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SEMCONDUCTOR DEVICE AND METHOD 
FOR DRIVING THE SAME 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica 
tion; matter printed in italics indicates the additions 
made by reissue; a claim printed with strikethrough indi 
cates that the claim was canceled, disclaimed, or held 
invalid by a prior post-patent action or proceeding. 

RELATED APPLICATIONS 

This application is a reissue application of U.S. Pat. No. 
8,203,376 issued on Jun. 19, 2012 issued from U.S. patent 
application Ser: No. 1 2/445,390 filed on Apr. 13, 2009, which 
is the U.S. National Phase under 35 U.S.C. S371 of Interna 
tional Application No. PCT/JP2007/072476, filed on Nov. 20, 
2007, which in turn claims the benefit of Japanese Applica 
tion Nos. 2006-312502, filed on Nov. 20, 2006, 2006-334094, 
filed on Dec. 12, 2006, and 2007-153031, filed on Jun. 8, 
2007, the disclosures of which Applications are incorporated 
by reference herein. 

TECHNICAL FIELD 

The present invention relates to a semiconductor device, 
and more particularly to a semiconductor device capable of a 
bidirectional Switching operation used for power control, and 
a method for driving the same. 

BACKGROUND ART 

In recent years, field effect transistors (FETs) using a 
nitride semiconductor such as gallium nitride (GaN) have 
been widely researched as power switching devices. Since 
GaN can form various compound materials with aluminum 
nitride (AIN) and indium nitride (InN), nitride semiconduc 
tors can form heterojunctions as do arsenic-based semicon 
ductors such as gallium arsenide (GaAs). Therefore, they can 
be used for forming heterojunction field effect transistors 
(HFETs) with heterojunctions. 

For most of devices currently used in the field of power 
electronics, normally-off type devices are strongly desired for 
ensuring safety in the event of a failure. However, even if a 
nitride semiconductor is undoped, spontaneous polarization 
and piezoelectric polarization produce a high concentration 
of carriers at the heterojunction interface. Therefore, when an 
FET is produced by using a nitride semiconductor, it is likely 
to be of the depression type (normally-on type), and it is 
difficult to obtain characteristics of the enhancement type 
(normally-off type) (see, for example, Patent Document 1). 

Structures of normally-off type FETs using nitride semi 
conductors include, but not limited to: a structure in which the 
thickness and/or the Al composition ratio of an AlGaN layer 
being the barrier layer in the AlGaN/GaN heterojunction is 
reduced; a structure in which a recessed portion is provided in 
the gate portion to thereby shift the threshold voltage in the 
positive direction; a structure in which an FET is produced on 
the (10-12) plane of a sapphire substrate to prevent a polar 
ization electric field from being generated in the crystal 
growth direction of the nitride semiconductor. 

Junction field effect transistors (JFETs) having a p-type 
GaN layer formed in a gate portion have also been proposed 
(see, for example, Patent Document 2). A JFET employs, for 
the gate thereof, a pnjunction having a larger built-in poten 
tial than that of a Schottky junction. Therefore, the gate turn 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
ON Voltage can be increased, and the gate leakage current can 
be suppressed even when a positive gate Voltage is applied. 

Moreover, in the field of power electronics, there is a 
demand for a bidirectional switch capable of bidirectional 
current control, and abidirectional Switch using a GaN semi 
conductor has been proposed. (Patent Document 3) 
Patent Document 1: Japanese Laid-Open Patent Publication 

No. 2004-273486 
Patent Document 2: Japanese Laid-Open Patent Publication 

No. 2003-22832O 
Patent Document 3: United States Patent Application Publi 

cation No. 2005/1895.61 

DISCLOSURE OF THE INVENTION 

Problems to be Solved by the Invention 

However, the following problem will be encountered when 
one attempts to realize a bidirectional Switching operation 
required for power control, or the like, by using a normally 
off type FET using a conventional nitride semiconductor as 
described above. The bidirectional switching operation as 
used herein refers to a switching operation with which a 
current can be conducted in at least one direction and with 
which the current can be blocked in both directions. 

First, since a conventional FET has a small breakdown 
Voltage (reverse Voltage) to a negative bias; a bidirectional 
Switch product capable of conducting and blocking a current 
cannot be realized unless a plurality of elements are com 
bined together. Moreover, where operated as a bidirectional 
switch, control from external equipment will be complicated. 
Moreover, it is difficult to realize a control in four quadrants 
and to operate it as a diode, i.e., a reverse-blocking Switch. 
A conventional normally-off type FET has a narrow mar 

gin for the Voltage that can be applied to the gate electrode. 
Therefore, a gate voltage higher than about 1 V cannot be 
applied, and an erroneous operation may therefore occur due 
to noise. 

It is an object of the present invention to solve the problems 
in the prior art and to realize a semiconductor device which 
has excellent reverse Voltage characteristics, which as a single 
element constitutes abidirectional switch product, and which 
allows for the application of a high gate Voltage. 

Means for Solving the Problems 

Specifically, a semiconductor device of the present inven 
tion includes: a semiconductor layer stack formed on a Sub 
strate and having a channel region; a first electrode and a 
second electrode formed spaced apart from each other on the 
semiconductor layer stack; a first gate electrode formed 
between, and spaced apart from, the first electrode and the 
second electrode, and a second gate electrode formed 
between the first gate electrode and the second electrode; and 
a first control layer having a p-type conductivity formed 
between the semiconductor layer stack and the first gate elec 
trode. 
The semiconductor device of the present invention 

includes the first control layer having a p-type conductivity. 
Therefore, it is possible to inject holes into the channel region 
by applying a forward bias from the first gate electrode to the 
channel region. Since the holes injected into the channel 
region act like donor ions, the carrier concentration can be 
modulated in the channel region. As a result, it is possible to 
realize a normally-off type nitride semiconductor transistor 
having a large operating current. 
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In a semiconductor device of the present invention, the 
semiconductor device has a mode of operation in which a 
positive voltage with reference to a potential of the first elec 
trode is applied to the first gate electrode to thereby inject 
holes into the channel region. 

In a semiconductor device of the present invention, a 
threshold voltage of the first gate electrode and that of the 
second gate electrode are different from each other. 

In a semiconductor device of the present invention, the 
second gate electrode is in a Schottky junction with the semi 
conductor layer stack. 

In a semiconductor device of the present invention, the 
semiconductor layer stack includes a depressed portion; and 
the second gate electrode is in contact with a bottom Surface 
of the depressed portion. 
A semiconductor device of the present invention further 

includes a second control layer having a p-type conductivity 
formed between the semiconductor layer Stack and the sec 
ond gate electrode. 

In a semiconductor device of the present invention, an 
uppermost layer of the semiconductor layer stack includes a 
first portion, and a second portion having a thickness Smaller 
than that of the first portion; and the first control layer and the 
second control layer are formed on the first portion. 

In a semiconductor device of the present invention, the first 
portion Surrounds a third portion having a thickness less than 
or equal to that of the second portion; and the first control 
layer and the second control layer is formed on the first 
portion and the third portion. 

In a semiconductor device of the present invention, the 
semiconductor layer stack includes a first semiconductor 
layer, a second semiconductor layer having a bandgap larger 
than that of the first semiconductor layer, and an etching 
absorbing layer having a bandgap Smaller than that of the 
second semiconductor layer, wherein the layers are formed in 
this order from bottom; and the etching absorbing layer is the 
uppermost layer of the semiconductor layer stack. 

In a semiconductor device of the present invention, the first 
control layer and the second control layer have a protruding 
portion. 
A semiconductor device of the present invention further 

includes a high resistance layer formed on the semiconductor 
layer stack in a region between the first control layer and the 
second control layer, the high resistance layer having a resis 
tance higher than that of the first control layer and the second 
control layer. 

In a semiconductor device of the present invention, the 
high resistance layer is of a gallium oxide or is a layer con 
taining boron ions. 
A semiconductor device of the present invention further 

includes an undoped semiconductor layer formed on the 
semiconductor layer stack, wherein the first control layer and 
the second control layer are p-type impurity-diffused regions 
selectively formed in the undoped semiconductor layer. 
A semiconductor device of the present invention further 

includes an oxide film layer having an opening formed on the 
semiconductor layer stack, wherein the first control layer and 
the second control layer are formed so as to be in contact with 
the semiconductor layer stack exposed through the opening. 

In a semiconductor device of the present invention, an 
interval between the first gate electrode and the second gate 
electrode is larger than that between the first electrode and the 
first gate electrode, and is larger than that between the second 
electrode and the second gate electrode. 

In a semiconductor device of the present invention, the 
semiconductor device has a mode of operation in which a 
Voltage greater than or equal to a built-in potential of a pn 
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4 
junction formed by the first control layer and the semicon 
ductor layer stack is applied between the first gate electrode 
and the first electrode. 

In a semiconductor device of the present invention, a 
potential greater than a threshold Voltage of the first gate 
electrode with reference to a potential of the first electrode is 
applied to the first gate electrode and a potential less than or 
equal to a threshold Voltage of the second gate electrode with 
reference to a potential of the second electrode is applied to 
the second gate electrode, whereby the semiconductor device 
is brought to a reverse-blocking state in which a current flows 
from the second electrode to the first electrode but not from 
the first electrode to the second electrode; and a potential less 
than or equal to the threshold voltage of the first gate electrode 
is applied to the first gate electrode with respect to the poten 
tial of the first electrode and a potential less than or equal to 
the threshold voltage of the second gate electrode is applied to 
the second gate electrode with respect to the potential of the 
second electrode, whereby the semiconductor device is 
brought to a non-conductive state in which a current does not 
flow in either direction between the first electrode and the 
second electrode. 

In a semiconductor device of the present invention, the 
second electrode and the second gate electrode are electri 
cally shorted with each other. 

In a semiconductor device of the present invention, a 
potential greater than the threshold Voltage of the first gate 
electrode with reference to the potential of the first electrode 
is applied to the first gate electrode and a potential greater 
than the threshold voltage of the second gate electrode with 
reference to the potential of the second electrode is applied to 
the second gate electrode, whereby the semiconductor device 
is brought to a conductive state in which a current flows in 
both directions between the first electrode and the second 
electrode; and a potential less than or equal to the threshold 
Voltage of the first gate electrode is applied to the first gate 
electrode with respect to the potential of the first electrode and 
a potential less than or equal to the threshold voltage of the 
second gate electrode is applied to the second gate electrode 
with respect to the potential of the second electrode, whereby 
the semiconductor device is brought to a non-conductive state 
in which a current does not flow in either direction between 
the first electrode and the second electrode. 
A semiconductor device of the present invention further 

includes a third control layer having a p-type conductivity 
formed on the semiconductor layer stack and spaced apart 
from the first control layer, wherein the second gate electrode 
and the second electrode are formed integrally on the third 
control layer. 

In a semiconductor device of the present invention, the 
semiconductor layer stack includes a first semiconductor 
layer and a second semiconductor layer which are layered in 
this order from a side of the substrate; the second semicon 
ductor layer has a bandgap larger than that of the first semi 
conductor layer; and the channel region is an interface region 
between the first semiconductor layer and the second semi 
conductor layer. 

In a semiconductor device of the present invention, the 
semiconductor layer stack is of a nitride semiconductor or a 
silicon carbide semiconductor. 

In a semiconductor device of the present invention, the 
nitride semiconductor contains at least one of gallium nitride 
and aluminum gallium nitride. 
A semiconductor device of the present invention further 

includes a control section for controlling a Voltage applied to 
the first gate electrode and second gate electrode, wherein: in 
a conductive state in which a current flows in both directions 
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between the first electrode and the second electrode, the con 
trol section applies, to the first gate electrode, a Voltage higher 
thana threshold voltage of the first gate electrode with respect 
to a potential of the first electrode, and applies, to the second 
gate electrode, a Voltage higher thana threshold Voltage of the 
second gate electrode with reference to a potential of the 
second electrode; in a non-conductive state in which a current 
does not flow in either direction between the first electrode 
and the second electrode, the control section applies, to the 
first gate electrode, a Voltage less than or equal to the thresh 
old voltage of the first gate electrode with reference to the 
potential of the first electrode, and applies, to the second gate 
electrode, a Voltage less than or equal to the threshold Voltage 
of the second gate electrode with reference to the potential of 
the second electrode. 

In a semiconductor device of the present invention, the 
control section includes: a first power Supply for applying a 
voltage between the first electrode and the first gate electrode: 
and a second power Supply for applying a Voltage between the 
second electrode and the second gate electrode. 

In a semiconductor device of the present invention, an 
output Voltage of the first power Supply and that of the second 
power Supply are equal to each other. 

In a semiconductor device of the present invention, the first 
power Supply and the second power Supply are each a variable 
power Supply capable of varying the output Voltage thereof. 

In a semiconductor device of the present invention, the 
control section includes: a first control terminal receiving a 
first control signal for controlling a Voltage applied to the first 
gate electrode; a second control terminal receiving a second 
control signal for controlling a Voltage applied to the second 
gate electrode; a first gate driving circuit driven by the first 
control signal for Switching between a first state in which a 
Voltage higher than the threshold Voltage of the first gate 
electrode is applied between the first electrode and the first 
gate electrode, and a second state in which a Voltage less than 
or equal to the threshold voltage of the first gate electrode is 
applied between the first electrode and the gate electrode; and 
a second gate driving circuit driven by the second control 
signal for Switching between a third state in which a Voltage 
higher than the threshold voltage of the second gate electrode 
is applied between the second electrode and the second gate 
electrode, and a fourth state in which a Voltage less than or 
equal to the threshold Voltage of the second gate electrode is 
applied between the second electrode and the second gate 
electrode, wherein: in the conductive state, the first gate driv 
ing circuit is set to the first state and the second gate driving 
circuit is set to the third state; and in the non-conductive state, 
the first gate driving circuit is set to the second state and the 
second gate driving circuit is set to the fourth state. 

In a semiconductor device of the present invention, the first 
gate driving circuit and the second gate driving circuit are 
controlled by control signals whose reference potentials are 
different from each other. 

In a semiconductor device of the present invention, the 
semiconductor element is of a normally-off type; the control 
section includes: a first power Supply for applying a Voltage 
higher than the threshold voltage of the first gate electrode 
between the first electrode and the first gate electrode; and a 
second power Supply for applying a Voltage higher than the 
threshold voltage of the second gate electrode between the 
second electrode and the second gate electrode; the first gate 
driving circuit connects the first power Supply between the 
first electrode and the first gate electrode in the first state, and 
shorts the first electrode and the first gate electrode with each 
other in the second state; and the second gate driving circuit 
connects the second power Supply between the second elec 
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6 
trode and the second gate electrode in the third state, and 
shorts the second electrode and the second gate electrode with 
each other in the fourth state. 

In a semiconductor device of the present invention, the 
semiconductor element is of a normally-on type; the control 
section includes: a third power Supply for applying a Voltage 
less than or equal to the threshold Voltage of the first gate 
electrode between the first electrode and the first gate elec 
trode; and a fourth power Supply for applying a Voltage less 
than or equal to the threshold Voltage of the second gate 
electrode between the second electrode and the second gate 
electrode; the first gate driving circuit shorts the first electrode 
and the first gate electrode with each other in the first state, 
and connects the third power supply between the first elec 
trode and the first gate electrode in the second state; and the 
second gate driving circuit shorts the second electrode and the 
second gate electrode with each other in the third state, and 
connects the fourth power supply between the second elec 
trode and the second gate electrode in the fourth state. 

In a semiconductor device of the present invention, the 
control section includes: a first power Supply for applying a 
Voltage higher than the threshold Voltage of the first gate 
electrode between the first electrode and the first gate elec 
trode; a second power Supply for applying a Voltage higher 
than the threshold voltage of the second gate electrode 
between the second electrode and the second gate electrode: 
a third power Supply for applying a Voltage less than or equal 
to the threshold voltage of the first gate electrode between the 
first electrode and the first gate electrode; and a fourth power 
Supply for applying a voltage less than or equal to the thresh 
old voltage of the second gate electrode between the second 
electrode and the second gate electrode; the first gate driving 
circuit connects the first power supply between the first elec 
trode and the first gate electrode in the first state, and connects 
the third power supply between the first electrode and the first 
gate electrode in the second State; and the second gate driving 
circuit connects the second power Supply between the second 
electrode and the second gate electrode in the third state, and 
connects the fourth power supply between the second elec 
trode and the second gate electrode in the fourth state. 

In a semiconductor device of the present invention, the 
control section includes: a driverpower Supply for Supplying 
a power to the first gate driving circuit; a capacitor for Sup 
plying a power to the second gate driving circuit; and a charg 
ing circuit for charging the capacitor; and the charging circuit 
includes a charging Switch circuit connected between the 
driver power Supply and the capacitor and charging the 
capacitor by the driver power Supply. 

In a semiconductor device of the present invention, the 
charging Switch circuit includes a semiconductor Switch, and 
a diode connected in series with the semiconductor Switch. 

In a semiconductor device of the present invention, the 
semiconductor switch is a p-channel MOSFET, a p-channel 
IGBT or a PNP transistor. 

In a semiconductor device of the present invention, the 
charging circuit charges the capacitor when a current flows 
between the second electrode and the first electrode. 

In a semiconductor device of the present invention, the 
control section includes a first step-down circuit connected 
between the first gate driving circuit and the first gate elec 
trode; and a second step-down circuit connected between the 
second gate driving circuit and the second gate electrode. 

In a semiconductor device of the present invention, the first 
step-down circuit and the second step-down circuit each 
include a resistor element and a Zener diode. 
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In a semiconductor device of the present invention, the 
second gate driving circuit includes a photocoupler for elec 
trically insulating the second control signal from the potential 
of the second electrode. 

In a semiconductor device of the present invention, the 
second gate driving circuit includes a level shift circuit for 
converting a signal level of the second control signal. 

In a semiconductor device of the present invention, the 
control section includes a delay circuit for delaying the first 
control signal and inputting the delayed signal to the first 
control terminal; and a delay time of the delay circuit is equal 
to that of the level shift circuit. 

In a semiconductor device of the present invention, the 
second gate driving circuit includes a transformer whose pri 
mary side is connected between the first electrode and the 
second electrode, whose secondary side is connected 
between the second gate electrode and the second control 
terminal, and wherein a Voltage and a phase of an output from 
the secondary side are equal to those of an input to the primary 
side. 

In a semiconductor device of the present invention, the 
second gate driving circuit includes: a transformer whose 
primary side is connected between the first electrode and the 
second electrode, whose secondary side is connected 
between the second gate electrode and the second control 
terminal, and wherein a Voltage of an output from the second 
ary side is equal to that of an input to the primary side, and a 
phase of the output from the secondary side is shifted from 
that of the input to the primary side; and a phase compensa 
tion circuit for compensating for a phase shift between the 
primary side and the secondary side. 

In a semiconductor device of the present invention, the 
phase compensation circuit includes a capacitor. 

In a semiconductor device of the present invention, the 
second gate driving circuit includes a transformer whose pri 
mary side receives the second control signal, and whose sec 
ondary side is connected to the second electrode and the 
second gate electrode. 

In a semiconductor device of the present invention, the 
second gate driving circuit includes a pulsed current generat 
ing section connected to the primary side of the transformer 
for generating a pulsed current; and the second control signal 
is input to the transformer via the pulsed current generating 
section. 

In a semiconductor device of the present invention, the first 
gate driving circuit directly applies the first control signal 
between the first electrode and the first gate electrode. 

In a semiconductor device of the present invention, the first 
control signal and the second control signal are a same signal. 
A method for driving a semiconductor device of the present 

invention is a method for driving a semiconductor device 
including a semiconductor element, the semiconductor ele 
ment including a first electrode, a first gate electrode, a second 
gate electrode and a second electrode formed in this order 
while being spaced apart from one another on a semiconduc 
tor layer stack, which is formed on a substrate, the method 
including the steps of applying a Voltage higher thana thresh 
old voltage of the first gate electrode between the first elec 
trode and the first gate electrode and applying a Voltage higher 
than a threshold voltage of the second gate electrode between 
the second electrode and the second gate electrode, whereby 
the semiconductor device is brought to a conductive state in 
which a current flows in both directions between the first 
electrode and the second electrode; and applying a Voltage 
less than or equal to the threshold Voltage of the first gate 
electrode between the first electrode and the first gate elec 
trode and applying a Voltage less than or equal to the threshold 
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Voltage of the second gate electrode between the second 
electrode and the second gate electrode, whereby the semi 
conductor device is brought to a non-conductive state in 
which a path between the first electrode and the second elec 
trode is blocked. 
The method for driving a semiconductor device of the 

present invention includes the step of applying a Voltage less 
than or equal to the threshold voltage of the first gate electrode 
between the first electrode and the first gate electrode and 
applying a Voltage less than or equal to the threshold Voltage 
of the second gate electrode between the second ohmic elec 
trode and the second gate electrode, whereby the semicon 
ductor device is brought to a non-conductive state in which a 
path between the first ohmic electrode and the second ohmic 
electrode is blocked. Therefore, even if the potential of the 
second ohmic electrode is lower than that of the first ohmic 
electrode, the channel region is pinched off under the second 
gate electrode. Thus, it is possible to block the current flow in 
either direction between the first ohmic electrode and the 
second ohmic electrode, thus realizing abidirectional Switch. 

Effects of the Invention 

With the semiconductor device of the present invention and 
the method for driving the same, it is possible to realize a 
semiconductor device which has excellent reverse Voltage 
characteristics, which as a single element constitutes a bidi 
rectional Switch product, and which allows for the application 
of a high gate Voltage, and a method for driving the same. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 A cross-sectional view showing a semiconductor 
device according to a first embodiment of the present inven 
tion. 

FIG. 2 A graph showing current-Voltage characteristics of 
the semiconductor device according to the first embodiment 
of the present invention. 

FIG. 3 A cross-sectional view showing a variation of the 
semiconductor device according to the first embodiment of 
the present invention. 

FIG. 4. A cross-sectional view showing a semiconductor 
device according to a second embodiment of the present 
invention. 

FIG. 5 A cross-sectional view showing a semiconductor 
device according to a third embodiment of the present inven 
tion. 

FIG. 6 A graph showing current-Voltage characteristics of 
the semiconductor device according to the third embodiment 
of the present invention. 

FIG. 7 A cross-sectional view showing a variation of the 
semiconductor device according to the third embodiment of 
the present invention. 

FIG. 8 A cross-sectional view showing a semiconductor 
device according to a fourth embodiment of the present inven 
tion. 

FIG. 9A cross-sectional view illustrating problems with a 
dual-gate semiconductor device. 

FIG. 10 A cross-sectional view showing a semiconductor 
device according to a first variation of the fourth embodiment 
of the present invention. 

FIG. 11 A cross-sectional view showing a semiconductor 
device according to a second variation of the fourth embodi 
ment of the present invention. 

FIG. 12 Cross-sectional views showing a sequence of steps 
for producing the semiconductor device according to the 
second variation of the fourth embodiment of the present 
invention. 
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FIG. 13 A cross-sectional view showing a semiconductor 
device according to a third variation of the fourth embodi 
ment of the present invention. 

FIG. 14 A cross-sectional view showing a semiconductor 
device according to a fourth variation of the fourth embodi 
ment of the present invention. 

FIG. 15 A cross-sectional view showing a semiconductor 
device according to a fifth variation of the fourth embodiment 
of the present invention. 

FIG.16 Cross-sectional views showing a sequence of steps 
for producing the semiconductor device according to the fifth 
variation of the fourth embodiment of the present invention. 

FIG. 17 A cross-sectional view showing a semiconductor 
device according to a sixth variation of the fourth embodi 
ment of the present invention. 

FIG. 18 Cross-sectional views showing a sequence of steps 
for producing the semiconductor device according to the sixth 
variation of the fourth embodiment of the present invention. 

FIG. 19A circuit diagram showing a semiconductor device 
according to a fifth embodiment of the present invention. 

FIG. 20 Circuit diagrams showing an equivalent circuit of 
the semiconductor device according to the fifth embodiment 
of the present invention. 

FIG. 21 Graphs each showing current-Voltage characteris 
tics of the semiconductor device according to the fifth 
embodiment of the present invention. 

FIG. 22 A cross-sectional view showing semiconductor 
elements used in a semiconductor device according to a sixth 
embodiment of the present invention. 

FIG. 23 A cross-sectional view showing semiconductor 
elements used in a semiconductor device according to a sev 
enth embodiment of the present invention. 

FIG. 24 Across-sectional view showing a variation of the 
semiconductor elements used in the semiconductor device 
according to the seventh embodiment of the present inven 
tion. 

FIG. 25A circuit diagram showing a semiconductor device 
according to an eighth embodiment of the present invention. 

FIG. 26A circuit diagram showing a semiconductor device 
according to a ninth embodiment of the present invention. 

FIG. 27 A circuit diagram showing a semiconductor device 
according to a tenth embodiment of the present invention. 

FIG. 28 A circuit diagram showing a semiconductor device 
according to an eleventh embodiment of the present inven 
tion. 

FIG. 29 A circuit diagram showing a semiconductor device 
according to a twelfth embodiment of the present invention. 

FIG.30 A circuit diagram showing a semiconductor device 
according to a thirteenth embodiment of the present inven 
tion. 
FIG.31A circuit diagram showing a sustain circuit accord 

ing to a fourteenth embodiment of the present invention. 

DESCRIPTION OF REFERENCENUMERALS 

10 Semiconductor element 
11 Substrate 
12 Buffer layer 
13 Semiconductor layer stack 
14 First semiconductor layer 
15 Second semiconductor layer 
16A First electrode 
16B Second electrode 
16C Integral electrode 
17 Third semiconductor layer 
18A First gate electrode 
18B Second gate electrode 
19 P-type GaN layer 
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10 
-continued 

DESCRIPTION OF REFERENCENUMERALS 

19A First control layer 
19B Second control layer 
2O Control section 
21 First power supply 
22 Second power Supply 
23A First Switch circuit 
23B Second Switch circuit 
25 Third power supply 
26 Fourth power Supply 
30 Load circuit 
31 Load power Supply 
35 Variable power Supply 
36 First transistor 
37 Second transistor 
41 Passivation film 
42 Etching absorbing layer 
43 High resistance layer 
44 Fourth semiconductor layer 
45 impurity layer 
46 Oxide film layer 
51 First power supply 
52 Second power Supply 
53 Driver element 
S3A Low-side gate driving circuit 
53B High-side gate driving circuit 
53C Level shift circuit 
S4 First signal source 
55 Second signal source 
61 Capacitor 
63 Charging circuit 
64 First step-down circuit 
64A Resistor 
64B Zener diode 
65 Second step-down circuit 
6SA Resistor 
6SB Zener diode 
66 Driver power supply 
67 Logic circuit 
67A NAND circuit 
67B Delay circuit 
68 Semiconductor switch 
69 Diode 
70 Transformer 
71 N-channel MOSFET 
72 Diode 
73 Zener diode 
74 First power supply 
75 Resistor element 
83 Gate driving circuit 
84 First Switching element 
85 Second Switching element 
86 Third Switching element 
87 Fourth switching element 
88 inductor 
89 Capacitor 
90 Bidirectional Switching circuit 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

First Embodiment 

A first embodiment of the present invention will be 
described with reference to the drawings. FIG. 1 shows a 
cross section of a nitride semiconductor device according to 
the first embodiment of the present invention. As shown in 
FIG. 1, the semiconductor device of the present embodiment 
is a dual-gate semiconductor element. Specifically, a buffer 
layer 12 of AlN having a thickness of 100 nm is formed on a 
substrate 11 of sapphire in which the orientation of the prin 
cipal plane is (0001), and a semiconductor layer stack 13 is 
formed thereon. The semiconductor layer stack 13 includes a 
first semiconductor layer 14 of undoped GaN having a thick 
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ness of 1 um and a second semiconductor layer 15 of undoped 
AloisCassN having a thickness of 25 nm, which are formed 
in this order from the bottom. 
A first electrode 16A and a second electrode 16B are 

formed from a stack of titanium (Ti) and aluminum (Al) So as 
to be spaced apart from each other on the second semicon 
ductor layer 15, wherein one of the first electrode 16A and the 
second electrode 16B is to be the source electrode and the 
other the drain electrode. A first control layer 19A and a 
second control layer 19B each of p-type doped GaN having a 
thickness of 200 nm are formed spaced apart from each other 
on a region of the second semiconductor layer 15 between the 
first electrode 16A and the second electrode 16B. A first gate 
electrode 18A of nickel (Ni) is formed on the first control 
layer 19A. A second gate electrode 18B of Niis formed on the 
second control layer 19B. A passivation film 41 of silicon 
nitride is formed on the second semiconductor layer 15, the 
first control layer 19A and the second control layer 19B. 
The first control layer 19A and the second control layer 

19B are formed in a stripe pattern having a width of 1.5um, 
for example, on the second semiconductor layer 15, and the 
first gate electrode 18A and the second gate electrode 18B are 
formed in a stripe pattern having a width of 1 Jum. In order to 
realize a Sufficiently large drain breakdown Voltage, the dis 
tance L1 from a side end of the first control layer 19A to a side 
end of the second electrode 16B is preferably 5 um or more. 
The distance L2 from a side end of the second control layer 
19B to a side end of the first electrode 16A is preferably 5um 
O. O. 

Operation principles of the semiconductor device of the 
first embodiment will now be described. The transistor of the 
first embodiment includes the first gate electrode 18A formed 
on the first control layer 19A having the p-type conductivity. 
Therefore, by applying a forward bias from the first gate 
electrode 18A to a channel region that is produced in an 
interface region between the first semiconductor layer 14 and 
the second semiconductor layer 15, holes can be injected into 
the channel region. Since hole mobility is much lower than 
electron mobility in a nitride semiconductor, holes injected 
into the channel region hardly contribute as a current carrier. 
The holes injected from the first gate electrode 18A generate 
the same amount of electrons in the channel region. Accord 
ingly, the holes have an increased effect of generating elec 
trons in the channel region, and thus act like donor ions. In 
other words, since a carrier concentration can be modulated in 
the channel region, a normally-off type nitride semiconductor 
transistor having a large operating current can be realized. 

The present invention is similar in structure to a JFET, but 
the carrier injection is done intentionally and the present 
invention is therefore totally different in operation principles 
from a JFET, which realizes carrier modulation in the channel 
region by means of the gate electric field. Specifically, it 
operates as a JFET up to a gate voltage of 3 V, but where there 
is applied a gate Voltage of 3 V or more, exceeding the built-in 
potential of the pnjunction, holes are injected into the gate, 
thus increasing the current by the above-described mecha 
nism, thereby realizing an operation with a large current and 
a low ON-resistance. 
When a voltage exceeding the forward turn-ON Voltage, 

e.g., a Voltage exceeding about 1 V, is applied to a conven 
tional FET using a nitride, a large gate current flows in, and it 
is no longer possible to realize a normal Switching operation. 
Therefore, a gate voltage of only about 0.8 V can be applied, 
and an erroneous operation may therefore occur due to noise. 
With the semiconductor device of the present embodiment, 
however, it is possible to apply a high gate Voltage, making it 
unlikely that an erroneous operation occurs due to noise. 
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12 
In the semiconductor device of the present embodiment, 

the second control layer 19B is formed near the second elec 
trode 16B, and the second gate electrode 18B is formed on the 
second control layer 19B. The second gate electrode 18B can 
also control the channel region, as can the first gate electrode 
18A. Therefore, the electrical conductivity between the first 
electrode 16A and the second electrode 16B is controlled by 
the second gate electrode 18B, and by applying a potential 
less than or equal to that of the second electrode 16B to the 
second gate electrode 18B at least when the potential of the 
second electrode 16B is lower than that of the first electrode 
16A, it is possible to pinch off the channel region under the 
second control layer 19B. As a result, unlike with the conven 
tional FET, no current flows between the first electrode 16A 
and the second electrode 16B, thus exhibiting excellent 
reverse Voltage characteristics. 
When the second gate electrode 18B and the second elec 

trode 16B are electrically connected with each other, the 
second gate electrode 18B has the same potential as that of the 
second electrode 16B. Therefore, when a positive bias is 
applied to the second electrode 16B, a positive bias is applied 
also to the second gate electrode 18B, and the electrical 
conductivity between the first electrode 16A and the second 
electrode 16B is controlled by the first gate electrode 18A.. On 
the other hand, when a negative bias is applied to the second 
electrode 16B, a negative bias is applied also to the second 
gate electrode 18B. Therefore, a depletion layer expands in a 
region of the first semiconductor layer 14 and the second 
semiconductor layer 15 under the second control layer 19B, 
thereby pinching off the channel region. As a result, unlike the 
conventional FET, no current flows between the first elec 
trode 16A and the second electrode 16B when a negative bias 
is applied to the second electrode 16B, thus exhibiting excel 
lent reverse Voltage characteristics. 

FIG. 2 shows the Vss-Iss characteristics where the sec 
ond gate electrode 18B and the second electrode 16B are 
electrically connected (shorted) with each other, with the first 
electrode 16A being the source electrode and the second 
electrode 16B being the drain electrode. Vss is the Voltage 
between the second electrode 16B and the first electrode 16A, 
and corresponds to the drain voltage Vds of an ordinary FET. 
Isis is the current between the second electrode 16B and the 
first electrode 16A, and corresponds to the drain current Ids of 
an ordinary FET. Vss along the horizontal axis in FIG. 2 is 
a voltage with respect to the first electrode 16A, and Iss 
along the Vertical axis is plotted assuming that the positive 
direction is the direction of a current flow from the second 
electrode 16B toward the first electrode 16A. The figure 
shows cases where voltages of 0 V. 1 V. 2 V.3 V and 4 V are 
applied to the first gate electrode 18A. 
The conventional semiconductor device with no second 

gate electrode 18B, denoted by a broken line in FIG. 2, has a 
negative Isis (drain current) flowing therethrough when 
Vss (drain Voltage) is negative, regardless of the gate Volt 
age, clearly indicating that the conventional semiconductor 
device does not have reverse Voltage characteristics. 
On the other hand, the semiconductor device of the present 

embodiment does not have Isis flowing therethrough even if 
Vss is negative, regardless of the Voltage applied to the first 
gate electrode 18A, clearly indicating that the semiconductor 
device has excellent reverse Voltage characteristics. 

With such excellent reverse voltage characteristics, it is 
possible to realize a control in four quadrants, which cannot 
be realized with the conventional semiconductor device. 

In the semiconductor device of the present embodiment, 
the first control layer 19A and the second control layer 19B 
may be doped with about 1x10'cm of magnesium (Mg), in 
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which case the carrier concentration is about 1x10" cm. 
Portions of the second semiconductor layer 15 under the first 
control layer 19A and the second control layer 19B may 
contain impurities thermally diffused from the first control 
layer 19A and the second control layer 19B. While GaN is 
used herein for the first control layer 19A and the second 
control layer 19B, AlGaN may be used. 

While the material of the first gate electrode 18A and the 
second gate electrode 18B is herein Ni, it may be any material 
as long as it exhibits desirable ohmic characteristics with the 
first control layer 19A and the second control layer 19B, and 
may be palladium (Pd), or the like. 

While the first electrode 16A and the second electrode 16B 
are hereinformed on the second semiconductor layer 15, any 
structure may be used as long as they can be electrically 
connected through a tunneling current to the two-dimensional 
electron gas that is produced at the heterojunction interface 
between the first semiconductor layer 14 and the second 
semiconductor layer 15 to form an ohmic junction. For 
example, impurities Such as silicon (Si) may be selectively 
diffused into regions of the second semiconductor layer 15 
under the first electrode 16A and the second electrode 16B. 

While a sapphire substrate is used herein, a substrate of 
SiC. GaN. Si, or the like, may be used, and the orientation of 
the principal plane is not limited to (0001) as long as a desir 
able crystal can be grown. 

While the description of the present embodiment is 
directed to a single semiconductor device, there may be a 
plurality of semiconductor devices formed with the provision 
of device isolation regions. The device isolation regions may 
be formed by, for example, selectively increasing the resis 
tance of a first device isolation region and that of a second 
device isolation region by implanting boron (B) ions into 
these regions. 
As shown in FIG. 3, the second gate electrode 18B may be 

formed so as to cover the top of the second electrode 16B, 
thereby shorting the second electrode 16B and the second 
gate electrode 18B with each other. This simplifies the wiring 
process. Conversely, the second electrode 16B may be 
formed so as to cover the second gate electrode 18B. 

Second Embodiment 

A second embodiment of the present invention will now be 
described with reference to the drawings. FIG. 4 shows a 
cross section of a semiconductor device of the second 
embodiment. In FIG. 4, like elements to those of FIG. 3 are 
denoted by like reference numerals and will not be further 
described below. 
As shown in FIG. 4, the semiconductor device of the 

present embodiment includes a third semiconductor layer 17 
of p-type doped Alo GaosN having a thickness of 15 nm 
between the second semiconductor layer 15 and the first 
control layer 19A and the second control layer 19B. 
The first control layer 19A and the second control layer 

19R are typically formed by forming a nitride semiconductor 
layer of p-type GaN on the second semiconductor layer 15 
and then selectively etching the p-type nitride semiconductor 
layer by dry etching using a chlorine gas, for example. How 
ever, it is very difficult to completely remove by etching only 
the p-type nitride semiconductor layer to be the first control 
layer and the second control layer without etching the second 
nitride semiconductor layer. As a result, the structure may be 
overetched wherein the second semiconductor layer 15 is 
etched, or underetched wherein the p-type nitride semicon 
ductor layer partly remains on the second semiconductor 
layer 15. With overetching, the thickness of the second semi 
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14 
conductor layer 15 is reduced, and the concentration of the 
two-dimensional electrongas (2DEG) generated by polariza 
tion is reduced, thereby lowering the maximum current 
(Imax). With underetching, the first electrode 16A and the 
second electrode 16B, being n-type ohmic electrodes, are 
formed on the portion of the p-type nitride semiconductor 
layer remaining through the etching process, thereby increas 
ing the contact resistance of the first electrode 16A and the 
second electrode 16B. However, the semiconductor device of 
the present embodiment includes the third semiconductor 
layer 17 of the p-type conductivity having a lower etching rate 
than that of the first control layer 19A and the second control 
layer 19B, whereby the p-type nitride semiconductor layer 
can be completely etched away except for portions thereof to 
be the first control layer 19A and the second control layer 
19B. As a result, it is possible to obtain, with desirable repro 
ducibility, a semiconductor device having excellent device 
characteristics. 

In the present embodiment, the first electrode 16A and the 
second electrode 16B are formed in the opening formed in the 
third semiconductor layer 17 and are in contact with the 
second semiconductor layer 15. However, the first electrode 
16A and the second electrode 16B may have any other struc 
ture as long as they can form an ohmic contact with the 
channel region, and an even more desirable ohmic contact 
may be realized by forming these electrodes So as to run 
through the second semiconductor layer 15 to be in contact 
with the first semiconductor layer 14. 

While the second gate electrode 18B is formed so as to 
cover the top of the second electrode 16B in the illustrated 
example, the second gate electrode 18B and the second elec 
trode 16B may be shorted with each other by a wire. 

Third Embodiment 

A third embodiment of the present invention will now be 
described with reference to the drawings. FIG. 5 shows a 
cross section of a semiconductor device of the third embodi 
ment. In FIG. 5, like elements to those of FIG. 1 are denoted 
by like reference numerals and will not be further described 
below. As shown in FIG. 5, the semiconductor device of the 
present embodiment includes an integral electrode 16C of Ni 
on the second control layer 19B, wherein the integral elec 
trode 16C is an integration of the second gate electrode and 
the second electrode. 

FIG. 6 shows the Vss-Iss characteristics of the semi 
conductor device of the present embodiment, in comparison 
with those of the conventional semiconductor device with no 
second control layer. In FIG. 6, Vss is a voltage with respect 
to the first electrode 16A, and Isis along the vertical axis is 
plotted assuming the positive direction is the direction of a 
current flow from the second electrode 16B toward the first 
electrode 16A. For the conventional semiconductor device, 
Vss denotes the drain voltage Vds and Iss the drain current 
Ids. FIG. 6 shows cases where the gate voltage is OV, 1 V. 2 V. 
3 V and 4 V. 
The conventional semiconductor device, denoted by a bro 

ken line in FIG. 6, has a negative Isis (drain current) flowing 
therethrough when Vss (drain Voltage) is negative even if 
the gate Voltage is OV, clearly indicating that the conventional 
semiconductor device does not have reverse Voltage charac 
teristics. With the semiconductor device of the present 
embodiment, on the otherhand, Iss does not flow regardless 
of the gate Voltage when Vss is negative, clearly indicating 
that the semiconductor device has excellent reverse Voltage 
characteristics. A pnjunction is formed by the second control 
layer 19B and the channel region. Therefore, in an operation 
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region where a positive bias is applied to the integral electrode 
16C, a current suddenly starts flowing when the drain voltage 
becomes 3V or higher which is the forward ON Voltage of a 
GaN-based pn junction, thus showing an operation as if it 
were an IGBT. As a result, the degree of conductivity is 
modulated, and a large drain current can be obtained. 

While the material of the integral electrode 16C is Ni in the 
present embodiment, any material may be used as long as it 
exhibits desirable ohmic characteristics with the second con 
trol layer 19B, and may be Pd, or the like, for example. 
As shown in FIG. 7, the third semiconductor layer 17 may 

be formed between the second semiconductor layer 15 and 
the first control layer 19A and the second control layer 19B. 
as in the second embodiment. However, the first electrode 
16A may have any other structure as long as it can form an 
ohmic contact with the channel region, and an even more 
desirable ohmic contact may be realized by forming the elec 
trode so as to run through the second semiconductor layer 15 
to be in contact with the first semiconductor layer 14. 

Fourth Embodiment 

A fourth embodiment of the present invention will be 
described with reference to the drawings. FIG. 8 shows a 
cross section of a semiconductor device of the fourth embodi 
ment. In FIG. 8, like elements to those of FIG. 1 are denoted 
by like reference numerals and will not be further described 
below. As shown in FIG. 8, in the semiconductor device of the 
present embodiment, the second semiconductor layer 15 
includes first portions 15a having a larger thickness, and 
second portions 15b having a smaller thickness than the first 
portions 15a. The first control layer 19A and the second 
control layer 19B are formed on the first portions 15a. In other 
words, the first control layer 19A and the second control layer 
19B are formed on protruding portions of the second semi 
conductor layer 15. 
The first control layer 19A and the second control layer 

19B are formed by forming a p-type GaN layer on the second 
semiconductor layer 15 and then selectively removing the 
p-type GaN layer. In such a case, if the p-type GaN layer is 
underetched as shown in FIG. 9, the p-type GaN layer partly 
remains between the first control layer 19A and the second 
control layer 19B, resulting in a state where the first control 
layer 19A and the second control layer 19B are electrically 
connected with each other with a resistor therebetween. In a 
normally-off type dual-gate semiconductor element, the first 
gate electrode 18A and the second gate electrode 18B are in 
an ohmic contact with the first control layer 19A and the 
second control layer 19B, respectively. Thus, there is a non 
negligible current flowing between the first gate electrode 
18A and the second gate electrode 18B via the remaining 
portion of the p-type GaN layer. Especially, when there is 
formed a bidirectional switch device as shown in FIG. 9, a 
leak path may beformed between the first electrode 16A and 
the second electrode 16B, whereby a non-conductive state 
cannot be Sustained. 

In the semiconductor device of the present embodiment, in 
the formation of the first control layer 19A and the second 
control layer 19B, the p-type GaN layer is overetched so as to 
remove even a portion of the second semiconductor layer 15. 
Therefore, it is possible to reliably remove the p-type GaN 
layer except for the first control layer 19A and the second 
control layer 19B. Then, the second semiconductor layer 15 
has a larger thickness in areas where the first control layer 
19A and the second control layer 19B are formed. 
The amount by which the second semiconductor layer 15 is 

overetched may be determined in view of the thickness of the 
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second semiconductor layer 15 when grown, the threshold 
Voltage, variations in the amount of etching, etc. For example, 
where the second semiconductor layer 15 is grown to 60 nm 
and the p-type GaN layer to 300 nm, the amount of overetch 
ing may be 40 nm. Then, the thickness of the first portion 15a 
will be 60 nm and that of the second portion 15b 20 nm. Thus, 
it is possible to Substantially completely remove an unneces 
sary portion of the p-type GaN layer. The thickness of the 
second semiconductor layer 15 substantially influences the 
current characteristics between the first electrode 16A and the 
second electrode 16B. Therefore, the thickness of the second 
semiconductor layer 15 cannot be made excessively small. 
However, with the semiconductor device of the present 
embodiment, a thickness of 20 nm can be ensured for the 
second semiconductor layer 15 even in the overetched second 
portion 15b, thereby suppressing the current characteristics 
deterioration. 
The thickness of the first portion 15a may be even larger, 

e.g., about 100 nm, as long as it allows for epitaxy on the first 
semiconductor layer 14 of undoped GaN and it allows for a 
normally-off operation. As for the lower limit, the thickness 
can be reduced as long as it is possible to completely remove 
the residue of the p-type GaN layer remaining between the 
first control layer 19A and the second control layer 19B. For 
example, where the amount of overetching is 5 nm, the thick 
ness may be about 25 nm. The thickness of the second portion 
15b may be even larger, e.g., about 95 nm, as long as it is 
possible to completely remove the residue of the p-type GaN 
layer remaining between the first control layer 19A and the 
second control layer 19B. As for the lower limit, the thickness 
can be reduced, e.g., to about 5 nm, as long as the element is 
operative. 

FIG. 8 shows an example where portions of the second 
semiconductor layer 15 are removed and the first semicon 
ductor layer 14 is dug down by about 40 nm so that the first 
electrode 16A and the second electrode 16B are in contact 
with the interface between the second semiconductor layer 15 
and the first semiconductor layer 14, in order to reduce the 
contact resistance Alternatively first electrode 16A and the 
second electrode 16R may be formed on the second semicon 
ductor layer 15. 

First Variation of Fourth Embodiment 

A first variation of the fourth embodiment of the present 
invention will now be described with reference to the draw 
ings. FIG. 10 shows a cross section of a semiconductor device 
according to the first variation of the fourth embodiment. In 
FIG. 10, like elements to those of FIG. 8 are denoted by like 
reference numerals and will not be further described below. 
As shown in FIG. 10, the semiconductor device of this 

variation includes an etching absorbing layer 42 between the 
second semiconductor layer 15 and the first control layer 19A 
and the second control layer 19B. The etching absorbing layer 
42 is of n-type GaN having a thickness of about 50 nm, and 
portions thereof under the first control layer 19A and the 
second control layer 19B are thicker than other portions. With 
Such a configuration, the second semiconductor layer 15 is 
prevented from being etched even if the p-type GaN layer is 
overetched by about 30 nm in the formation of the first control 
layer 19A and the second control layer 19B. 

If the second semiconductor layer 15 is partially etched by 
dry etching, the surface of the second semiconductor layer 15 
is damaged, thus forming a defect level. Once a defect level is 
formed, electrons are trapped in the non-conductive state, 
thereby causing a current collapse phenomenon. By provid 
ing the etching absorbing layer 42 as shown in this variation, 
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it is possible to reliably remove an unnecessary portion of the 
p-type GaN layer without damaging the second semiconduc 
tor layer 15. Moreover, the thickness of the second semicon 
ductor layer 15 substantially influences the current character 
istics between the first electrode 16A and the second 
electrode 16B. With the semiconductor device of the present 
embodiment, the second semiconductor layer 15 is prevented 
from being overetched, whereby the thickness of the second 
semiconductor layer 15 will not be varied by overetching. 
Therefore, it is possible to suppress variations in the current 
characteristics between semiconductor devices, and to pro 
duce semiconductor devices with desirable reproducibility. 
The etching absorbing layer 42 may be undoped GaN. The 

second semiconductor layer 15 may be n-type AlGaN, instead 
of undoped AlGaN. 

Second Variation of Fourth Embodiment 

A second variation of the fourth embodiment of the present 
invention will now be described with reference to the draw 
ings. FIG. 11 shows a cross section of a semiconductor device 
according to the second variation of the fourth embodiment. 
In FIG. 11, like elements to those of FIG. 8 are denoted by like 
reference numerals and will not be further described below. 
As shown in FIG. 11, with the semiconductor device of this 
variation, the first control layer 19A and the second control 
layer 19B include protruding portions. 

In order to reduce the leak current, it is preferred to com 
pletely remove an unnecessary portion of the p-type GaN 
layer. On the other hand, the amount of overetching is pref 
erably minimized, in view of the damage to the second semi 
conductor layer 15. As will be described below, with the 
semiconductor device of this variation, it is possible to reli 
ably completely remove an unnecessary portion of the p-type 
GaN layer while keeping the amount of overetching small. 

FIG. 12 shows a sequence of steps for producing the semi 
conductor device of this variation. First, as shown in FIG. 
12(a), the buffer layer 12, the semiconductor layer stack 13 
and a p-type GaN layer 19 are formed in this order by an 
MOCVD methodon the substrate 11 of Si. The buffer layer 12 
may beformed by alternately layering MN having a thickness 
of 10 nm and GaN having a thickness of 10 nm to a thickness 
of 1 um. The semiconductor layer stack 13 may include the 
first semiconductor layer 14 of undoped GaN having a thick 
ness of 2 um, and the second semiconductor layer 15 of n-type 
or undoped AlGaN having a thickness of 60 nm. The thick 
ness of the p-type GaN layer may be 300 nm. 

Then, as shown in FIG. 12(b), the p-type GaN layer 19 is 
selectively removed by ICP (Inductively Coupled Plasma) 
etching using a Cl gas and photolithography, thereby form 
ing the first control layer 19A and the second control layer 
19B. At this point, the p-type GaN layer 19 partly remaining 
between the first control layer 19A and the second control 
layer 19B is not a problem. 

Then, as shown in FIG. 12(c), the first electrode 16A, the 
second electrode 16B, the first gate electrode 18A and the 
second gate electrode 18B are formed at their respective 
predetermined positions, after which the electrical character 
istics of the structure are measured. A large leak current 
measured between the first gate electrode 18A and the second 
gate electrode 18B indicates that the p-type GaN layer 19 
partly remains between the first control layer 19A and the 
second control layer 19B. 

If a remaining portion of the p-type GaN layer 19 is con 
firmed, the portion of the p-type GaN layer 19 remaining 
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between the first control layer 19A and the second control 
layer 19B is removed by photolithography and dry etching, as 
shown in FIG. 12(d). 

Since the electrical characteristics can be measured during 
the course of the process, it is possible to reliably remove an 
unnecessary portion of the p-type GaN layer 19 even if the 
amount of overetching is set to a critical level. 

Third Variation of Fourth Embodiment 

A third variation of the fourth embodiment of the present 
invention will now be described with reference to the draw 
ings. FIG. 13 shows a cross section of a semiconductor device 
according to the third variation of the fourth embodiment. In 
FIG. 13, like elements to those of FIG. 8 are denoted by like 
reference numerals and will not be further described below. 
As shown in FIG. 13, in the semiconductor device of this 
variation, the second semiconductor layer 15 includes first 
portions 15a, second portions 15b having a smaller thickness 
than the first portions 15a, and third portions 15c having a 
thickness less than or equal to that of the second portions 15b. 
The first control layer 19A and the second control layer 19B 
are formed on the first portions 15a and the third portions 15c. 

If the p-type GaN layer is overetched in the formation of the 
first control layer 19A and the second control layer 19B, the 
thickness of the second semiconductor layer 15 will be small. 
If the thickness of the second semiconductor layer 15 is small, 
a defect level may affect the channel region or the two 
dimensional electron gas concentration of the channel region 
may be lowered. In view of this, the thickness of the second 
semiconductor layer 15 before being overetched is preferably 
as large as possible. However, if the second semiconductor 
layer 15 has a largethickness under the first control layer 19A 
and the second control layer 19B, the threshold voltage 
decreases, and the normally-off operation may not be real 
ized. 

In the semiconductor device of the present embodiment, 
the second semiconductor layer 15 includes the thick first 
portions 15a and the thin third portions 15c under the first 
control layer 19A and the second control layer 19B. There 
fore, the threshold voltage is dictated by the thickness of the 
third portions 15c. Thus, the threshold voltage is not lowered 
even if the second semiconductor layer 15 has a large thick 
ness before being overetched. 

Although the thickness of the first portions 15a is prefer 
ably large, the formation of the second semiconductor layer 
15 will be difficult if the thickness is excessively large. There 
fore, it may be set to about 100 nm, for example. While the 
thickness of the third portions 15c may be determined accord 
ing to the threshold voltage needed, it may be set to about 20 
nm, for example. The thickness of the second portions 15b 
may be determined so that it is possible to reliably remove the 
p-type GaN layer. For example, where the thickness of the 
first portions 15a is 100 nm, if the thickness of the second 
portions 15b is set to about 40 nm, it is possible to ensure an 
amount of overetching of about 60 nm. Thus, it is possible to 
reliably prevent the p-type GaN layer from remaining unre 
moved. Since it is possible to ensure a sufficient thickness of 
the second semiconductor layer 15 after being overetched, it 
is possible to suppress the influence of a defect level on the 
channel region and to realize a high two-dimensional electron 
gas concentration. The second portions 15b and the third 
portions 15c may have the same thickness. 

Fourth Variation of Fourth Embodiment 

A fourth variation of the fourth embodiment of the present 
invention will now be described with reference to the draw 
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ings. FIG. 14 shows a cross section of a semiconductor device 
according to the fourth variation of the fourth embodiment. In 
FIG. 14, like elements to those of FIG. 8 are denoted by like 
reference numerals and will not be further described below. 
As shown in FIG. 14, in the semiconductor device of this 
variation, a high resistance layer 43 of gallium oxide (GaO) is 
formed on the semiconductor layer stack 13 except for the 
areas where the first control layer 19A and the second control 
layer 19B are formed. Thus, it is possible to reliably insulate 
the first control layer 19A and the second control layer 19B 
from each other, and to prevent the increase in the leak cur 
rent. Moreover, the second semiconductor layer 15 will not be 
damaged, and it is possible to reduce the occurrence of a 
current collapse due to a defect level. 

While the resistance of the high resistance layer 43 is 
preferably as high as possible, the leak current can be reduced 
as long as it is higher than the resistance of the first control 
layer 19A and the second control layer 19B. For example, it 
can be formed by annealing, in an oxygen atmosphere, the 
portion of the p-type GaN layer remaining between the first 
control layer 19A and the second control layer 19B. This 
facilitates the thickness control, etc. The high resistance layer 
43 may be formed by implanting boron ions, or the like of 
GaO. 

Fifth Variation of Fourth Embodiment 

A fifth variation of the fourth embodiment of the present 
invention will now be described with reference to the draw 
ings. FIG. 15 shows a cross section of a semiconductor device 
according to the fifth variation of the fourth embodiment. In 
FIG. 15, like elements to those of FIG. 8 are denoted by like 
reference numerals and will not be further described below. 
As shown in FIG. 15, in the semiconductor device of this 
variation, the first control layer 19A and the second control 
layer 19B are formed as p-type impurity-diffused regions. 

FIG. 16 shows a sequence of steps for forming the first 
control layer 19A and the second control layer 19B in the 
semiconductor device of this variation. First, as shown in 
FIG.16(a), the buffer layer 12, the semiconductor layer stack 
13 and a fourth semiconductor layer 44 are formed in this 
order by an MOCVD method on the substrate 11 of Si. The 
buffer layer 12 may be formed by alternately layering AlN 
having a thickness of 10 nm and GaN having a thickness of 10 
nm to a thickness of 1 Lum. The semiconductor layer Stack 13 
may include the first semiconductor layer 14 of undoped GaN 
having a thickness of 2 gill, and the second semiconductor 
layer 15 of n-type or undoped AlGaN having a thickness of 60 
nm. The fourth semiconductor layer 44 may be undoped GaN 
having a thickness of 300 nm. 

Then, as shown in FIG. 16(b), impurity layers 45 of Mg 
having a thickness of 100 nm, Nihaving a thickness of 10 nm 
and Pt having a thickness of 10 nm are formed spaced apart 
from each other on the fourth semiconductor layer 44, by 
using a lift-off method and a vapor deposition method. 

Then, as shown in FIG.16(c), the structure is annealed at 
900°C. in an ammonium (NH) atmosphere, thereby diffus 
ing Mg into the fourth semiconductor layer 44. Thus, the first 
control layer 19A and the second control layer 19B of Mg 
doped p-type GaN. Then, the impurity layer 45 is removed by 
using aqua regia, or the like. The electrode formation, etc., 
can be done by known methods. 

Thus, by forming the first control layer 19A and the second 
control layer 19B by selectively diffusing Mg into the fourth 
semiconductor layer 44 of undoped GaN, a leak path will not 
beformed between the first control layer 19A and the second 
control layer 19B. As no etching is required, the second 
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semiconductor layer 15 will not be damaged. Since the sec 
ond semiconductor layer 15 is covered by the fourth semi 
conductor layer 44, the influence of a defect level on the 
channel region is reduced. The fourth semiconductor layer 44 
may be formed by using AlGaN, instead of GaN. 

Sixth Variation of Fourth Embodiment 

A sixth variation of the fourth embodiment of the present 
invention will now be described with reference to the draw 
ings. FIG. 17 shows a cross section of a semiconductor device 
according to the sixth variation of the fourth embodiment. In 
FIG. 17, like elements to those of FIG. 8 are denoted by like 
reference numerals and will not be further described below. 
As shown in FIG. 17, the semiconductor device of this varia 
tion includes an oxide film layer 46 of SiO, covering the 
second semiconductor layer 15. The oxide film layer 46 
includes therein openings spaced apart from each other, and 
the first control layer 19A and the second control layer 19B 
are formed in the openings. 

FIG. 18 shows a sequence of steps for forming the first 
control layer 19A and the second control layer 19B in the 
semiconductor device of this variation. First, as shown in 
FIG. 18(a), the buffer layer 12 and the semiconductor layer 
stack 13 are formed in this order by an MOCVD method on 
the substrate 11 of Si. The buffer layer 12 may be formed by 
alternately layering AlN having a thickness of 10 nm and GaN 
having a thickness of 10 nm to a thickness of 1 Jum. The 
semiconductor layer stack 13 may include the first semicon 
ductor layer 14 of undoped GaN having a thickness of 2 um, 
and the second semiconductor layer 15 of n-type or undoped 
AlGaN having a thickness of 60 nm. 

Then, as shown in FIG. 18(b), after the oxide film layer 46 
of SiO is formed on the second semiconductor layer 15, it is 
selectively removed to form openings 46a. 

Then, as shown in FIG. 18(c), the first control layer 19A 
and the second control layer 19B of p-type GaN are formed in 
the openings 46a through a regrowth process. Then, elec 
trodes, etc., may be formed by known methods. 

In the semiconductor device of this variation, the first con 
trol layer 19A and the second control layer 19B are formed by 
a regrowth process. Therefore, a leak path will not be formed 
between the first control layer 19A and the second control 
layer 19B. Since the second semiconductor layer 15 is not 
etched, the second semiconductor layer 15 will not be dam 
aged. Therefore, it is possible to Suppress the occurrence of a 
current collapse due to a defect level. 

Fifth Embodiment 

A fifth embodiment of the present invention will be 
described with reference to the drawings. FIG. 19 shows a 
configuration of a semiconductor device of the fifth embodi 
ment. As shown in FIG. 19, the semiconductor device of the 
fifth embodiment is a bidirectional switch device, including a 
dual-gate semiconductor element 10 being a bidirectional 
Switch product, and a control section 20 for operating the 
dual-gate semiconductor element 10 as a bidirectional 
switch. 
The dual-gate semiconductor element shown in the first 

embodiment may be used for the semiconductor element 10. 
The dual-gate semiconductor elements shown in the fourth 
embodiment and variations thereof may also be used. 

Specifically, the buffer layer 12 having a thickness of 1 um, 
obtained by alternately layering aluminum nitride (AIN) hav 
ing a thickness of 10 nm and gallium nitride (GaN) having a 
thickness of 10 nm, is formed on the substrate 11 of silicon 
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(Si), and the semiconductor layer stack 13 is formed thereon. 
The semiconductor layer stack 13 includes the first semicon 
ductor layer 14, and the second semiconductor layer 15 hav 
ing a greater bandgap than the first semiconductor layer 14, 
layered in this order from the substrate side. In the present 
embodiment, the first semiconductor layer 14 is an undoped 
gallium nitride (GaN) layer having a thickness of 2 um, and 
the second semiconductor layer 15 is an n-type aluminum 
gallium nitride (AlGaN) layer having a thickness of 20 nm. 
Due to spontaneous polarization and piezopolarization, 

charges are generated near the heterojunction interface 
between the first semiconductor layer 14 and the second 
semiconductor layer 15. Thus, there is produced a channel 
region being a two-dimensional electron gas (2DEG) layer 
having a sheet carrier concentration of 1x10" cm or more 
and a mobility of 1000 cm V/sec or more. 
The first electrode 16A and the second electrode 16B are 

formed on the semiconductor layer stack 13 spaced apart 
from each other. The first electrode 16A and the second elec 
trode 16B are obtained by layering together titanium (Ti) and 
aluminum (Al), and is in an ohmic contact with the channel 
region. FIG. 19 shows an example where portions of the 
second semiconductor layer 15 are removed and the first 
semiconductor layer 14 is dug down by about 40 nm so that 
the first electrode 16A and the second electrode 16B are in 
contact with the interface between the second semiconductor 
layer 15 and the first semiconductor layer 14, in order to 
reduce the contact resistance. Alternatively, the first electrode 
16A and the second electrode 16B may be formed on the 
second semiconductor layer 15. 
The first control layer 19A and the second control layer 

19B being p-type semiconductor layers are selectively 
formed spaced apart from each other on the n-type second 
semiconductor layer 15 in the region between the first elec 
trode 16A and the second electrode 16B. The first gate elec 
trode 18A is formed on the first control layer 19A, and the 
second gate electrode 18B is formed on the second control 
layer 19B. The first gate electrode 18A and the second gate 
electrode 18B are obtained by layering together palladium 
(Pd) and gold (Au), and are in an ohmic contact with the first 
control layer 19A and the second control layer 19B, respec 
tively. 

The passivation film 41 of silicon nitride (SiN) is formed so 
as to cover the second semiconductor layer 15 and the first 
control layer 19A and the second control layer 19B. With the 
formation of the passivation film 41, it is possible to compen 
sate for a defect that leads to a so-called “current collapse”, 
thus improving the current collapse. 

The first control layer 19A and the second control layer 
19B are magnesium (Mg)-doped p-type GaN having a thick 
ness of 300 nm. A pnjunction is formed between the second 
semiconductor layer 15 and each of the first control layer 19A 
and the second control layer 19B. Thus, if the voltage 
between the first electrode and the first gate electrode is 0 V. 
for example, a depletion layer expands from the first p-type 
GaN layer into the channel region, whereby it is possible to 
block the current flow into the channel. Similarly, if the volt 
age between the second electrode and the second gate elec 
trode is 0 V or less, for example, a depletion layer expands 
from the second p-type GaN layer into the channel region, 
whereby it is possible to block the current flow into the 
channel. Thus, there is realized a semiconductor element 
capable of a so-called “normally-off operation'. 
Assume that V1 denotes the potential of the first electrode 

16A, V2 that of the first gate electrode 18A, V3 that of the 
second gate electrode 18B, and V4 that of the second elec 
trode 16B. If V2 is higher than V1 by 1.5 V or more, the 
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depletion layer expanding from the first control layer 19A 
into the channel region is shrunk, whereby it is possible to 
conduct a current through the channel region. Similarly, if V3 
is higher than V4 by 1.5 V or more, the depletion layer 
expanding from the second control layer 19B into the channel 
region is shrunk, whereby it is possible to conduct a current 
through the channel region. Thus, a so-called “threshold volt 
age' of the first gate electrode 18A and that of the second gate 
electrode 18B are both 1.5 V. Hereinafter, a first threshold 
voltage is defined to be a threshold voltage of the first gate 
electrode such that the depletion layer expanding in the chan 
nel region below the second gate electrode 18A is shrunk so 
that a current can be conducted through the channel region, 
and a second threshold voltage is defined to be a threshold 
Voltage of the second gate electrode such that the depletion 
layer expanding in the channel region below the second gate 
electrode 18B is shrunk so that a current can be conducted 
through the channel region. 
The distance between the first control layer 19A and the 

second control layer 19B is designed so that the maximum 
voltage applied to the first electrode 16A and the second 
electrode 16B can be withstood. 
The control section 20 includes a first power supply 21 

connected between the first electrode 16A and the first gate 
electrode 18A, and a second power Supply 22 connected 
between the second electrode 16B and the second gate elec 
trode 18B. The first power supply 21 and the second power 
Supply 22 used in the present embodiment are each a variable 
power Supply whose output Voltage can be varied. 
A load circuit is connected between the first electrode 16A 

and the second electrode 16B. It is assumed in the following 
description that the load circuit is a variable power supply 35 
connected between the first electrode 16A and the second 
electrode 16B. 
An operation of the semiconductor device of the fifth 

embodiment will now be described. It is assumed for the 
purpose of illustration that the potential of the first electrode 
is 0 V, the output voltage of the first power supply 21 is Vg1, 
the output Voltage of the second power Supply 22 is Vg2, the 
voltage between the second electrode 16B and the first elec 
trode 16A is Vss, and the current flowing between the 
second electrode 16B and the first electrode 16A is Iss. 
Vss corresponds to the drain Voltage Vds of an ordinary 
FET, and Iss to the drain current Ids. 
Where V4 is higher than V1, e.g., where V4 is +100 V and 

V1 is 0 V, the output voltages Vg1 and Vg2 of the first power 
Supply 21 and the second power Supply 22 are set to Voltages 
less than or equal to the first threshold Voltage and the second 
threshold voltage, respectively, e.g., 0V. Then, the depletion 
layer expanding from the first control layer 19A expands 
through the channel region in the direction toward the second 
p-type GaN layer, whereby it is possible to block the current 
flowing through the channel. Thus, even if V4 is a positive 
high Voltage, it is possible to realize a non-conductive state 
where the current flowing from the second electrode 16B to 
the first electrode 16A is blocked. 

Also where V4 is lower than V1, e.g., where V4 is -100 V 
and V1 is 0 V, the depletion layer expanding from the second 
control layer 19B expands through the channel region in the 
direction toward the first control layer 19A, whereby it is 
possible to block the current flowing through the channel. 
Therefore, even if a negative high Voltage is applied to the 
second electrode 16B, it is possible to block the current flow 
ing from the first electrode to the second electrode. Thus, it is 
possible to block the current in both directions. 

With the structure and operation as described above, the 
channel region for ensuring the breakdown Voltage is shared 
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by the first gate electrode and the second gate electrode. A 
conventional bidirectional Switch product including two nor 
mally-off type A1GaN/GaN-HFETs and two diodes requires a 
channel region for the two AlGaN/GaN-HFETs and a channel 
region for the two diodes. However, with the present embodi 
ment, it is possible to realize a bidirectional switch product 
with only the area of the channel region for one element. 
Thus, by using a dual-gate semiconductor element as the 
bidirectional Switch product, the chip area can be reduced as 
compared with a case where two normally-off type AlGaN/ 
GaN-HFETs and two diodes are used. Therefore, it is possible 
to reduce the cost and the size of the bidirectional Switch 
device. 
Where the output voltages Vg1 and Vg2 of the first power 

Supply 21 and the second power Supply 22 are higher than the 
first threshold voltage and the second threshold voltage, 
respectively, e.g., 5 V, the Voltages applied to the first gate 
electrode 18A and the second gate electrode 18B are both 
higher than the threshold voltage. Therefore, the depletion 
layer does not expand from the first control layer 19A and the 
second control layer 19B into the channel region, whereby the 
channel region is not pinched off under the first gate electrode 
18A or under the second gate electrode 18B. As a result, it is 
possible to realize a conductive state in which the current 
flows in both directions between the first electrode 16A and 
the second electrode 16B. 

Next, an operation where Vg1 is a Voltage higher than the 
first threshold voltage and Vg2 is less than or equal to the 
second threshold voltage will be described. In an equivalent 
circuit representation, the dual-gate semiconductor element 
10 of the present embodiment can be regarded as a circuit 
including a first transistor 36 and a second transistor 37 con 
nected together in series, as shown in FIG.20(a). In this case, 
the source (S) of the first transistor 36 correspond to the first 
electrode 16A, the gate (G) of the first transistor 36 to the first 
gate electrode 18A, the source (S) of the second transistor 37 
to the second electrode 16B, and the gate (G) of the second 
transistor 37 to the second gate electrode 18B. 
Assume that Vg1 is 5V and Vg2 is OV, for example, in such 

a circuit. Then, since Vg2 being 0 V is equivalent to a state 
where the gate and the source of the second transistor 37 are 
shorted with each other, the semiconductor element 10 can be 
regarded as a circuit shown in FIG. 200b). Specifically, the 
semiconductor element 10 is equivalent to a transistor circuit 
in which the first electrode 16A is the source (S), the second 
gate electrode 18B is the gate (G) and the second electrode 
16B is the drain (D), with the source (S) and the gate (G) being 
electrically connected with each other. 

It is assumed in the following description that the Source 
(S) of the transistor shown in FIG.20(b) is the A terminal, the 
drain (D) is the B terminal, and the gate (G) is the C terminal. 

If the potential of the B terminal is higher than the potential 
of the A terminal, it can be regarded as a transistor in which 
the A terminal is the source and the B terminal is the drain. 
Then, since the voltage between the C terminal (gate) and the 
A terminal (source) is 0 V, less than or equal to the threshold 
voltage, no current flows from the B terminal (drain) to the A 
terminal (Source). 

If the potential of the A terminal is higher than the potential 
of the B terminal, it can be regarded as a transistor in which 
the B terminal is the source and the A terminal is the drain. 
Then, since the C terminal (gate) and the A terminal (drain) 
are at the same potential, when the potential of the A terminal 
becomes greater than the threshold voltage with reference to 
the B terminal, a Voltage greater than the threshold Voltage 
with reference to the B terminal (source) is applied to the gate, 
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whereby a current can be conducted from the A terminal 
(drain) to the B terminal (source). 

Thus, when the gate and the source of the transistor are 
shorted with each other, the circuit functions as a diode in 
which the drain is the cathode and the source is the anode, 
with the threshold voltage of the transistor being the forward 
turn-ON Voltage of the diode. 

Therefore, a portion of the second transistor 37 shown in 
FIG.20(a) can be regarded as a diode, and is represented as an 
equivalent circuit shown in FIG. 200c). In the equivalent 
circuit shown in FIG. 200c), if the potential of the second 
electrode of the bidirectional switch product is higher than the 
potential of the first electrode, since 5V is being applied to the 
gate of the first transistor 36, the first transistor 36 is ON, and 
a current can be conducted from the drain to the source. 
However, there occurs an ON Voltage due to the forward 
turn-ON Voltage of the diode. If the potential of the fist elec 
trode of the bidirectional switch element is higher than the 
potential of the second electrode, the diode including the 
second transistor 37 bears the voltage, thus blocking the cur 
rent flow from the first electrode to the second electrode of the 
bidirectional switch element. Thus, it is possible to realize a 
bidirectional switch capable of a so-called “reverse-blocking 
operation” by giving a Voltage greater than the threshold 
Voltage to the first gate and giving a Voltage less than or equal 
to the threshold Voltage to the second gate. 

FIG. 21 chows the relationship between the voltage Vss 
between the second electrode 16B and the first electrode 16A 
of the semiconductor element 10 and the current Isis flowing 
from the second electrode 16B to the first electrode 16A, 
wherein FIG. 21(a) shows a case where Vg1 and Vg2 are both 
varied, FIG. 21(b) shows a case where Vg1 is varied while 
Vg2 is set to 0 V (less than or equal to the second threshold 
voltage), and FIG. 21(c) shows a case where Vg2 is varied 
while Vg1 is set to 0 V (less than or equal to the first threshold 
Voltage). Vss along the horizontal axis in FIG. 21 is a Volt 
age with respect to the first electrode 16A, and Isis along the 
Vertical axis is plotted assuming the positive direction is the 
direction of a current flow from the second electrode 16B 
toward the first electrode 16A. 
As shown in FIG. 21(a), when Vg1 and Vg2 are 0 V or 1 V. 

Iss does not flow whether Vss is positive or negative, 
whereby the semiconductor element 10 is in a non-conductive 
state. When Vg1 and Vg2 are both higher than the threshold 
Voltage, a conductive state is reached where Isis flows in 
both directions according to Vss. 
As shown in FIG. 21(b), where Vg2 is set to 0 V (less than 

or equal to the second threshold Voltage), and where Vg1 is set 
to 0 V (less than or equal to the first threshold Voltage), Iss 
is blocked in both directions. Where Vg1 is set to 2V to 5 V 
(greater than or equal to the first threshold Voltage), Iss does 
not flow when Vss is less than 1.5 V, but Isis flows when 
Vss is greater than or equal to 1.5 V. Thus, a reverse-block 
ing state is reached where a current flows only from the 
second electrode 16B to the first electrode 16A, but not from 
the first electrode 16A to the second electrode 16B. Where 
Vg2 is varied while Vg1 is set to OV, as shown in FIG. 21(c), 
a reverse-blocking state is reached where a current flows only 
from the first electrode 16A to the second electrode 16B, but 
not from the second electrode 16B to the first electrode 16A. 
As described above, depending on the gate bias conditions, 

the semiconductor element 10 can function as abidirectional 
Switch product blocking/conducting the current in both direc 
tions or as abidirectional Switch product capable of a reverse 
blocking operation in which the bidirectional switch product 
performs an operation of conducting the current only in one 
direction and an operation of blocking the current in both 



US RE45,989 E 
25 

directions. The direction of the current conduction of the 
reverse-blocking characteristics can also be switched. 
The present embodiment is directed to a case where the 

threshold Voltages of the first gate and the second gate are 1.5 
V. However, the threshold voltages of the first gate and the 
second gate can be adjusted by changing the thickness and the 
Al composition of the A1GaN layer and the acceptor concen 
tration of the p-type GaN layer. The threshold voltages of the 
first gate and the second gate are preferably about 0V to 3 V. 

Sixth Embodiment 

A sixth embodiment of the present invention will now be 
described with reference to the drawings. FIG. 22 shows a 
cross section of a semiconductor element used in a semicon 
ductor device of the sixth embodiment. In FIG. 22, like ele 
ments to those of FIG. 19 are denoted by like reference 
numerals and will not be further described below. 

In the semiconductor element 10 of the present embodi 
ment, the buffer layer 12 having a thickness of 1 Lim, obtained 
by alternately layering MN having a thickness of 10 nm and 
GaN having a thickness of 10 nm, is formed on the substrate 
11 of Si, and the semiconductor layer stack 13 is formed 
thereon. The semiconductor layer stack 13 includes the 
undoped first semiconductor layer 14 having a thickness of 2 
um and the n-type second semiconductor layer 15 having a 
thickness of 50 nm layered in this order from the bottom. 

The first electrode 16A and the second electrode 16B are 
formed on the semiconductor layer stack 13 spaced apart 
from each other. The first electrode 16A and the second elec 
trode 16B are obtained by layering together titanium (Ti) and 
aluminum (Al), and is in an ohmic contact with the channel 
region. The present embodiment is directed to an example 
where the first electrode 16A and the second electrode 16B 
are formed on the second semiconductor layer 15. However, 
as in the fifth embodiment, portions of the second semicon 
ductor layer 15 may be removed and the first semiconductor 
layer 14 may be dug down by about 40 nm so that the first 
electrode 16A and the second electrode 16B are in contact 
with the interface between the second semiconductor layer 15 
and the first semiconductor layer 14. 

In a region of the second semiconductor layer 15 between 
the first electrode 16A and the second electrode 16B, there are 
two depressed portions (recesses) having a depth of 40 nm, 
and the first gate electrode 18A and the second gate electrode 
18B are formed so as to fill the depressed portions. The first 
gate electrode 18A and the second gate electrode 18B are 
obtained by layering together palladium (Pd) and gold (Au), 
and are forming a Schottky junction with the second semi 
conductor layer 15. 

In the semiconductor element 10 of the present embodi 
ment, the first gate electrode 18A and the second gate elec 
trode 18B are formed in the depressed portions in the second 
semiconductor layer 15. Therefore, the second semiconduc 
tor layer 15 has a smaller thickness under the first gate elec 
trode 18A and the second gate electrode 18B than in the other 
portions. Thus, the threshold voltages of the first gate elec 
trode 18A and the second gate electrode 18B can be shifted in 
the positive direction. Therefore, it is possible to realize the 
dual-gate semiconductor element 10 of a normally-off type. 
With field effect transistors in which AlGaN and GaN are 
layered together, the current collapse occurring due to traps 
formed in the surface of the AlGaN layer has been a problem. 
With the semiconductor element 10 of the present embodi 
ment, however, the surface of the AlGaN layer is away from 
the channel region, thereby providing an advantage that the 
current collapse can be reduced. 
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While the first gate electrode 18A and the second gate 

electrode 18B are formed to be in contact with the AlGaN 
layer in the semiconductor device chown in FIG.22, they may 
beformed over the AlGaN layer with an insulating film ther 
ebetween. In Such a case, the insulating film is preferably 
silicon nitride (SiN), silicon oxide (SiO2), hafnium oxide 
(H?O), alumina (AlO4), or tantalum oxide (TaOs), or the 
like. 

While the first gate electrode 18A and the second gate 
electrode 18B are formed so as to cover the top of the second 
semiconductor layer 15 around the depressed portions in the 
illustrated example, the first gate electrode 18A and the sec 
ond gate electrode 18B do not need to cover the top of the 
second semiconductor layer 15. 
The present embodiment is directed to an example where 

the A1GaN layer is thinned by the provision of the depressed 
portions therein directly under the first gate electrode and the 
second gate electrode, thereby realizing a normally-off opera 
tion. However, a normally-off operation may also be realized 
by thinning the A1GaN layer across the entire extent thereof. 
With such a structure, the process of forming the depressed 
portions is no longer necessary, whereby it is possible to 
produce the element with fewer steps and thus to reduce the 
COSt. 

With the semiconductor element of the present embodi 
ment, the threshold Voltage can be adjusted by changing the 
thickness and the Al composition of AlGaN layer and the 
material of the gate electrodes. In order to realize a bidirec 
tional Switch product capable of a normally-off operation, the 
threshold voltage is preferably 0 V to 1 V. 

Seventh Embodiment 

A seventh embodiment of the present invention will now be 
described with reference to the drawings. FIG. 23 shows a 
cross section of a semiconductor element used in a semicon 
ductor device of the seventh embodiment. In FIG. 23, like 
elements to those of FIG. 19 are denoted by like reference 
numerals and will not be further described below. 

In the semiconductor element 10 of the present embodi 
ment, the buffer layer 12 having a thickness of 1 um, obtained 
by alternately layering AlN having a thickness of 10 nm and 
GaN having a thickness of 10 nm, is formed on the substrate 
11 of Si, and the semiconductor layer stack 13 is formed 
thereon. The semiconductor layer stack 13 includes the 
undoped first semiconductor layer 14 having a thickness of 2 
um and the n-type second semiconductor layer 15 having a 
thickness of 50 nm layered in this order from the bottom. 
The first electrode 16A and the second electrode 16B are 

formed on the semiconductor layer Stack 13 spaced apart 
from each other. The first electrode 16A and the second elec 
trode 16B are obtained by layering together titanium (Ti) and 
aluminum (Al), and is in an ohmic contact with the channel 
region. The present embodiment is directed to an example 
where the first electrode 16A and the second electrode 16B 
are formed on the second semiconductor layer 15. However, 
as in the fifth embodiment, portions of the second semicon 
ductor layer 15 may be removed and the first semiconductor 
layer 14 may be dug down by about 40 nm so that the first 
electrode 16A and the second electrode 16B are in contact 
with the interface between the second semiconductor layer 15 
and the first semiconductor layer 14. 
The first gate electrode 18A and the second gate electrode 

18B are formed in this order from the first electrode 16A, and 
spaced apart from each other, on the second semiconductor 
layer 15 in the region between the first electrode 16A and the 
second electrode 16B. The first gate electrode 18A is formed 
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on the first control layer 19A, which is selectively formed on 
the second semiconductor layer 15, whereas the second gate 
electrode 18B is formed in contact with the second semicon 
ductor layer 15. The first gate electrode 18A and the second 
gate electrode 18B are obtained by layering together palla 
dium (Pd) and gold (Au), and the first gate electrode 18A is 
forming an ohmic junction with the first control layer 19A. 
The first control layer 19A is magnesium (Mg)-doped p-type 
GaN having a thickness of 300 nm. 
The first control layer 19A and the second semiconductor 

layer 15 togetherform apnjunction therebetween. Therefore, 
if the voltage between the first electrode 16A and the first gate 
electrode 18A is 0 V, for example, a depletion layer expands 
from the first control layer 19A into the channel region, 
thereby blocking the current flow through the channel. Thus, 
the first threshold voltage is about 1.5 V (see Yasuhiro 
Uemoto, et al., “IEICE Technical Report, The Institute of 
Electronics, Information and Communication Engineers, 
2007, vol. 106, no. 459, pp. 193-197). 
On the other hand, the second gate electrode 18B and the 

second semiconductor layer 15 together form a Schottky 
junction therebetween. Therefore, if the voltage between the 
second electrode 16B and the second gate electrode 18B is 0 
V, for example, a depletion layer expands into the channel 
region, thereby blocking the current flow through the channel. 
Thus, the threshold voltage of the second gate electrode 18B 
is 0 V (see Ken Nakata, et al., “IEICE Technical Report', The 
Institute of Electronics, Information and Communication 
Engineers, 2005, vol. 105, no.325, pp. 51-56). Note however 
that the composition ratio between Al and Ga of the second 
semiconductor layer 15 is adjusted so that the second thresh 
old voltage is 0 V. 

With a semiconductor device such that the first threshold 
voltage is 1.5V and the second threshold voltage is 0 V, as 
described above, the ON Voltage, which occurs when there is 
a forward current flow in a reverse-blocking operation, can be 
set to OV. Therefore, it is possible to form a dual-gate semi 
conductor device having an even lower resistance. 
As a method for setting the second threshold voltage to OV. 

a depressed portion may be formed in the second semicon 
ductor layer 15 and the second gate electrode 18B may be 
formed so as to fill the depressed portion, as shown in FIG. 24. 
With such a structure, the threshold voltage of the second gate 
electrode 18B can be set to 0 V without decreasing the Al 
composition of the second semiconductor layer 15. Thus, it is 
possible to set the threshold voltage of the second gate elec 
trode 18B to 0 V while maintaining high sheet carrier con 
centration (see Non-Patent Document 2). The threshold volt 
age of the second gate is not necessarily 0V, but is preferably 
set in the range of 0 V to 1 V. 

While the second gate electrode 18B is formed so as to 
cover the top of the second semiconductor layer 15 around the 
depressed portion in the illustrated example, the second gate 
electrode 18B does not need to cover the top of the second 
semiconductor layer 15. 
The fifth to seventh embodiments are directed to examples 

of 4-terminal bidirectional switch products. However, when 
only the reverse-blocking operation is required for the bidi 
rectional Switch product to be produced, the second gate 
electrode and the second electrode may be electrically con 
nected with each other by a wire of Au, or the like. With such 
a configuration, it is possible to form a 3-terminal bidirec 
tional Switch product capable only of a reverse-blocking 
operation. Such a 3-terminal element can be treated in a 
similar manner to a conventional transistor, thereby eliminat 
ing the need for a driving circuit and a power Supply for 
biasing the second gate electrode. 
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While the reverse-blocking operation of a bidirectional 

switch product has been described in the fifth to seventh 
embodiments, this operation is the same as a diode operation, 
and therefore the bidirectional switch product is required to 
have a similar high-speed Switching characteristic to that 
required of a diode. The switching characteristic of a diode 
refers to the capability of quickly switching from the current 
conductive state to the non-conductive state upon Switching 
of the polarity of the applied voltage. With a typical pnjunc 
tion diode, when the polarity of the Voltage applied across the 
diode is Switched while conducting a current from the anode 
to the cathode, the diode momentarily conducts a current 
from the cathode to the anode and thenblocks the current flow 
from the cathode to the anode after the passage of a predeter 
mined period of time. Generally, this characteristic is called 
the “recovery characteristic', the predetermined period of 
time before the current flow from the cathode to the anode is 
blocked is called the “recovery time', and the current momen 
tarily conducted from the cathode to the anode is called the 
“recovery current'. 

Typically, the recovery current of a pn junction diode 
occurs as follows. When the minority carrier injected during 
the current-conducting period due to the minority carrier 
storage effect is discharged in the reverse bias period, the 
minority carrier is discharged as a reverse current against the 
diode's rectification function. 
The recovery current of a diode can be reduced by reducing 

the minority carrier being the cause of the problem, and this 
can be done by forming a diode without a pnjunction. For 
example, with a Schottky barrier diode in which the diode is 
formed based on the Schottky barrier, the recovery current is 
small because the electrons are the only carrier. 

In the reverse-blocking operation of the bidirectional 
switch products of the fifth to seventh embodiments, a current 
is not flowing through the second gate electrode, but the 
electrical conduction from the second electrode to the first 
electrode is done via the channel region formed by a two 
dimensional electron gas. In other words, it operates as a 
diode without passing through a p-type semiconductor and 
there is no parasitic structure Such as a parasitic diode, 
whereby there is no minority carrier storage effect. As a 
result, the recovery current is Smaller than that of a pnjunc 
tion diode, and the recovery time is shorter. 

Eighth Embodiment 

An eighth embodiment of the present invention will now be 
described with reference to the drawings. FIG. 25 shows a 
configuration of a semiconductor device of the eighth 
embodiment. In FIG. 25, like elements to those of FIG. 19 are 
denoted by like reference numerals and will not be further 
described below. 
As shown in FIG. 25, in the semiconductor device of the 

present embodiment, the control section 20 includes the first 
power supply 21 connected to the first gate electrode 18A via 
a first switch circuit 23A, and the second power supply 22 
connected to the second gate electrode 18B via a second 
Switch circuit 23B. 
The first Switch circuit 23A and the second switch circuit 

23B each include a photocoupler, including a light emitting 
diode (LED) and a photodiode, and can be switched ON/OFF 
by an external control signal, and the control signal and the 
switch output can be electrically separated from each other. 
FIG. 25 shows an example where an integrated circuit includ 
ing a gate driving circuit therein is used for the first Switch 
circuit 23A and the second switch circuit 23B. The integrated 
circuit may be any of those commercially available, and may 
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be, for example, Photocoupler TLP251 from Toshiba Corpo 
ration. Moreover, it is not limited to an integrated circuit 
including a gate driving circuit therein, but may be any circuit 
as long as it is a Switch capable of electrically separating the 
control signal and the Switch output from each other. 

In the present embodiment, the voltages of the first power 
Supply 21 and the second power Supply 22 are set to be higher 
than the threshold voltages of the first gate electrode 18A and 
the second gate electrode 18B. The second power supply 22 is 
a power Supply that is insulated from a load power Supply 31 
Such as an insulated battery or an insulated-type Voltage con 
verter (DC-DC converter). Thus, the second gate electrode is 
driven by a driving signal having a reference potential being 
different from the common reference potential (ground 
potential) of the circuit. 
An operation of the semiconductor device of the eighth 

embodiment will now be described. When the first Switch 
circuit 23A and the second switch circuit 23B are turned ON 
by an external control signal, the first power Supply 21 and the 
first gate electrode 18A are connected with each other, and the 
second power supply 22 and the second gate electrode 18B 
are connected with each other. Thus, since a Voltage higher 
than the threshold voltage is applied to the first gate electrode 
18A and the second gate electrode 18B, the current flow in 
both directions between the first electrode 16A and the sec 
ond electrode 16B. 
When the first switch circuit 23A and the second switch 

circuit 23B are turned OFF by the control signal, the first gate 
electrode 18A and the second gate electrode 18B are cut off 
from the first power Supply 21 and the second power Supply 
22, respectively. Then, a potential equal to the first electrode 
16A is applied to the first gate electrode 18A, and a potential 
equal to the second electrode 16B is applied to the second gate 
electrode 18B. Where the potential of the second electrode 
16B is +100 V and that of the first electrode 16A is 0 V, the 
potential of the first gate electrode 18A is 0 V (less than or 
equal to the first threshold voltage), whereby the channel 
region is pinched offunder the first gate electrode 18A, and no 
current flows from the second electrode 16B to the first elec 
trode 16A. Also where the potential of the second electrode 
16B is -100 V and that of the first electrode 16A is 0 V, the 
voltage between the second gate electrode 18B and the sec 
ond electrode 16B is 0 V (less than or equal to the second 
threshold voltage). Therefore, no current flows from the first 
electrode 16A to the second electrode 16B. 

Ninth Embodiment 

A ninth embodiment of the present invention will now be 
described with reference to the drawings. FIG. 26 shows a 
configuration of a semiconductor device of the ninth embodi 
ment. In FIG. 26, like elements to those of FIG. 25 are 
denoted by like reference numerals and will not be further 
described below. 

In the semiconductor device of the present embodiment, 
the control section 20 includes a third power supply 25 con 
nected on the opposite side of the first switch circuit 23A with 
respect to the first power Supply 21, and a fourth power Supply 
26 connected on the opposite side of the second switch circuit 
23B with respect to the second power supply 22. The voltage 
of the first power supply 21 and the second power supply 22 
is 5 V, for example, and the voltage of the third power supply 
25 and the fourth power supply 26 is set to 3 V, for example 
The second power supply 22 and the fourth power supply 26 
are power supplies insulated from the load power supply 31. 

In the present embodiment, when the first switch circuit 
23A and the second switch circuit 23B are turned ON by the 
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control signal, the first gate electrode 18A and the first power 
Supply 21 are connected with each other, and the second gate 
electrode 18B and the second power supply 22 are connected 
with each other, as in the eighth embodiment. When the first 
switch circuit 23A and the second switch circuit 23B are 
turned OFF, the first gate electrode 18A and the third power 
Supply 25 are connected with each other, and the second gate 
electrode 18B and the fourth power supply 26 are connected 
with each other. Therefore, -3 V is applied to the first gate 
electrode 18A and the second gate electrode 18B. Thus, the 
gap between the first electrode 16A and the second electrode 
16B can be blocked more completely, thereby reducing the 
leak current and thus reducing the amount of power con 
Sumed by the semiconductor device. 

Although the eighth and ninth embodiments are directed to 
examples where the first electrode is grounded, it is not nec 
essary that the first electrode is grounded. In Such a case, 
however, the gate-control power Supply connected to the first 
electrode is insulated from the ground of the load circuit. 
Specifically, a battery, an insulated-type DC-DC converter, an 
insulated-type power Supply using a charge pump circuit, or 
the like, may be used. 

Tenth Embodiment 

A tenth embodiment of the present invention will now be 
described with reference to the drawings. FIG. 27 shows a 
configuration of a semiconductor device of the tenth embodi 
ment. In FIG. 27, like elements to those of FIG. 19 are 
denoted by like reference numerals and will not be further 
described below. 
As shown in FIG. 27, in the semiconductor device of the 

present embodiment, the control section 20 includes a driver 
element 53 including a gate driving circuit called an “HVIC 
(High Voltage Integrated Circuit) therein, a first power sup 
ply 51, and a second power supply 52. The first power supply 
51 and the second power supply 52 output voltages greater 
than or equal to the threshold Voltages of the first gate elec 
trode 18A and the second gate electrode 18B, e.g., 5 V. The 
driver element 53 used in the control section 20 includes a 
low-side gate driving circuit 53A used on the low-voltage 
side, and a high-side gate driving circuit 53B used on the 
high-voltage side. 

Typically, in order to transmit the control signal to the gate 
driving circuit connected on the high-voltage side, it is nec 
essary to electrically insulate the control signal by using a 
photocoupler, an insulated transformer, or the like. However, 
since an HVIC transmits the control signal to the high-side 
gate driving circuit 53B by means of a level shift circuit 53C, 
it is not necessary to use a photocoupler, an insulated trans 
former, or the like, and it is possible to reduce the size and the 
cost of the device. 

In the driver element 53 used in the present embodiment, 
the low-side gate driving circuit 53A is driven by a signal 
input to the low-side input terminal LIN. When a low-level 
signal (e.g., 0 V) is input to the input terminal LIN, the 
low-side output terminal LO and the low-side terminal 
ground LGND are connected with each other, and the output 
terminal LO and the low-side bias power supply terminal 
VCC are insulated from each other. When a high-level signal 
(e.g., 5 V) is input to the input terminal LIN, the output 
terminal LO and the terminal ground LGND are insulated 
from each other, and the output terminal LO and the bias 
power supply terminal VCC are connected with each other. 
The signal input to the high-side input terminal HIN is 

transmitted to the high-side gate driving circuit 53B via the 
level shift circuit 53C to drive the high-side gate driving 
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circuit 53B. When a low-level signal is input to the input 
terminal HIN, the high-side output terminal HO and the high 
side offset terminal VS are connected with each other, and the 
output terminal HO and the high-side bias power supply 
terminal VB are insulated from each other. When a high-level 
signal is input to the input terminal HINT, the output terminal 
HO and the offset terminal VS are insulated from each other, 
and the output terminal HO and the bias power supply termi 
nal VB are connected with each other. 
With the signal transmission via the level shift circuit 53C, 

it is possible to transmit the control signal to the high-side 
gate driving circuit operating with respect to a reference 
potential that is different from the ground potential, which is 
the common reference potential. Thus, the high-side control 
signal output from the output terminal HO is a driving signal 
whose reference potential is different from the ground poten 
tial. 

In the semiconductor device of the present embodiment, 
the low-side input terminal LIN receives a first control signal 
Supplied from a first signal source 54, and the output terminal 
LO is connected to the first gate electrode 18A of the semi 
conductor element 10. The first power supply 51 is connected 
between the ground terminal GND and the power supply 
terminal VDD of the driver element 53 and between the 
low-side terminal groundLGND and the low-side bias power 
supply terminal VCC, and the ground terminal GND and the 
terminal ground LGND are connected to the first electrode 
16A. In the present embodiment, the low level and the high 
level of the first control signal and the second control signal 
are, for example, 0 V and 5 V. respectively. 

If the first control signal is at the low level, the first gate 
electrode 18A and the first electrode 16A are shorted with 
each other, and if the first control signal is at the high level, the 
first power Supply 51 applies a Voltage greater than or equal to 
the threshold voltage of the first gate electrode 18A between 
the first gate electrode 18A and the first electrode 16A. 
On the other hand, the high-side input terminal HIN 

receives a second control signal Supplied from a second signal 
source 55, and the output terminal HO is connected to the 
second gate electrode 18B. The second power supply 52 is 
connected between the high-side offset terminal VS and the 
high-side bias power supply terminal VB, and the offsetter 
minal VS is connected to the second electrode 16B. The 
second power Supply 52 is an insulated-type power Supply 
electrically insulated from the potential of the first electrode 
16A. 

Therefore, if the second control signal is at the low level, 
the second gate electrode 18B and the second electrode 16B 
are shorted with each other, and if the second control signal is 
at the high level, the second power Supply 52 applies a Voltage 
greater than or equal to the threshold Voltage of the second 
gate electrode 18B between the second gate electrode 18B 
and the second electrode 16B. 

Therefore, a non-conductive state where no current flows 
between the first electrode 16A and the second electrode 16B 
can be realized by setting the first control signal and the 
second control signal to the low level. A conductive state 
where the current flows in both directions between the first 
electrode 16A and the second electrode 16B can be realized 
by setting the first control signal and the second control signal 
to the high level. A reverse-blocking state where the current 
flows from the first electrode 16A to the second electrode 16B 
but not from the second electrode 16B to the first electrode 
16A can be realized by setting the first control signal to the 
low level and the second control signal to the high level. A 
reverse-blocking state where the current flows from the sec 
ond electrode 16B to the first electrode 16A but not from the 
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first electrode 16A to the second electrode 16B can be real 
ized by setting the first control signal to the high level and the 
second control signal to the low level. 

In the semiconductor device of the present embodiment, 
the driver element 53 being an HVIC is used for the control 
section 20, it is possible to eliminate the need for a photocou 
pler, an insulated transformer, or the like, for transmitting the 
control signal to the high-side driver circuit. Therefore, it is 
possible to reduce the size and the cost of the control section 
20. An HVIC in which the high-side driver circuit is separated 
by a dielectric is used as the driver element 53. 
The level shift circuit it is a circuit that includes a trans 

former that can be integrated into an IC and transmits signals 
via the transformer so as to electrically insulate the input 
signal and the output signal from each other. A specific 
example known in the art is ADum5240, an IC from Analog 
Devices, Inc. 

Eleventh Embodiment 

An eleventh embodiment of the present invention will now 
be described with reference to the drawings. FIG. 28 shows a 
configuration of a semiconductor device of the eleventh 
embodiment. In FIG. 28, like elements to those of FIG. 27 are 
denoted by like reference numerals and will not be further 
described below. 
As shown in FIG. 28, in the semiconductor device of the 

present embodiment, the control section 20 includes a capaci 
tor 61 instead of the second power supply, and the control 
section 20 includes a charging circuit 63 for charging the 
capacitor 61, and a first step-down circuit 64 and a second 
step-down circuit 65 for bringing the output of the low-side 
output terminal LO and the output of the high-side output 
terminal HO, respectively, to be less than or equal to a pre 
determined Voltage. 
The charging circuit 63 includes a charging Switch circuit, 

and a logic circuit 67 for driving the charging Switch circuit. 
The charging switch circuit includes a diode 69 connected in 
series between a driverpower supply 66 and the capacitor 61, 
and a semiconductor switch 68 being a p-channel MOSFET. 
The threshold voltage of the p-channel MOSFET being the 
semiconductor switch 68 is -3 V, for example. The logic 
circuit 67 includes an exclusive logical product (NAND) gate 
circuit 67A, and a delay circuit 67B. The output of the logic 
circuit 67 goes to the low level with a delay time set by the 
delay circuit 67B after the first control signal and the second 
control signalboth become the high level, and goes to the high 
level with the delay time after at least one of the first control 
signal and the second control signal becomes the low level. 
The first step-down circuit 64 includes a resistor 64A and a 

Zener diode 64B, and limits the output of the output terminal 
LO to be less than or equal to the breakdown voltage of the 
Zener diode 64B. The second step-down circuit 65 includes a 
resistor 65A and a Zener diode 65B, and limits the output of 
the output terminal HO to be less than or equal to the break 
down voltage of the Zener diode 65B. The breakdown voltage 
of the Zener diode 64B and the Zener diode 65B may be set to 
be less than or equal to a Voltage Such that the transistor will 
not be broken by the overcurrent flowing into the first gate 
electrode and the second gate electrode of the semiconductor 
element 10, e.g., 5 V. 

In the present embodiment, the driver power supply 66 
outputs a voltage greater than or equal to the threshold Voltage 
of the first gate electrode 18A, e.g., 10V. The high level of the 
first control signal and the second control signal is set to 10 V. 
being equal to the output of the driver power Supply 66, and 
the low level thereof is set to OV. 
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An operation of the semiconductor device of the present 
embodiment will now be described. First, when the first con 
trol signal and the second control signal go to the high level. 
the voltage between the output terminal LO and the first 
electrode 16A becomes 10 V, equal to the output of the driver 
power supply 66. However, since the output voltage is limited 
to 5 V by the first step-down circuit 64, the voltage between 
the first gate electrode 18A and the first electrode 16A is 5 V. 
If a positive Voltage is being applied to the second electrode 
16B, the semiconductor element 10 is turned ON and a cur 
rent flows, whereby the potential of the second electrode 16B 
decreases to the ON Voltage. While the ON Voltage is dictated 
by the ON-resistance and the conducted current of the semi 
conductor element 10, it is assumed herein to be 3 V, for 
example. 
As the first control signal and the second control signal go 

to the high level, the output of the logic circuit 67 goes to the 
low level. Therefore, 0 V is applied to the gate of the semi 
conductor switch 68. Since the potential of the source of the 
semiconductor switch 68 is 10 V, the voltage of the gate with 
respect to the Source is -10 V, being less than or equal to the 
threshold voltage, whereby the semiconductor switch 68 is 
turned ON. Since the voltage of the second electrode 16B has 
decreased to 3 V, being the ON Voltage, a voltage of 7 V is 
applied across the capacitor 61 via the semiconductor Switch 
68 and the diode 69 and the capacitor 61 is charged. 

Since the input terminal HIN is at the high level, the voltage 
between the output terminal HO and the second electrode 
16B is 7V, being the voltage between the bias power supply 
terminal VB and the offset terminal VS. Since the output 
voltage of the output terminal HO is stepped down to 5 V by 
the second step-down circuit 65, the voltage between the 
second gate electrode 18B and the second electrode 16B is 5 
V. Therefore, the semiconductor element 10 reaches a con 
ductive state where the current flows in both directions. The 
capacitor 61 remains charged at 7V. 

Then, when the first control signal and the second control 
signal go to the low level, the output of the logic circuit 67 
goes to the high level, and 10 V is applied to the gate of the 
semiconductor switch 68. Therefore, the source-gate voltage 
of the semiconductor switch 68 becomes 0 V, and the semi 
conductor switch 68 is turned OFF. 

In this state, if the potential of the second electrode 16B 
becomes a positive high potential (e.g., +100 V), a positive 
high voltage is applied to the control section 20. However, the 
diode 69 bears the high voltage, thus preventing the control 
section 20 from being broken. When the potential of the 
second electrode 16B becomes a negative high potential (e.g., 
-100 V), a negative high voltage is applied to the control 
section 20. However, since the semiconductor switch 68 is 
OFF, the semiconductor switch 68 bears the high voltage, 
thus preventing the control section 20 from being broken. 
Therefore, even if a positive or negative high Voltage is 
applied while the semiconductor element 10 is OFF, the con 
trol section 20 is prevented from being broken by the high 
Voltage. 
The capacitor 61 can be charged again by turning ON the 

semiconductor element 10, and lowering the potential of the 
second electrode 16B to the ON Voltage. If charging the 
capacitor 61 takes a long time or if a higher power is needed 
by the gate driving circuit, a capacitor of a larger capacitance 
may be used. 

The delay circuit 67B between the output of the NAND 
circuit 67A and the gate of the semiconductor switch 68 is 
provided for turning ON the semiconductor switch 68 after 
the semiconductor element 10 is turned ON. Therefore, the 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

34 
delay time of the delay circuit 67B can be set to be longer than 
the amount of time required before the semiconductor ele 
ment 10 is turned ON. 

With the semiconductor device of the present embodiment, 
it is possible to eliminate the need for an insulated-type power 
Supply for applying a bias Voltage to the second gate electrode 
18B. Therefore, it is possible to further reduce the sizes and 
the cost of the control section 20. 

Note that in an HVIC for a commonly-used half-bridge 
circuit, the logic circuit provided therein prohibits the input 
signals to the terminal HIN and the terminal LIN from being 
at the high level at the same time. However, the HVIC used in 
the tenth and eleventh embodiments is such that the operation 
is allowed even if the terminal HIN and the terminal LIN are 
at the high level at the same time. 

With the HVIC used in the present invention, the signal 
input to the terminal HIN is input to the high-side gate driving 
circuit 53B via the level shift circuit 53C. Therefore, the delay 
time from when the high-side gate driving circuit 53B 
receives the control signal until it outputs the gate Voltage 
may possibly be longer than the delay time of the low-side 
gate driving circuit 53A. In Such a case, a delay circuit may be 
provided at the input terminal LIN of the low-side gate driv 
ing circuit 53A so that the output of the low-side gate driving 
circuit 53A and the output of the high-side gate driving circuit 
53B are synchronized with each other. 

While the present embodiment is directed to an example 
where the gate driving circuit is an HVIC, it may be a gate 
driving circuit including a photocoupler. While the semicon 
ductor switch 68 is a p-channel MOSFET herein, it may 
instead be a p-channel TORT or a PNP transistor. 

Twelfth Embodiment 

A twelfth embodiment of the present invention will now be 
described with reference to the drawings. FIG. 29 shows a 
circuit configuration of a semiconductor device of the twelfth 
embodiment. In FIG. 29, like elements to those of FIG. 19 are 
denoted by like reference numerals and will not be further 
described below. 
As shown in FIG. 29, in the semiconductor device of the 

present embodiment, the control section 20 includes a trans 
former 70, the first signal source 54 is connected between the 
first electrode 16A and the first gate electrode 18A, and the 
second signal source 55 is connected between the first elec 
trode 16A and the second gate electrode 18B via the second 
ary side of the transformer 70. The primary side of the trans 
former 70 is connected between the first electrode 16A and 
the second electrode 16B. The transformer 70 is such that the 
ratio between the input Voltage and the output Voltage is 1:1, 
and the Voltage input to the primary side and the Voltage 
output to the secondary side are of the same phase at the 
frequency of a load circuit 30 used. The low level and the high 
level of the first control signal output from the first signal 
Source 54 and the second control signal output from the 
second signal source 55 are 0 V and 5 V. respectively, for 
example. 

In such a semiconductor device, when the load circuit 30 is 
outputting an AC signal of -100 V to +100 V, for example, an 
AC signal of -100V to +100V is input also to the primary side 
of the transformer 70. Therefore, an AC signal of -100 V to 
+100V having the same phase is output also on the secondary 
side of the transformer 70. 

In Such a state, if the second control signal is brought to 0 
V, the voltage on the secondary side of the transformer 70 is 
equal to the voltage on the primary side. Therefore, if the 
potential of the second electrode 16B is -100 V, the potential 
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of the second gate electrode 18B is also -100 V, and if the 
potential of the second electrode 16B is +100 V, the potential 
of the second gate electrode 18B is also +100 V. Thus, a 
Voltage less than or equal to the second threshold Voltage is 
constantly applied between the second gate electrode 18B 
and the second electrode 16B. 

If the first control signal is brought to 0 V at the same time, 
the voltage between the first gate electrode 18A and the first 
electrode 16A also becomes OV, thus realizing a non-conduc 
tive state where no current flows in either direction. If the first 
control signal is brought to 5 V, a reverse-blocking state is 
realized where the current flows from the second electrode 
16B to the first electrode 16A but not from the first electrode 
16A to the second electrode 16B. 

If the second control signal is brought to 5 V, the voltage on 
the secondary side of the transformer 70 becomes 5 V higher 
than the Voltage on the primary side. Therefore, the Voltage 
between the second gate electrode 18B and the second elec 
trode 16B becomes 5 V, higher than the second threshold 
Voltage. In such a state, if the first control signal is brought to 
5 V, a conductive state is realized where the current flows in 
both directions between the first electrode 16A and the sec 
ond electrode 16B. If the first control signal is brought to OV. 
a reverse-blocking state is realized where the current flows 
from the first electrode 16A to the second electrode 16B but 
not from the second electrode 16B to the first electrode 16A. 
With the semiconductor device of the present embodiment, 

there is no need for a gate-driving power Supply, whereby it is 
possible to simplify the control circuit and reduce the cost 
thereof. 

In the present embodiment, the transformer 70 is such that 
the Voltage input to the primary side and the Voltage output to 
the secondary side are of the same phase at the frequency of 
the load circuit 30 used. However, with the provision of a 
phase compensation circuit on the secondary side, it is pos 
sible to use a transformer such that the voltages are not of the 
same phase. The phase compensation circuit may be any 
Suitable circuit. For example, a capacitor having such a 
capacitance value that the secondary side and the primary side 
will be of the same phase may be connected between the 
secondary side of the transformer 70 and the second gate 
electrode 18B. 

While the current is applied to the first gate electrode 18A 
and the second gate electrode 18B by the power of the first 
signal source 54 and the second signal source 55 in the present 
embodiment, a bias Voltage may be applied to the first gate 
electrode 18A and the second gate electrode 18B via a gate 
driving circuit. 

Thirteenth Embodiment 

A thirteenth embodiment of the present invention will now 
be described with reference to the drawings. FIG. 30 shows a 
circuit configuration of a semiconductor device of the thir 
teenth embodiment. In FIG.30, like elements to those of FIG. 
19 are denoted by like reference numerals and will not be 
further described below. 
As shown in FIG. 30, in the semiconductor device of the 

present embodiment, the control section 20 includes the 
transformer 70, an n-channel MOSFET 71, a diode 72, a 
Zener diode 73, and a first power supply 74. 
The first signal source 54 is connected between the first 

electrode 16A and the first gate electrode 18A, and the second 
signal source 55 is connected between the gate terminal and 
the source terminal of then-channel MOSFET 71. The source 
terminal of the n-channel MOSFET 71 is connected to the 
first electrode 16A, the anode of the first power supply 74 is 
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connected to the first electrode 16A, and the cathode of the 
first power supply 74 is connected to one terminal of the 
primary side of the transformer 70. The other terminal of the 
primary side of the transformer 70 is connected to the drain 
terminal of the n-channel MOSFET 71. The diode 72 and the 
Zener diode 73 are connected in series between the opposite 
terminals of the primary side of the transformer 70. One 
terminal of the secondary side of the transformer is connected 
to the second electrode 16B, and the other terminal thereof is 
connected to the second gate electrode 18B. A resistor ele 
ment 75 is connected between the opposite terminals of the 
secondary side of the transformer 70. The transformer 70 is 
such that the ratio between the input voltage and the output 
voltage is 1:1. The low level and the high level of the first 
control signal output from the first signal source 54 and the 
second control signal output from the second signal source 55 
are 0 V and 5V, respectively, for example. 
ON/OFF of then-channel MOSFET 71 is controlled by the 

second signal source 55. Therefore, the n-channel MOSFET 
71 and the first power supply 74, connected to the primary 
side of the transformer 70, serve as a pulsed current generat 
ing section. When a pulsed current is input to the primary side 
of the transformer 70, a voltage is generated in the secondary 
side circuit of the transformer 70. As the generated voltage is 
received by the resistor element 75, an intended voltage is 
applied between the second electrode 16B and the second 
gate electrode 18B. With such a configuration, it is possible to 
eliminate the high-side insulated power Supply and to thus 
reduce the total number of components, whereby it is possible 
to produce the control section 20 of the dual-gate semicon 
ductor element 10 at a lower cost. 
When the current flow to the primary side of the trans 

former 70 is turned ON/OFF, there occurs such a high voltage 
that the first power supply 74 and the n-channel MOSFET 71 
are broken due to the inductance of the transformer 70. In 
order to absorb the Voltage, a protection circuit is provided on 
the primary side of the transformer 70, in which the diode 72 
and the Zener diode 73 are connected in series with each other 
in opposite polarity directions. 

In the tenth to thirteenth embodiments, if the reverse 
blocking state is not needed, there is needed only one control 
signal source. Also with the circuits of the eighth and ninth 
embodiments, a reverse-blocking state can be realized by 
providing two control signal sources. 

While the tenth to thirteenth embodiments employ the 
dual-gate semiconductor element 10 of the fifth embodiment, 
those of the sixth and seventh embodiments may be used 
instead. Those of the normally-on type may be used instead of 
those of the normally-off type. In Such a case, Voltages 
applied to the first gate electrode and the second gate elec 
trode may be changed to appropriate values according to the 
voltage of the first gate electrode and the threshold voltage of 
the second gate electrode. Moreover, the threshold voltage of 
the first gate electrode may be different from the threshold 
Voltage of the second gate electrode. 

Fourteenth Embodiment 

A fourteenth embodiment of the present invention will now 
be described with reference to the drawings. FIG.31 shows a 
plasma display driving circuit using a nitride semiconductor 
device according to the fourteenth embodiment of the present 
invention. The plasma display driving circuit of the present 
embodiment is a Sustain circuit for Supplying a Sustain pulse 
to the electrode of the plasma display panel, and has a con 
figuration as follows. 
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One end of the output of a first switching element 84 is 
connected to the power supply line V, and the other end 
thereof is connected to the output SUS of the sustain circuit. 
One end of the output of a second switching element 85 is 
connected to the output SUS of the sustain circuit, and the 
other end thereof is grounded. One end of the output of a third 
Switching element 86 is connected to one end of a capacitor 
89, and the other end of the capacitor 89 is grounded. The 
other end of the third switching element 86 is connected to 
one end of an inductor 88. A fourth switching element 87 is 
connected in parallel to the third switching element 86 with 
their conduction directions being opposite to each other. The 
third switching element 86 and the fourth switching element 
87 together form a bidirectional switching circuit 90. The 
other end of the inductor 88 is connected to the outputSUS of 
the Sustain circuit. The gate terminals of the first Switching 
element 84, the second switching element 85, the third 
switching element 86 and the fourth switching element 87 are 
connected to the control signal line CTL1, the control line 
CTL2, the control line CTL3 and the control line CTL4, 
respectively, via gate driving circuits R3 
The bidirectional switching circuit 90 is provided for form 

ing a path that carries a resonance current caused by the 
capacitor component of the electrode of the plasma display 
panel to which the output SUS is connected and the inductor 
88. The Sustain pulse is a large-current pulse alternating peri 
odically. Therefore, switching elements of the bidirectional 
switching circuit 90 are required to have a high breakdown 
voltage in the positive direction and in the reverse direction 
and to be capable of a high-speed operation. 

If semiconductor devices of the first embodiment as shown 
in FIG.3 are used as the third switching element 86 and the 
fourth switching element 87 of the bidirectional switching 
circuit 90, for example, it is possible to easily realize a switch 
capable of controlling a large-current pulse in both directions. 
Since the semiconductor device of the first embodiment has 
Sufficient reverse Voltage characteristics, it is also possible to 
eliminate the need for a diode for improving the reverse 
Voltage characteristics, which was necessary in the prior art. 

Since the semiconductor device of the first embodiment 
has a small ON-resistance, it is possible to shorten the switch 
ing time and to reduce the power loss of the Switching ele 
ment, whereby there are Substantially no junction tempera 
ture limitations. With the semiconductor device of the first 
embodiment, if a device isolation region is formed by 
implanting an impurity Such as boron into the first nitride 
semiconductor layer and the second nitride semiconductor 
layer, it is possible to easily form two semiconductor devices 
on a single substrate. Thus, if the third switching element 86 
and the fourth switching element 87 are put together into a 
single chip, it is possible to eliminate the problem of current 
concentration due to characteristics variations among the 
Switching elements and the wire impedance difference, and it 
is possible to efficiently decrease the power capacity of the 
Switching element. 
The third switching element 86 and the fourth switching 

element 87 may be semiconductor elements illustrated in 
other embodiments. The bidirectional switching circuit 90 
and the gate driving circuit 83 may be replaced by the bidi 
rectional switch device illustrated in the fifth to thirteenth 
embodiments. 
The first switching element 84 and the second switching 

element 85 may be semiconductor devices of the normally 
off type using a nitride semiconductor in which the second 
control layer 19B is not provided. 

While the various embodiments and variations thereof are 
directed to examples where the dual-gate semiconductor ele 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

38 
ment is formed by using a nitride semiconductor, it may be 
any suitable semiconductor element in which electrons run in 
parallel to the principal plane of the Substrate, and may be 
formed by using a semiconductor of silicon carbide (SiC), or 
the like. While Pd and Au are used as materials of the first gate 
electrode and the second gate electrode, Ni, or the like, may 
be used instead as long as an ohmic junction is formed with 
the p-type semiconductor. The substrate 11 may be, for 
example, GaN. sapphire, SiC., ZnO, GaAs, GaP. InP, LiGaO. 
LiAlO, or a mixed crystal thereof, instead of Si. 
While the embodiments are directed to examples where the 

first electrode and the second electrode are ohmic electrodes 
forming an ohmic junction, they do not need to be ohmic 
electrodes as long as they allow the flow of the current to be 
controlled. 

While the embodiments are directed to examples where the 
protection film is SiN, it is not limited to any particular 
material as long as the insulation is ensured, and may be 
aluminum nitride (AIN), silicon oxide (SiO), hafnium oxide 
(HfO2), alumina (Al2O), tantalum oxide (Ta2O5), or the like. 
While the various embodiments and variations thereof are 

directed to examples with a semiconductor element in which 
the principal plane of the AlGaN layer or the GaN layer is the 
c plane ((0001) plane). However, it may not be the c plane, but 
may be a nonpolar plane containing the came number of 
nitrogen atoms and group III element atoms. For example, it 
may be formed on the A plane (11-20). With such a configu 
ration, it is possible to eliminate carriers occurring due to 
polarization in the channel formed by the two-dimensional 
electron gas layer, and to increase the threshold Voltage fur 
ther in the positive direction, whereby it is possible to easily 
realize a normally-off operation without forming a depressed 
portion directly below the gate or thinning the A1GaN layer. 

In any embodiment or variation thereof, the second semi 
conductor layer 15 may be undoped or n-type. 

While the eighth to thirteenth embodiments are directed to 
cases where the first electrode is grounded, the first electrode 
may not be grounded. 

In the eighth to thirteenth embodiments, the second power 
Supply may be a battery, an insulated-type Voltage converter 
(DC-DC converter), or the like, insulated from the potential of 
the first electrode. The first power supply may be a non 
insulated-type power Supply, and a less expensive non-insu 
lated-type DC-DC converter, or the like, may be used. 
The power supply for driving the HVIC in the tenth and 

eleventh embodiments may be a power Supply that is shared 
with peripheral circuits. 

While the eighth to eleventh embodiments use a load cir 
cuit being an AC power Supply, there are no particular limi 
tations thereto, and it may instead be a circuit capable of 
outputting a pulsed waveform, or the like. 

While the eighth to thirteenth embodiments illustrate spe 
cific examples of the control section, control sections of other 
configurations may be used. In Such a case, a second driver 
circuit for driving the second gate electrode may be a circuit 
capable of outputting a control signal with which the refer 
ence potential is different from the common reference poten 
tial of the circuit Such as the ground potential. 

In the various embodiments and variations thereof, the 
“protruding portions” and the “depressed portions' may have 
rounded corners. 

INDUSTRIAL APPLICABILITY 

With the present invention, it is possible to realize a semi 
conductor device which has excellent reverse Voltage charac 
teristics, which as a single element constitutes abidirectional 
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Switch product, and which allows for the application of a high 
gate Voltage, and a method for driving the same. Particularly, 
the present invention is useful as, for example, a semiconduc 
tor device capable of abidirectional Switching operation used 
for power control, and a method for driving the same. 
The invention claimed is: 
1. A semiconductor device, comprising: 
a semiconductor layer Stack of a nitride semiconductor or a 

silicon carbide semiconductor formed on a Substrate and 
having a channel region; 

a first electrode and a second electrode formed spaced apart 
from each other on the semiconductor layer stack; and 

a first gate electrode formed between the first electrode and 
the second electrode, and a second gate electrode formed 
between the first gate electrode and the second electrode, 
wherein: 

a potential greater than a threshold Voltage of the first gate 
electrode with reference to a potential of the first elec 
trode is applied to the first gate electrode and a potential 
less than or equal to a threshold Voltage of the second 
gate electrode with reference to a potential of the second 
electrode is applied to the second gate electrode, 
whereby the semiconductor device is brought to a 
reverse-blocking state in which a current flows from the 
second electrode to the first electrode but not from the 
first electrode to the second electrode; and 

a potential less than or equal to the threshold voltage of the 
first gate electrode with reference to the potential of the 
first electrode is applied to the first gate electrode and a 
potential less than or equal to the threshold voltage of the 
second gate electrode with reference to the potential of 
the second electrode is applied to the second gate elec 
trode, whereby the semiconductor device is brought to a 
non-conductive state in which a current does not flow in 
either direction between the first electrode and the sec 
ond electrode. 

2. A semiconductor device, comprising: 
a semiconductor layer Stack of a nitride semiconductor or a 

silicon carbide semiconductor formed on a Substrate and 
having a channel region; 

a first electrode and a second electrode formed spaced apart 
from each other on the semiconductor layer stack; and 

a first gate electrode formed between the first electrode and 
the second electrode, and a second gate electrode formed 
between the first gate electrode and the second electrode, 
wherein: 

a potential greater than the threshold voltage of the first 
gate electrode with reference to the potential of the first 
electrode is applied to the first gate electrode and a 
potential greater than the threshold Voltage of the second 
gate electrode with reference to the potential of the sec 
ond electrode is applied to the second gate electrode, 
whereby the semiconductor device is brought to a con 
ductive state in which a current flows in both directions 
between the first electrode and the second electrode; and 

a potential less than or equal to the threshold voltage of the 
first gate electrode with reference to the potential of the 
first electrode is applied to the first gate electrode and a 
potential less than or equal to the threshold voltage of the 
second gate electrode with reference to the potential of 
the second electrode is applied to the second gate elec 
trode, whereby the semiconductor device is brought to a 
non-conductive state in which a current does not flow in 
either direction between the first electrode and the sec 
ond electrode. 

3. The semiconductor device of claim 1, wherein a poten 
tial greater than the threshold voltage of the first gate elec 
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trode with reference to the potential of the first electrode is 
applied to the first gate electrode and a potential greater than 
the threshold voltage of the second gate electrode with refer 
ence to the potential of the second electrode is applied to the 
second gate electrode, whereby the semiconductor device is 
brought to a conductive state in which a current flows in both 
directions between the first electrode and the second elec 
trode. 

4. The semiconductor device of claim 1, further comprising 
a first control layer having a p-type conductivity formed 
between the semiconductor layer stack and the first gate elec 
trode. 

5. The semiconductor device of claim 12 further com 
prising a first control layer having a p-type conductivity 
formed between the semiconductor layer stack and the first 
gate electrode. 

6. The semiconductor device of claim 4, wherein the semi 
conductor device has a mode of operation in which a positive 
voltage with reference to the potential of the first electrode is 
applied to the first gate electrode to thereby inject holes into 
the channel region. 

7. The semiconductor device of claim 5, wherein the semi 
conductor device has a mode of operation in which a positive 
voltage with reference to the potential of the first electrode is 
applied to the first gate electrode to thereby inject holes into 
the channel region. 

8. The semiconductor device of claim 4, wherein the semi 
conductor device has a mode of operation in which a Voltage 
greater than or equal to a built-in potential of a pnjunction 
formed by the first control layer and the semiconductor layer 
stack is applied between the first gate electrode and the first 
electrode. 

9. The semiconductor device of claim 5, wherein the semi 
conductor device has a mode of operation in which a Voltage 
greater than or equal to a built-in potential of a pnjunction 
formed by the first control layer and the semiconductor layer 
stack is applied between the first gate electrode and the first 
electrode. 

10. The semiconductor device of claim 4, whereina thresh 
old voltage of the first gate electrode and that of the second 
gate electrode are different from each other. 

11. The semiconductor device of claim 10, wherein the 
second gate electrode is in a Schottky junction with the semi 
conductor layer stack. 

12. The semiconductor device of claim 11, wherein: 
the semiconductor layer stack includes a depressed por 

tion; and 
the second gate electrode is in contact with a bottom Sur 

face of the depressed portion. 
13. The semiconductor device of claim 4, further compris 

ing a second control layer having a p-type conductivity 
formed between the semiconductor layer Stack and the sec 
ond gate electrode. 

14. The semiconductor device of claim 5, further compris 
ing a second control layer having a p-type conductivity 
formed between the semiconductor layer Stack and the sec 
ond gate electrode. 

15. The semiconductor device of claim 8, further compris 
ing a second control layer having a p-type conductivity 
formed between the semiconductor layer Stack and the sec 
ond gate electrode, wherein the semiconductor device has a 
mode of operation in which a Voltage greater than or equal to 
a built-in potential of a pn junction formed by the second 
control layer and the semiconductor layer stack is applied 
between the second gate electrode and the first electrode. 

16. The semiconductor device of claim 9, further compris 
ing a second control layer having a p-type conductivity 
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formed between the semiconductor layer Stack and the sec 
ond gate electrode, wherein the semiconductor device has a 
mode of operation in which a Voltage greater than or equal to 
a built-in potential of a pn junction formed by the second 
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wherein the first control layer and the second control layer 

are formed so as to be in contact with the semiconductor 
layer stack exposed through the opening. 

28. The semiconductor device of claim 14, further com 
control layer and the semiconductor layer stack is applied 5 prising an undoped semiconductor layer formed on the semi 
between the second gate electrode and the first electrode. 

17. The semiconductor device of claim 13, wherein: 
an uppermost layer of the semiconductor layer stack 

includes a first portion, and a second portion having a 
thickness smaller than that of the first portion; and 

the first control layer and the second control layer are 
formed on the first portion. 

18. The semiconductor device of claim 14, wherein: 
an uppermost layer of the semiconductor layer stack 

includes a first portion, and a second portion having a 
thickness smaller than that of the first portion; and 

the first control layer and the second control layer are 
formed on the first portion. 

19. The semiconductor device of claim 17, wherein: 
an uppermost layer of the semiconductor layer stack 

includes a third portion having a thickness less than or 
equal to that of the second portion; and 

the first control layer and the second control layer is formed 
on the first portion and the third portion. 

20. The semiconductor device of claim 18, wherein: 
an uppermost layer of the semiconductor layer stack 

includes a third portion having a thickness less than or 
equal to that of the second portion; and 

the first control layer and the second control layer is formed 
on the first portion and the third portion. 

21. The semiconductor device of claim 13, wherein: 
the semiconductor layer stack includes a first semiconduc 

tor layer, a second semiconductor layer having a band 
gap larger than that of the first semiconductor layer, and 
an etching absorbing layer, wherein the layers are 
formed in this order from bottom; and 

the etching absorbing layer is the uppermost layer of the 
semiconductor layer stack. 

22. The semiconductor device of claim 14, wherein: 
the semiconductor layer stack includes a first semiconduc 

tor layer, a second semiconductor layer having a band 
gap larger than that of the first semiconductor layer, and 
an etching absorbing layer, wherein the layers are 
formed in this order from bottom; and 

the etching absorbing layer is the uppermost layer of the 
semiconductor layer stack. 

23. The semiconductor device of claim 13, further com 
prising a high resistance layer formed on the semiconductor 
layer stack in a region between the first control layer and the 
second control layer, the high resistance layer having a resis 
tance higher than that of the first control layer and the second 
control layer. 

24. The semiconductor device of claim 23, wherein the 
high resistance layer is of a gallium oxide. 

25. The semiconductor device of claim 22, wherein the 
high resistance layer is a layer containing boron. 

26. The semiconductor device of claim 13, further com 
prising an undoped semiconductor layer formed on the semi 
conductor layer stack, 

wherein the first control layer and the second control layer 
are p-type impurity-diffused regions selectively formed 
in the undoped semiconductor layer. 

27. The semiconductor device of claim 13, further com 
prising an oxide film layer having an opening formed on the 
semiconductor layer stack, 
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conductor layer stack, 
wherein the first control layer and the second control layer 

are p-type impurity-diffused regions selectively formed 
in the undoped semiconductor layer. 

29. The semiconductor device of claim 14, whereinfurther 
comprising an oxide film layer having an opening formed on 
the semiconductor layer stack, 

wherein the first control layer and the second control layer 
are formed so as to be in contact with the semiconductor 
layer stack exposed through the opening. 

30. The semiconductor device of claim8, wherein an inter 
Val between the first gate electrode and the second gate elec 
trode is larger than that between the first electrode and the first 
gate electrode, and is larger than that between the second 
electrode and the second gate electrode. 

31. The semiconductor device of claim 9, wherein an inter 
Val between the first gate electrode and the second gate elec 
trode is larger than that between the first electrode and the first 
gate electrode, and is larger than that between the second 
electrode and the second gate electrode. 

32. The semiconductor device of claim 11, wherein: 
a threshold voltage of the second gate electrode of the 

semiconductor element is greater than or equal to 0 V. 
and 

the second electrode and the second gate electrode are 
electrically shorted with each other. 

33. The semiconductor device of claim 12, wherein: 
a threshold voltage of the second gate electrode of the 

semiconductor element is greater than or equal to 0 V. 
and 

the second electrode and the second gate electrode are 
electrically shorted with each other. 

34. The semiconductor device of claim 13, wherein: 
a threshold voltage of the second gate electrode of the 

semiconductor element is greater than or equal to 0 V. 
and 

the second electrode and the second gate electrode are 
electrically shorted with each other. 

35. The semiconductor device of claim 8, wherein: 
the semiconductor layer stack includes a first semiconduc 

tor layer and a second semiconductor layer which are 
layered in this order from a side of the substrate; 

the second semiconductor layer has a bandgap larger than 
that of the first semiconductor layer; and 

the channel region is an interface region between the first 
semiconductor layer and the second semiconductor 
layer. 

36. The semiconductor device of claim35, wherein the first 
semiconductor layer and the second semiconductor layer 
contain at least one of gallium nitride and aluminum gallium 
nitride. 

37. A semiconductor device, comprising: 
a substrate, 
a semiconductor layer Stack of a nitride semiconductor or a 

silicon carbide semiconductor formed on a disposed 
above the substrate and the semiconductor layer stack 
having a channel region; 

a first electrode and a second electrode formed disposed 
spaced apart from each other on the semiconductor layer 
stack; 

a first gate electrode disposed between the first electrode 
and the second electrode, 
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a first control layer having a p-type conductivity formed 
disposed between the semiconductor layer stack and the 
first gate electrode; and 

a third control second layer having a p-type conductivity 
formed disposed between the semiconductor layer 
stack and the second electrode. 

38. Abidirectional switch, comprising: 
a semiconductor layer Stack of a nitride semiconductor or a 

silicon carbide semiconductor formed on a Substrate and 
having a channel region; 

a first electrode and a second electrode formed spaced apart 
from each other on the semiconductor layer stack; 

a first gate electrode formed between the first electrode and 
the second electrode, and a second gate electrode formed 
between the first gate electrode and the second elec 
trode; and 

a control section for controlling a Voltage applied to the 
first gate electrode and second gate electrode, wherein: 

in a conductive state in which a current flows in both 
directions between the first electrode and the second 
electrode, the control section applies, to the first gate 
electrode, a Voltage higher than a threshold Voltage of 
the first gate electrode with reference to a potential of the 
first electrode, and applies, to the second gate electrode, 
a Voltage higher than a threshold Voltage of the second 
gate electrode with reference to a potential of the second 
electrode; and 

in a non-conductive state in which a current does not flow 
in either direction between the first electrode and the 
second electrode, the control section applies, to the first 
gate electrode, a Voltage less than or equal to the thresh 
old voltage of the first gate electrode with reference to 
the potential of the first electrode, and applies, to the 
second gate electrode, a Voltage less than or equal to the 
threshold voltage of the second gate electrode with ref 
erence to the potential of the second electrode. 

39. The bidirectional Switch of claim38, the control section 
including: 

a first variable power Supply for applying a Voltage 
between the first electrode and the first gate electrode: 
and 

a second variable power Supply for applying a Voltage 
between the second electrode and the second gate elec 
trode. 

40. The bidirectional switch of claim 38, wherein: 
the semiconductor element is of a normally-off type; 
the control section includes: 

a first power Supply for applying a Voltage higher than 
the threshold voltage of the first gate electrode 
between the first electrode and the first gate electrode: 

a second power Supply for applying a Voltage higher 
than the threshold voltage of the second gate electrode 
between the second electrode and the second gate 
electrode: 

a first gate driving circuit for connecting the first power 
supply between the first electrode and the first gate 
electrode in the conductive state, and electrically con 
necting the first electrode and the first gate electrode 
with each other in the non-conductive state; and 

a second gate driving circuit for connecting the second 
power supply between the second electrode and the 
second gate electrode in the conductive state, and 
electrically connecting the second electrode and the 
second gate electrode with each other in the non 
conductive state. 
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41. The bidirectional switch of claim 40, wherein the sec 

ond gate driving circuit includes a circuit for electrically 
insulating the second control signal from the potential of the 
second electrode. 

42. The bidirectional switch of claim 41, wherein the cir 
cuit includes a photocoupler. 

43. The bidirectional Switch of claim 38, wherein: 
the semiconductor element is of a normally-on type; 
the control section includes: 

a third power Supply for applying a Voltage less than or 
equal to the threshold voltage of the first gate elec 
trode between the first electrode and the first gate 
electrode: 

a fourth power Supply for applying a Voltage less than or 
equal to the threshold Voltage of the second gate elec 
trode between the second electrode and the second 
gate electrode: 

a third gate driving circuit for electrically connecting the 
first electrode and the first gate electrode with each 
other in the conductive state, and connecting the third 
power supply between the first electrode and the first 
gate electrode in the non-conductive state; and 

a fourth gate driving circuit for electrically connecting 
the second electrode and the second gate electrode 
with each other in the conductive state, and connect 
ing the third power supply between the fourth elec 
trode and the second gate electrode in the non-con 
ductive state. 

44. The bidirectional switch of claim 38, wherein the con 
trol section includes: 

a first power supply for applying a voltage higher than the 
threshold voltage of the first gate electrode between the 
first electrode and the first gate electrode: 

a second power Supply for applying a Voltage higher than 
the threshold voltage of the second gate electrode 
between the second electrode and the second gate elec 
trode: 

a third power Supply for applying a Voltage less than or 
equal to the threshold voltage of the first gate electrode 
between the first electrode and the first gate electrode: 

a fourth power Supply for applying a Voltage less than or 
equal to the threshold Voltage of the second gate elec 
trode between the second electrode and the second gate 
electrode: 

a first gate driving circuit for connecting the first power 
supply between the first electrode and the first gate elec 
trode in the conductive state, and connecting the third 
power supply between the first electrode and the first 
gate electrode in the non-conductive state; and 

a second gate driving circuit for connecting the second 
power Supply between the second electrode and the sec 
ond gate electrode in the conductive state, and connect 
ing the fourth power Supply between the second elec 
trode and the second gate electrode in the non 
conductive state. 

45. The bidirectional Switch of claim 38, wherein: 
the control section includes: 

a first gate driving circuit; 
a second gate driving circuit; 
a driverpower Supply: 
a capacitor; and 
a charging circuit for charging the capacitor, 

the charging circuit includes a charging Switch circuit con 
nected between the driverpower Supply and the capaci 
tor and charging the capacitor by the driver power Sup 
ply: 
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the first gate driving circuit connects the driverpower Sup 
ply between the first electrode and the first gate electrode 
in the conductive state, and connects the first electrode 
and the first gate electrode with each other in the non 
conductive state; and 

the second gate driving circuit connects the capacitor 
between the second electrode and the second gate elec 
trode in the conductive state, and connects the second 
electrode and the second gate electrode with each other 
in the non-conductive state. 

46. The bidirectional switch of claim 45, wherein the 
charging Switch circuit includes a semiconductor Switch, and 
a diode connected in series with the semiconductor Switch. 

47. The bidirectional Switch of claim 46, wherein the semi 
conductor switch is a p-channel MOSFET or a PNP transistor. 

48. The bidirectional switch of claim 45, wherein the 
charging circuit charges the capacitor when a Voltage 
between the second electrode and the first electrode is smaller 
than a driving Voltage. 

49. The bidirectional switch of claim 45, wherein the con 
trol section includes: 

a first step-down circuit connected between the first gate 
driving circuit and the first gate electrode; and 

a second step-down circuit connected between the second 
gate driving circuit and the second gate electrode. 

50. The bidirectional switch of claim 49, wherein the first 
step-down circuit and the second step-down circuit each 
include a resistor element and a Zener diode. 

51. The bidirectional switch of claim 45, wherein the sec 
ond gate driving circuit includes a circuit for electrically 
insulating the second control signal from the potential of the 
second electrode. 

52. The bidirectional switch of claim 45, wherein the sec 
ond gate driving circuit includes a photocoupler for electri 
cally insulating the second control signal from the potential of 
the second electrode. 

53. The bidirectional switch of claim 38, wherein: 
the control section includes a transformer whose secondary 

side is connected to the second electrode and the second 
gate electrode; and 

a control signal for controlling the second gate electrode is 
input to a primary side of the transformer. 

54. The bidirectional switch of claim 53, wherein: 
the control section includes a pulsed current generating 

section connected to the primary side of the transformer 
for generating a pulsed current; and 

the second control signal is input to the transformer via the 
pulsed current generating section. 

55. A method for driving a semiconductor device including 
a semiconductor element, the semiconductor element includ 
ing a first electrode, a first gate electrode, a second gate 
electrode and a second electrode formed in this order while 
being spaced apart from one another on a semiconductor 
layer stack, which is formed on a Substrate, the method com 
prising the steps of: 

a step of applying a potential greater than a threshold 
voltage of the first gate electrode with reference to a 
potential of the first electrode to the first gate electrode 
and applying a potential less than or equal to a threshold 
Voltage of the second gate electrode with reference to a 
potential of the second electrode to the second gate 
electrode, whereby the semiconductor device is brought 
to a reverse-blocking state in which a current flows from 
the second electrode to the first electrode but not from 
the first electrode to the second electrode; and 

a step of applying a potential less than or equal to the 
threshold voltage of the first gate electrode with refer 
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ence to the potential of the first electrode to the first gate 
electrode and applying a potential less than or equal to 
the threshold voltage of the second gate electrode with 
reference to the potential of the second electrode to the 
second gate electrode, whereby the semiconductor 
device is brought to a non-conductive state in which a 
current does not flow in either direction between the first 
electrode and the second electrode. 

56. A method for driving a semiconductor device including 
a semiconductor element, the semiconductor element includ 
ing a first electrode, a first gate electrode, a second gate 
electrode and a second electrode formed in this order while 
being spaced apart from one another on a semiconductor 
layer stack, which is formed on a substrate, the method com 
prising the steps of: 

a step of applying a potential greater than the threshold 
voltage of the first gate electrode with reference to the 
potential of the first electrode to the first gate electrode 
and applying a potential greater than the threshold Volt 
age of the second gate electrode with reference to the 
potential of the second electrode to the second gate 
electrode, whereby the semiconductor device is brought 
to a conductive state in which a current flows in both 
directions between the first electrode and the second 
electrode; and 

a step of applying a potential less than or equal to the 
threshold voltage of the first gate electrode with refer 
ence to the potential of the first electrode to the first gate 
electrode and applying a potential less than or equal to 
the threshold voltage of the second gate electrode with 
reference to the potential of the second electrode to the 
second gate electrode, whereby the semiconductor 
device is brought to a non-conductive state in which a 
current does not flow in either direction between the first 
electrode and the second electrode. 

57. The method for driving a semiconductor device of 
claim 55, further comprising a step of applying a potential 
greater than the threshold voltage of the first gate electrode 
with reference to the potential of the first electrode to the first 
gate electrode and applying a potential greater than the 
threshold voltage of the second gate electrode with reference 
to the potential of the second electrode to the second gate 
electrode, whereby the semiconductor device is brought to a 
conductive state in which a current flows in both directions 
between the first electrode and the second electrode. 

58. The semiconductor device of claim 37, wherein: 
the second electrode includes a first side and a second side 

in a cross-sectional view, the first side being disposed 
between the first gate electrode and the second side, 

the second layer includes a third side and a fourth side in 
the cross-sectional view, the third side being disposed 
between the first gate electrode and the fourth side, and 

the third side is disposed between the first gate electrode 
and the first side. 

59. The semiconductor device of claim 37, wherein: 
the semiconductor layer stack includes a first region hav 

ing a first thickness and a second region having a second 
thickness, the first thickness being greater than the sec 
Ond thickness, 

the first layer and the second layer are disposed on the first 
region, and 

at least a portion of the second region is disposed between 
the first layer and the second layer. 

60. The semiconductor device of claim 59, wherein: 
the semiconductor layer Stack includes a third region hav 

ing a third thickness, the third thickness being smaller 
than the second thickness, and 
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the first layer is disposed on the first region and the third 
region. 

61. The semiconductor device of claim 60, wherein a 
threshold voltage of the first gate electrode is determined by a 
thickness of the semiconductor layer Stack disposed in the 
third region. 

62. A semiconductor device comprising: 
a substrate, 
a semiconductor layer Stack of a nitride semiconductor or 

a silicon carbide semiconductor disposed above the sub 
Strate, the semiconductor layer Stack having a channel 
region, 

a first electrode disposed on the semiconductor layer Stack, 
a second electrode disposed on the semiconductor layer 

Stack, 
a first layer having a p-type conductivity, the first layer 

disposed on the semiconductor layer stack and disposed 
between the first electrode and the second electrode, 

a second layer having a p-type conductivity, the second 
layer disposed on the semiconductor layer stack and 
disposed between the first layer and the second elec 
trode, 

a third electrode disposed on the first layer, and 
a fourth electrode disposed on the second layer; wherein. 
the semiconductor layer stack includes a first region hav 

ing a first thickness and a second region having a second 
thickness, the first thickness being greater than the sec 
Ond thickness, 

the first layer and the second layer are disposed on the first 
region, and 

at least a portion of the second region is disposed between 
the first layer and the second layer: 

63. The semiconductor device of claim 62, wherein the 
third electrode is electrically connected to the fourth elec 
trode. 

64. The semiconductor device of claim 63, wherein: 
the fourth electrode includes a first side and a second side 

in a cross-sectional view, the first side being disposed 
between the third electrode and the second side, 

the second layer includes a third side and a fourth side in 
the cross-sectional view, the third side being disposed 
between the third electrode and the fourth side, and 

the third side is disposed between the third electrode and 
the first side. 

65. The semiconductor device of claim 63, wherein: 
the first electrode is a source electrode, 
the second electrode is a drain electrode, 
the third electrode is a gate electrode, and 
the semiconductor device is a three-terminal device. 

66. The semiconductor device of claim 62, wherein: 
the third electrode has a first threshold voltage, and 
the fourth electrode has a second threshold voltage differ 

ent from the first threshold voltage. 
67. The semiconductor device of claim 62, wherein: 
the semiconductor layer stack includes a third region hav 

ing a third thickness, the third thickness being smaller 
than the second thickness, and 

the first layer is disposed on the first region and the third 
region. 

68. The semiconductor device of claim 67, wherein a 
threshold voltage of the third electrode is determined by a 
thickness of the semiconductor layer Stack disposed in the 
third region. 
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69. A semiconductor device comprising: 
a substrate, 
a semiconductor layer Stack of a nitride semiconductor or 

a silicon carbide semiconductor disposed above the sub 
Strate, the semiconductor layer Stack having a channel 
region, 

a first electrode disposed on the semiconductor layer Stack, 
a second electrode disposed on the semiconductor layer 

Stack, 
a third electrode disposed on the semiconductor layer stack 
and disposed between the first electrode and the second 
electrode, and 

a fourth electrode disposed on the semiconductor layer 
Stack and disposed between the third electrode and the 
second electrode, 

wherein the fourth electrode is electrically connected to the 
second electrode. 

70. The semiconductor device of claim 69, wherein: 
the first electrode is a source electrode, 
the second electrode is a drain electrode, 
the third electrode is a gate electrode, and 
the semiconductor device is a three-terminal device. 
71. The semiconductor device of claim 69, further compris 

ing. 
a layer having a p-type conductivity disposed on the semi 

conductor layer stack, 
wherein the third electrode is disposed on the layer. 
72. The semiconductor device of claim 69, further compris 

ing. 
a layer having a p-type conductivity disposed on the semi 

conductor layer stack, 
wherein the fourth electrode is disposed on the layer: 
73. The semiconductor device of claim 69, wherein: 
the fourth electrode includes a first side and a second side 

in a cross-sectional view, the first side being disposed 
between the third electrode and the second side, 

the second layer includes a third side and a fourth side in 
the cross-sectional view, the third side being disposed 
between the third electrode and the fourth side, and 

the third side is disposed between the third electrode and 
the first side. 

74. The semiconductor device of claim 69, wherein the 
fourth electrode forms a Schottky junction with the semicon 
ductor layer stack. 

75. The semiconductor device of claim 71, wherein: 
the third electrode has a first threshold voltage, and 
the fourth electrode has a second threshold voltage differ 

ent from the first threshold voltage. 
76. The semiconductor device of claim 72, wherein: 
the third electrode has a first threshold voltage, and 
the fourth electrode has a second threshold voltage differ 

ent from the first threshold voltage. 
77. A semiconductor device comprising: 
a substrate, 
a semiconductor layer Stack of a nitride semiconductor or 

a silicon carbide semiconductor disposed above the sub 
Strate, the semiconductor layer Stack having a channel 
region, 

a first electrode disposed on the semiconductor layer Stack, 
a second electrode disposed on the semiconductor layer 

Stack, 
a third electrode disposed on the semiconductor layer stack 
and disposed between the first electrode and the second 
electrode, 

a layer having a p-type conductivity, the layer disposed on 
the semiconductor layer stack and disposed between the 
third electrode and the second electrode, and 
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a fourth electrode disposed on the layer; wherein. 
the layer forms a pin junction with the semiconductor layer 

Stack, and 
a voltage higher than a built-in voltage of the pn-junction is 

applied to the fourth electrode. 
78. The semiconductor device of claim 77, wherein the 

third electrode is electrically connected to the fourth elec 
trode. 

79. The semiconductor device of claim 78, wherein: 
the fourth electrode includes a first side and a second side 

in a cross-sectional view, the first side being disposed 
between the third electrode and the second side, 

the layer includes a third side and a fourth side in the 
cross-sectional view, the third side being disposed 
between the third electrode and the fourth side, and 

the third side is disposed between the third electrode and 
the first side. 

80. The semiconductor device of claim 77, wherein: 
the third electrode has a first threshold voltage, and 
the fourth electrode has a second threshold voltage differ 

ent from the first threshold voltage. 
81. The semiconductor device of claim 77, wherein: 
the semiconductor layer stack includes a first region hav 

ing a first thickness and a second region having a second 
thickness, the first thickness being greater than the sec 
Ond thickness, 

the layer is disposed on the first region, and 
at least a portion of the second region is disposed between 

the first gate electrode and the layer: 
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82. A semiconductor device, comprising: 
a substrate, 
a semiconductor layer Stack of a nitride semiconductor or 

a silicon carbide semiconductor disposed above the sub 
Strate, the semiconductor layer Stack having a channel 
region, 

a first electrode and a second electrode disposed spaced 
apart from each other on the semiconductor layer stack, 

a first gate electrode disposed on the semiconductor layer 
Stack and disposed between the first electrode and the 
second electrode, and 

a layer having a p-type conductivity and disposed between 
the semiconductor layer stack and the second electrode. 

83. The semiconductor device of claim 82, wherein: 
the second electrode includes a first side and a second side 

in a cross-sectional view, the first side being disposed 
between the first gate electrode and the second side, 

the layer includes a third side and a fourth side in the 
cross-sectional view, the third side being disposed 
between the first gate electrode and the fourth side, and 

the third side is disposed between the first gate electrode 
and the first side. 

84. The semiconductor device of claim 82, wherein: 
the semiconductor layer stack includes a first region hav 

ing a first thickness and a second region having a second 
thickness, the first thickness being greater than the sec 
Ond thickness, 

the layer is disposed on the first region, and 
at least a portion of the second region is disposed between 

the first gate electrode and the layer: 
k k k k k 


