formed so as to
extend onto the p-type AlGaN barrier layer 3 1in the periphery
of the opening. With this guard ring, the withstand voltage
characteristics of the anode electrode A of the SBD can be
improved. The AlGaN layer 5a that supplies electrons may be
doped with an n-type impurity. The doping with an n-type
impurity can further decrease the on-resistance. S1 may be
doped as the n-type impurity in an amount of about 1x10'®
cm™.

[0053] In the semiconductor device shown m FIG. 1, the
(GaN substrate has an n conductivity type, and backside elec-
trodes such as the drain electrode D of the FET or the cathode
clectrode C of the SBD can be directly formed on the back of
the GaN substrate through ohmic contact in a shared manner.
Furthermore, since a GaN-based drift layer or the like 1s
directly formed on the GaN substrate 1, there 1s no need to use
a butler layer or the like. By simplifying the structure of the

epitaxial layered body without using a buffer layer, the pro-
duction process 1s simplified and thus the production time can
be shortened and the production yield can be improved.

[0054] By combining the above-described advantage with
the advantages of the mounting of the FE'T and the SBD onto
the same GaN substrate, the direct formation of a backside
electrode, and the formation of a backside electrode 1n a
shared manner, the entire structure can be simplified and a
reduction 1n size can be achieved. Since a GaN-based semi-
conductor layer formed on a GaN substrate 1s a vertical ele-
ment and has good withstand voltage characteristics and low
on-resistance, a large current can be passed. In this embodi-
ment, the channel has a HEMT structure. Among wide gap
semiconductors, GalN has many crystals that are epitaxially
grown and have different band gaps compared with S1C or the
like. Therefore, the channel-forming layer 5 such as a two-
dimensional electron gas layer can be easily formed. In the
FET shown 1n FIG. 1, this channel-forming layer 5 having a
HEMT structure can provide significantly low on-resistance.
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[0055] With the extending p-type AlGaN layer 3, a guard
ring for the Schottky electrode A of the SBD can be formed,

which can improve the withstand voltage characteristics of
the SBD.

[0056] A method for producing the semiconductor device
10 shown 1n FIG. 1 will now be described. First, as shown 1n
FIG. 4(a), an epitaxial layered body of n -type GaN driit
layer 2/p-type AlGaN layer 3/n™-type GaN cap layer 4 is
formed on an n™-type GaN substrate 1. The film formation 1s
preferably performed by metal organic vapor phase epitaxy
(MOVPE) at a growth temperature of about 1050° C., butmay
be performed by molecular beam epitaxy (MBE). The thick-
ness and carrier density are exemplified below. The n™-type
GaN drift layer 2 has a thickness of 5 um and a carrier density
of1.0x10'° cm™>, the p-type AlGaN layer 3 has a thickness of
0.5 um and a carrier density of 5.0x10'°cm™, and the n*-type
GaN cap layer 4 has a thickness o1 0.3 um and a carrier density
0f 5.0x10"” cm™. In the case where the function of the p-type
AlGaN layer 3 as a guard ring in the SBD 1s regarded as
important, the carrier density may be increased to 1x10"’
cm™ to 1x10" ¢cm™ from 5.0x10'° cm™.

[0057] Next, as shown in FIG. 4(b), an opening H1 will be
formed 1n a first region by etching. A resist pattern having an
opening that corresponds to an opening H1 1s formed. The
opening H1 1s then formed 1n the epitaxial layered body 2, 3,
and 4 by reactive 1on etching (RIE) using a chlorine-based
gas. Consequently, since a crystal face 1s exposed at the inside
surface (wall surface) of the opening H1, the epitaxial growth
of a channel-forming layer 5 can be performed. The 1nside
surface of the opening H1 has an inclination angle of about
20° relative to the surface of the GaN substrate. This inclina-
tion angle can be adjusted by changing the types of gases used
in RIE or the flow ratio between gaseous components con-
tained 1 a mixed gas.

[0058] Next, as shown in FIG. 4(c¢), the channel-forming
layer 5 constituted by electron conduction layer 5b/¢electron
supply layer Sa will be regrown. First, an 1-type GaNN layer of
the electron conduction layer 556 1s preferably formed by
metal-organic chemical vapor deposition (MOCVD) at a
growth temperature of about 1020° C. so as to have a thick-
ness of about 50 nm. The AlGaN electron supply layer 5a 1s
then preferably grown so as to have a thickness of about 30
nm. An AIN mtermediate layer may be formed between the
1-type GaN layer 36 and the AlGaN layer 5aq at a growth
temperature of about 1080° C. so as to have a thickness of
about 2 nm.

[0059] To ensure a certain film formation rate, this regrown
layer 1s preferably formed at a high VIII ratio and at a tem-
perature lower than the growth temperature at which the
epitaxial layered body has been formed. The above-described
film formation may be performed by MBE instead of
MOVPE. Subsequently, as shown in FI1G. 4(d), an opening H2
of the SBD i1s formed using a resist mask pattern 1n the same
process as that of the opening H1 of the FET. A resist pattern
having an opening at a position corresponding to a source
clectrode S 1s then formed as shown 1n FIG. 4(e), and a source
clectrode 1s formed of T1/Al. Instead of T1/Al, any alloy can be
used as long as the alloy 1s brought into ohmic contact with
the n™-type GaN cap layer 4. After that, a wiring layer K1 on
the upper surface 1s formed and backside electrodes D and C
are formed of T/ Al/'Ti/Al. Herein, alloying heat treatment 1s
preferably performed. A resist pattern having an opening at a
position corresponding to a gate electrode G 1s then formed,
and a gate electrode G composed of N1/Au 1s formed on the
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clectron supply layer 3a of the channel-forming layer 5. The
gate electrode may be formed of Pt/Au, Pd/ Au, Mo/ Au, or the
like, 1nstead of Ni1/Au.

[0060] A resist pattern having an opening at a position
corresponding to an anode electrode A 1s then formed, and a
Schottky electrode A 1s formed of Ni/Au. In some cases, the
gate of the FET may be shared. Thus, the semiconductor
device shown 1n FIG. 1 can be obtained.

Second Embodiment

[0061] FIG.51sadiagram showing a semiconductor device
10 according to a second embodiment of the present inven-
tion. This embodiment 1s the same as the first embodiment in
that a FET constituting a switching element and an SBD that
serves as a protective element of the FET are disposed on an
n*-type GaN substrate 1. However, a p-type AlGaN layer 3 of
the FE'T does not extend to the SBD and functions as a barrier
layer of only the FET. Therefore, a layer that serves as a guard
ring for the Schottky electrode A of the SBD 1s not formed,
and a protective layer 23 covers the periphery of the Schottky
clectrode and the periphery of the source electrode S of the
FET.

[0062] Inthe semiconductor device 10 shown 1n FIG. 5, the
p-type AlGaN layer 3 of the FE'T does not extend to the region
of the SBD. Thus, there are two production methods below.
Both of the production methods can be performed using typi-
cal means.

(s1): A production method 1n which an epitaxial layered body
of n™-type GalN drift layer 2/p- type AlGaN layer 3/n” -type
GaN cap layer 4 1s formed on an n™-type GaN substrate 1 in
that order, and then a portion of the SBD 1s removed by RIE
until the n™-type GaN driit layer 2 1s exposed

(s2): A production method 1n which an n™-type GaN drift
layer 2 1s formed on the entire n™-type GaN substrate 1, and
then p-type AlGaN layer 3/n™-type GaN cap layer 4 1s selec-
tively grown only 1n a portion of the FET.

[0063] In the production method (s2), an insulating mask
pattern for selective growth 1s used. In the semiconductor
device 10 shown 1n FIG. 5, the n™-type GaN drift layer 2 1s
continuously formed 1n the regions of the FE'T and the SBD 1n
a shared manner. However, the n™-type GaN drift layer 2 may
be separately formed in the regions of the FE'T and the SBD
(refer to FIG. 8).

[0064] Inthe structure shown 1in FIG. 5, the same advantage
can be achieved 1n terms of the function of the SBD that
protects the FET, which 1s a switching element, from surge
voltage or the like. That 1s, except that a guard ring for the
Schottky electrode A of the SBD 1s not provided, other advan-
tages are the same as those of the semiconductor device of the
first embodiment. In other words, a vertical FET and a vertical
SBD are arranged in parallel on the same GaN substrate 1, and
the SBD functions as a protective element of the FET against
surge voltage or the like. The GaN substrate 1 has an n™
conductivity type, and backside electrodes such as the drain
clectrode D of the FET and the cathode electrode C of the
SBD are directly formed on the back of the GalN substrate 1
through ohmic contact 1n a shared manner. Furthermore,
since an n~-type GalN drift layer 2 1s directly formed on the
(GaN substrate, there 1s no need to use a buifer layer or the like.
By simplifying the structure of the epitaxial layered body
without using a butfer layer, the production process 1s sim-
plified and thus the production time can be shortened and the
production yield can be improved. By combining the above-
described advantage with the advantages of the mounting of
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the FET and the SBD onto the same GalN substrate 1 and the
like, the entire structure can be simplified and a reduction 1n
s1ze can be achieved. Since the n™-type GalN layer 2, the
p-type AlGaN layer 3, or the like formed on the GalN substrate
1 1s a vertical element and has good withstand voltage char-
acteristics and low on-resistance, a large current can be
passed. Moreover, significantly low on-resistance can be
achieved because of the two-dimensional electron gas layer
formed 1n the channel-forming layer 5.

Modification 1 of Second Embodiment

[0065] FIG. 6 shows a modification 1 of the semiconductor
device shown in FIG. 5, the modification 1 being one of the
embodiments of the present mvention. The semiconductor
device 10 shown in FIG. 6 has the same basic structure as that
of the semiconductor device shown 1n FIG. 5 and includes a
FET that performs switching 1n accordance with the presence
or absence of two-dimensional electron gas formation and an
SBD that functions as a protective element of the FET. The
difference between the semiconductor devices of FIGS. 5 and
6 is that, 1n the n—-type GaN dnift layer 2 shared by the FET
and the SBD, an 1GaN region 13 1s formed at the boundary
between the FE'T and the SBD. The 1GaN region 13 separates
a drift layer of the FET and a dnit layer of the SBD. This
separation can increase the resistance to a surge and suppress

the occurrence of a breakdown.

[0066] Other advantages are the same as those of the semi-
conductor device of the second embodiment (FI1G. 5). In other
words, a vertical FE'T and a vertical SBD are arranged in
parallel on the same GaN substrate 1, and the SBD functions
as a protective element of the FE'T against surge voltage or the
like. The GaN substrate 1 has an n* conductivity type, and
backside electrodes such as the drain electrode D of the FET
and the cathode electrode C of the SBD are directly formed on
the back of the GaNN substrate 1 through ochmic contact 1n a
shared manner. Furthermore, since an n™-type GaN drift layer
2 1s directly formed on the GalN substrate, there 1s no need to
use a buifer layer or the like. By simplitying the structure of
the epitaxial layered body without using a bufler layer, the
production process 1s simplified and thus the production time
can be shortened and the production yield can be improved.
By combining the above-described advantage with the advan-
tages of the mounting of the FET and the SBD onto the same
(GaN substrate 1 and the like, the entire structure can be
simplified and a reduction 1n size can be achieved. Since the
n~ GaNlN layer 2, the p-type AlGaN layer 3, or the like formed
on the GaNlN substrate 1 1s a vertical element and has good
withstand voltage characteristics and low on-resistance, a
large current can be passed. Moreover, significantly low on-
resistance can be achieved because of the two-dimensional
clectron gas layer formed 1n the channel-forming layer 5.

LlJ

Modification 2 of Second Embodiment

[0067] FIG. 7 shows a modification 2 of the semiconductor
device shown in FIG. 5, the modification 2 being one of the
embodiments of the present mvention. The semiconductor
device 10 shown in FIG. 7 has the same basic structure as that
ol the semiconductor device shown in FIG. 5 and includes a
FET that performs switching 1in accordance with the presence
or absence of two-dimensional electron gas formation and an
SBD that functions as a protective element of the FET. The
difference between the semiconductor devices of FIGS. 5 and

7 1s that, 1n the n—type GaNlN drift layer 2 shared by the FET

(L]
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and the SBD, a groove 14 1s formed at the boundary between
the FE'T and the SBD. The groove 14 separates a drift layer of
the FE'T and a driit layer of the SBD.

[0068] Other advantages are the same as those of the semi-
conductor device of the modification 1 of the second embodi-
ment (FIG. 6), whereby the description 1s omitted.

Modification 3 of Second Embodiment

[0069] FIG. 8 shows a modification 3 of the semiconductor
device shown 1n FIG. 5, the modification 3 being one of the
embodiments of the present invention. The modification 3 can
be regarded as a modification of the modification 2 1n that the
groove 14 of the semiconductor device of the modification 2
shown 1n FIG. 7 1s formed and an insulating mask 15 for
selective growth 1s left at the bottom of the groove 14. The
semiconductor device of the modification 3 (FIG. 8) can be

produced by amethod (s3) obtained by slightly moditying the
method (s2).

[0070] The semiconductor device of the modification 3 has
the same basic structure as that of the semiconductor device
shown 1n FIG. 5 and includes a FET that performs switching
in accordance with the presence or absence of two-dimen-
sional electron gas formation and an SBD that functions as a
protective element of the FET. The difference between the

semiconductor devices of FIGS. 5 and 8 1s that, in the n—-type
GaN drift layer 2 shared by the FET and the SBD, a groove 14

1s formed at the boundary between the FET and the SBD and
an msulating film 15 1s formed at the bottom of the groove 14.
The groove 14 and the insulating film 135 separate a drift layer
of the FET and a drift layer of the SBD. Other advantages are
the same as those of the semiconductor device of the modifi-

cation 1 of the second embodiment (FIG. 6), whereby the
description 1s omitted.

Third Embodiment

[0071] FIG. 9 1s a diagram showing a channel portion of a
FET 1n a semiconductor device according to a third embodi-
ment of the present invention. The SBD has the same structure
as that of the semiconductor device shown 1n FIG. 1. This
embodiment has a feature 1n that the channel of the FET has
a MOS structure. That 1s, a gate insulating {ilm 7 1s formed on
the 1nside surface of the opening of epitaxial layered bodies of
n~-type GaN drift layer 2/p-type AlGaN layer 3/n"-type GaN
cap layer 4 and 1-GaN electron conduction layer 55/1-AlGaN
clectron supply layer 3a, and a gate electrode G 1s located on
the gate insulating {ilm 7. A source electrode S 1s formed so as
to be in contact with the p~ AlGaN layer, but may be in contact
with the n*GaN layer. The channel is an inversion layer that is
formed 1n the p-type AlGalN layer by applying a positive
potential to the gate electrode G.

[0072] The semiconductor device of this embodiment 1s the
same as that of the first embodiment, except that the structure
of achannel 1n the FET 1s changed to a MIS structure from the
HEMT structure constituted by the two-dimensional electron
gas layer in the first embodiment. A vertical FET and a ver-
tical SBD are arranged 1n parallel on the same GaN substrate
1, and the SBD functions as a protective element of the FET

against surge voltage or the like. Backside electrodes such as
the drain electrode D of the FET and the cathode electrode C

of the SBD are directly formed on the back of the GaN

substrate 1 through ohmic contact 1n a shared manner. Since
an n~-type GaN drift layer 2 1s directly formed on the GaN
substrate, there 1s no need to use a butler layer or the like.
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Theretore, the production process 1s simplified and thus the
production time can be shortened and the production yield
can be improved. By combining the above-described advan-
tage with the advantage of the mounting of the FE'T and the
SBD onto the same GaN substrate 1, the entire structure can
be simplified and a reduction 1n size can be achieved. Since
the n-GalN layer 2, the p-type AlGaN layer 3, or the like
formed on the GaNN substrate 1 1s a vertical element and has
good withstand voltage characteristics and low on-resistance,
a large current can be passed.

[0073] The production method 1n the case where a channel
portion having a MIS structure 1s formed 1s different from that
shown 1n FIG. 4 1n the following point. That 1s, an epitaxial
layered body of n™ -type GaN dniit layer 2/p-type AlGaNN layer
3/n*-type GaN cap layer 4 1s formed on an n™-type GaN
substrate 1 in that order. As shown in FIG. 10(a), a FET
opening H1 and an SBD opening H2 are then formed at
positions corresponding to the FET and the SBD, respec-
tively. Subsequently, as shown 1 FIG. 10(d), regrown layers
are formed in the FET opening H1 1n the order of an 1-GaN
clectron conduction layer 56 and an 1-AlGaN electron supply
layer Sa. The entire surface 1s then covered with a gate 1nsu-
lating film 7. After that, a FET 1s formed by a typical method
and then an SBD 1s formed.

Fourth Embodiment

[0074] FIG. 11 1s a plan view of a semiconductor device
according to a fourth embodiment of the present invention. In
this embodiment, two or more FETs and one or more SBDs
are arranged on a GaN substrate. The SBDs are each located
in at least one of positions adjacent to a FET. The FETs are
connected to a corresponding SBD or corresponding SBDs 1n
parallel in an individual or grouped manner. Herein, the FETs
in the same group are connected to each other 1n parallel.
Thus, the SBDs connected 1n parallel to the FETs 1n the same
group are all connected to each other in parallel. However, all
of the FE'Ts/SBDs formed on the same GaN substrate are not
necessarily connected to each other in parallel.

[0075] FIG. 12 1s a diagram showing an electric wiring
configuration for one FE'T and one SBD that are adjacent to
cach other and are connected to each other 1n parallel (belong
to the same group). In the FET and the SBD that belong to the
same group, after the gate electrode G 1n the FET 1s coated
with an interlayer isulating film 31, the source electrode S
and the anode electrode (Schottky electrode) A are electr-
cally connected to each other through a wiring line K1 and a
common wiring line K. Similarly, in the same group, the drain
electrode D of the FET and the cathode C of the SBD, which
are backside electrodes, are also electrically connected to
cach other 1n a shared manner. By employing such a wiring
line configuration, a wiring line that has a simple structure,
operates a plurality of FETs, and has a high current-carrying
capacity can be produced in a simple production process. In
this wiring structure, a signal line (not shown) and the gate
clectrode G to which the signal line 1s connected are protected
from a large current with certainty. Therefore, the On/Off
operation of a large current can be performed with certainty
using signal line/gate electrode G while high stability 1s main-
tained.

[0076] AsshowninFIG. 12, the FET has the same structure
as that in the semiconductor device shownin FI1G. 1. The SBD
also has the same structure as that in the semiconductor
device shown in FIG. 1. Regarding the plurality of FETs inthe
same group, a plurality of FETs may be considered to be
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arranged 1n parallel instead of one FET of the semiconductor
device shown 1n FIG. 1. As shown 1n FIG. 12, the source
clectrode S and the like are electrically connected to each
other through the common wiring line K while the gate elec-
trode G 1s coated with the interlayer insulating film 31. In the
parallel arrangement 1n this case, the FET and the SBD are not
necessarily arranged so as to be spatially adjacent to each
other and may be connected to each other in parallel through
the common wiring line K. The same applies to the SBD
arranged 1n parallel with a single FET or a plurality of FETs
in the same group.

[0077] The GaN substrate that has been described so far 1s
a ¢ face ({0001} face) substrate. In FIG. 11, the outlines of the
FETs and the SBDs are expressed in a hexagonal shape using
an m face ({1-100} face), but the outlines thereof in an actual
semiconductor device may be a quadrlateral shape instead of
the hexagonal shape. By employing a hexagonal shape or a
quadrilateral shape, the FETs and the SBDs can be densely
arranged 1n a plane without a gap.

[0078] In the semiconductor device of this embodiment,
since the FET's and the SBDs are located so as to be adjacent
to each other, heat generated at the FETs and the SBDs 1s
casily conducted to the adjacent region. Theretfore, the tem-
perature 1s not locally increased, whereby the thermal resis-
tance can be improved.

[0079] On the same GaN substrate 1, the SBDs function as
protective elements of the FETs against surge voltage or the
like. The GalN substrate 1 has an n* conductivity type, and
backside electrodes such as the drain electrode D of the FET
and the cathode electrode C of the SBD are directly formed on
the back of the GaN substrate 1 through ohmic contact. Since
an n~-type GaN drift layer 2 1s directly formed on the GaN
substrate, there 1s no need to use a butler layer or the like.
Theretore, the production process 1s simplified and thus the
production time can be shortened and the production yield
can be improved. The n”GaN layer 2, the p-type AlGaN layer
3, or the like formed on the GaN substrate 1 has good with-
stand voltage characteristics and low on-resistance. By using
a plurality of vertical elements, a large current can be passed
with a small size device. Moreover, significantly low on-
resistance can be achieved because of the two-dimensional
clectron gas layer formed 1n the channel-forming layer 5.
[0080] Since the Schottky electrode A of the SBD 1s sur-
rounded by the p-type AlGaN layer 3 and 1s in contact with the
p-type AlGaN layer 3, the withstand voltage characteristics
can be improved due to the guard ring effect caused by the
p-type AlGaN layer 3.

Fitth Embodiment

[0081] FIG. 13 1s a plan view of a semiconductor device
according to a fifth embodiment of the present invention. In
this embodiment, a FET region including two or more FETs
grouped together and an SBD region including two or more
SBDs grouped together are arranged on a GaN substrate, the
FET region and the SBD region having a boundary therebe-
tween. The FETs are connected to a corresponding SBD or
corresponding SBDs 1n parallel in an individual or grouped
manner. The anode A of the SBD and the source of the FET

are formed 1n a continuous manner unless otherwise speci-
fied.

[0082] Consequently, a simple wiring configuration can be
achieved while dealing with a large current. For example, in a
device including a plurality of FET's 1n order to treat a large
current, by arranging the group including a plurality of FETs
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and one or a plurality of SBDs 1n a direction perpendicular to
the direction of the boundary (the upper electrodes (anode
clectrode and source electrode) of the SBD and the FET
disposed with the boundary therebetween are electrically
connected to each other), the current path for the large current
can be easily made by film formation and thus the production
process can be simplified.

[0083] Other advantages are the same as those in the fourth
embodiment.

Sixth Embodiment
[0084] FIG. 14 15 a plan view of a semiconductor device

according to a sixth embodiment of the present invention. In
this embodiment, two or more FET regions including two or
more FETs grouped together and one or more SBD regions
including two or more SBDs grouped together are arranged
on a GalN substrate so that one out of the two or more FET
regions and the one or more SBD regions 1s interposed
between the others. The FETs are connected to a correspond-
ing SBD or corresponding SBDs 1n parallel 1n an individual or
grouped manner.

[0085] According to the structure shown 1n FIG. 14, since
the grouping of the FETs and SBDs 1s easily performed, a
plurality of the same groups to be connected to each other in
parallel can be easily selected. Furthermore, in the same
group, the sorting into the in-phase subgroup 1n which On/Off
operation 1s conducted i phase can be easily performed.
Therefore, the sorting of a current path and a signal line for a
large current that requires On/Off operation performed on a
plurality of FETs in phase can be achieved with a simple
structure.

[0086] In the semiconductor device of this embodiment,
since the FE'T regions and the SBD regions are located so as
to be adjacent to each other, heat generated at the FET regions
and the SBD regions 1s easily conducted to the adjacent
region. Therefore, despite the fact that a large current can be
passed with a simple structure, the temperature 1s not locally
increased, whereby the thermal resistance can be improved.
Other advantages are the same as those 1n the fourth embodi-
ment.

Modification 1 of Sixth Embodiment

[0087] FIG. 15 shows a modification 1 of a sixth embodi-
ment, which 1s one of the embodiments of the present inven-
tion. The semiconductor device shown 1n FIG. 15 can be
regarded as a modification of the sixth embodiment or a
modification of the fourth embodiment. In this semiconduc-
tor device, FET's are arranged around one SBD. The SBD and
the FET's are different from each other 1n size, and the size of
the SBD 1s larger than that of the FETs.

[0088] According to the above-described structure, ele-
ments can be arranged at the highest density, which 1s suitable
to reduce the area of a chip. Furthermore, since the FET's and
the SBDs are present 1n a mixed manner, heat generated from
On-state elements 1s easily diffused to Ofi-state elements.
Thus, a sudden temperature increase can be suppressed.

Modification 2 of Sixth Embodiment

[0089] FIG. 16 shows amodification 2 of the sixth embodi-
ment, which 1s one of the embodiments of the present inven-
tion. The semiconductor device shown 1n FIG. 16 can also be
regarded as a modification of the sixth embodiment or a
modification of the fourth embodiment. In this semiconduc-
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tor device, FETs are arranged around one large SBD 1n a
radial manner at angles of 60 degrees.

[0090] Intheabove-described structure, the size of a chip is
increased compared with the modification 1 shown 1n FIG.
15. However, since the number of straight portions 1s
increased (there 1s almost no structure 1n which short straight
portions are continuously formed through bending portions),
the production 1s easily performed and the vyield can be
improved.

Modification 3 of Sixth Embodiment

[0091] FIG. 17 shows a modification 3 of the sixth embodi-
ment, which 1s one of the embodiments of the present inven-
tion. The semiconductor device shown 1n FIG. 17 can be
regarded as a modification of the sixth embodiment or a
modification of the fourth or fifth embodiment. In this semi-
conductor device, the gate electrodes G of the FET are
arranged 1n a row so as to form a finger-like shape and face 1n
the same direction, and a large SBD 1s disposed beside the
gate electrodes G.

[0092] Inthe above-described structure, the wiring is easily
formed and thus the yield can be improved.

Modification 4 of Sixth Embodiment

[0093] FIG. 18 shows a modification 4 of the sixth embodi-
ment, which 1s one of the embodiments of the present mnven-
tion. The semiconductor device shown in FIG. 18 can be
regarded as a modification of the sixth embodiment or a
modification of the fourth or fifth embodiment. In this semi-
conductor device, minute FETs are integrated and an SBD 1s
disposed around the FETsS.

[0094] In this structure, the FETs are arranged at a high
density and thus the area of a chip can be reduced. Further-
more, since the FETs and the SBDs are separated from each
other, the wiring 1s easily formed and thus the yielding can be
improved.

Seventh Embodiment

[0095] FIG. 19 1saplan view of a semiconductor device 10
according to a seventh embodiment of the present invention.
This semiconductor device 1s the same as those of the first to
s1xth embodiments in that the semiconductor device includes
an epitaxial layered body of n™-type GaN dnit layer/p-type
AlGaN layer/n*-type GaN cap layer 4 formed on the n™-type
GaNlN substrate and a FET and an SBD are formed thereon.
However, the structures of the electrodes of the FET and the
SBD are different. The p-type AlGaN layer of the FET
extends so as to serve as a guard ring of a Schottky electrode
of the SBD.

[0096] In the semiconductor device shown 1n FIG. 19, the
openings of the FET and the SBD are formed 1n a ridge shape.
That 1s, a groove 1s formed 1n the epitaxial layered body of
n~-type GaN drift layer/p-type AlGaN layer/n*-type GaN cap
layer 4 so as to reach the n™-type GalN drift layer. A channel of
the FE'T 1s formed on the 1nside surface of the ridge-shaped or
groove-shaped opening so as to be along the groove. In the
SBD, an anode electrode A that 1s 1n Schottky contact with the
n~-type GalN drift layer extending at the bottom of the groove
1s formed so as to be 1n parallel with the FET.

[0097] Inthe FET, the base portion of a gate electrode G and
the base portion of a source electrode S face each other, and a
single gate electrode G and two source electrodes S that
sandwich the single gate electrode G extend 1n a comb-shaped
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manner. The comb-shaped electrodes extend 1n the direction
of the rnidge or the groove. The anode electrode A of the SBD
extends from the base portion of the source electrode S 1n
parallel with the source electrode S. A drain electrode, which
1s a backside electrode of the FET, and a cathode electrode of
the SBD can be separated from each other by forming a
groove or a slit in accordance with the output level.

[0098] The cross section of these comb-shaped electrodes
has a structure 1n which the semiconductor devices shown 1n

FIG. 1 are repeatedly arranged. The channel in the FE'T may
have a HEMT structure of 1GaN/AlGaNN or a MIS structure.

[0099] By densely arranging gate electrodes and upper
clectrodes of the FET, a large current can be passed in the
thickness direction while high current density 1s maintained.
Furthermore, since the p-type AlGalN layer of the FET
extends so as to be 1in contact with a Schottky electrode of the
SBD, a guard ring effect can be produced.

Modification of Seventh Embodiment

[0100] FIG. 20 shows a modification of the seventh
embodiment, which 1s one of the embodiments of the present
invention. In this semiconductor device, the edge of a finger
ol a gate electrode 1s rounded compared with the FET of the
semiconductor device shown in FIG. 19. In this structure, the
surface area of a source electrode S can be increased, whereby
a larger current can be passed.

Eighth Embodiment

[0101] FIG. 21(a) 1s a diagram showing a semiconductor
device 10 according to an eighth embodiment of the present
invention. FIG. 21() 1s an electric circuit diagram. The semi-
conductor device according to this embodiment constitutes
an mverter that performs power conversion between direct
current and three-phase current. An inverter 10 includes a first
chip and a second chip b. The first chip a and the second chip
b include FETs and SBDs on respective n™-type GaN sub-
strates 1a and 1b, and a U phase, a V phase, and a W phase
cach include one of the FET's and one of the SBDs. The one
FET and the one SBD 1n each of the phases correspond to
those i the semiconductor device 10 shown i FIG. 1. As
shown 1n the circuit diagram of FIG. 21(b), FETs/SBDs that
cover a potential higher than or equal to the output potential
and correspond to the U phase, V phase, and W phase are
arranged on the first chip a and FETs/SBDs that cover a
potential lower than or equal to the output potential and
correspond to the U phase, V phase, and W phase are arranged
on the second chip b. As shown 1n FIG. 21(5), 1n each of the
phases, the source electrode S of the FET having a potential
lower than or equal to the output potential 1s electrically
connected to the drain electrode D of the FET in the same
phase having a potential higher than or equal to the output
potential. That1s, in each ofthe phases, the backside electrode

of the first chip a 1s electrically connected to the upper elec-
trode of the second chip b as shown 1n FIG. 21(a).

[0102] According to the three-phase AC-DC iverter
shown 1n FIG. 21, the on-resistance 1s low and thus a large
current can be passed. Furthermore, a small size device can be
obtained due to i1ts simple structure. As a result, there can be
provided a three-phase AC-DC inverter that 1s produced at
low cost and high production yield and has low power con-
sumption, a small size, and high quality.

[0103] The embodiments of the present invention have
been described above, but the embodiments of the present
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invention disclosed above are mere examples and the scope of
the present invention 1s not limited to these embodiments. The
scope of the present mvention 1s defined by the appended
claims, and all changes that fall within the scope of the claims
and the equivalence thereotf are therefore embraced by the
claims.

INDUSTRIAL APPLICABILITY

[0104] According to the present mvention, there can be
provided an inverter or the like that has low on-resistance,
good withstand voltage characteristics, and a small size due to
its simple structure and allows a large current to be passed. As
a result, there can be provided a semiconductor device, such

as a three-phase AC-DC 1nverter, that 1s produced at low cost
and high production yield and has low power consumption, a
small size, and high quality.

REFERENCE SIGNS LIST

[0105] 1 n™-type GaN substrate
[0106] 1a, 15 n™-type GaN substrate of chip
[0107] 2 n -type GaN driit layer
[0108] 3 p-type AlGaN layer

[0109] 4 n+-type GaN cap layer
[0110] 5 channel-forming layer (HEMT structure)
[0111] 5a clectron supply layer
[0112] 5b electron conduction layer
[0113] 7 gate insulating {ilm

[0114] 10 semiconductor device
[0115] 13 1GaN region

[0116] 14 groove

[0117] 15 insulating layer

[0118] 23 protective insulating layer
[0119] 31 interlayer insulating film
[0120] 41 resist pattern

[0121] a, b chip

[0122] A anode

[0123] C cathode

[0124] D drain electrode

[0125] G gate electrode

[0126] HI1 FET opening

[0127] H2 SBD opening

[0128] K common wiring line
[0129] K1 wiring line
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[0130] R1 first region (FET)
[0131] R2 second region (SBD)
[0132] S source electrode

1.-6. (canceled)

7. A method for producing a semiconductor device com-

prising:

a step of preparing a GaN substrate having a GalN layer that
1s 1n ohmic contact with a supporting substrate;

a step of forming an epitaxial layered body of first conduc-
tivity type GaN-based drift layer/second conductivity
type GalN-based layer/first conductivity type GaN-based
cap layer on the GaN substrate;

a step of etching the epitaxial layered body on the GaN
substrate 1 a first region to form a FET opening that
reaches the first conductivity type GaN-based drift
layer;

a step ol forming a channel-forming layer on an iside
surface of the opening; and

a step of etching the channel-forming layer and the epi-
taxial layered body 1n a second region by masking the
first region with a resist film to form an SBD opening
that reaches the first conductivity type GalN-based drift
layer,

wherein an electrode 1s formed so as to be 1 Schottky
contact with the first conductivity type GalN-based driit
layer 1n the SBD opening and contact the second con-
ductivity type GalN-based layer in the opening.

8. (canceled)

9. The semiconductor device according to claim 1, wherein
the electrode that 1s 1n Schottky contact 1s located so as to fill
the opening in the first conductivity type drift layer and the
second conductivity type layer and extend onto the second
conductivity type layer 1n the periphery of the opening.

10. The method for producing the semiconductor device
according to claim 7, in the step of forming the SBD opening
and the step of forming the electrode, a bigger opening than
the opening formed 1n the first conductivity type GaN-based
drift layer 1s formed 1n the second conductivity type GalN-
based layer, and the electrode that 1s 1n Schottky contact 1s
formed so as to extend onto the second conductivity type
(GaN-based layer in the periphery of the opening in the first
conductivity type GalN-based driit layer.
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