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NITRIDE SEMICONDUCTOR DEVICE AND
METHOD OF MANUFACTURING THE SAME

TECHNICAL FIELD

[0001] The present disclosure provides an art related to a
nitride semiconductor device and a method of manufactur-
ing the same.

DESCRIPTION OF RELATED ART

[0002] A nitride semiconductor device that has a plurality
of transistor structures provided in one nitride semiconduc-
tor layer is disclosed in a literature ““GaN Monolithic
Inverter IC using Normally-off Gate Injection Transistors
with Planar Isolation on Si Substrate”, IEDM Tech. Dig.
2009, p. 165-168.” (hereinafter referred to as Literature 1).
In the nitride semiconductor device in Literature 1, a plu-
rality of lateral transistor structures is built in the nitride
semiconductor layer provided in a silicon substrate. A semi-
conductor circuit is formed in one nitride semiconductor
device by incorporating the plurality of transistor structures
therein.

SUMMARY

[0003] Inalateral nitride semiconductor device, there may
be a case where a conductive substrate is fixed to specific
potential (e.g., ground potential). In this case, if the transis-
tor structures operate independently from each other, there
may be a case where a potential difference between a main
electrode of each of the transistor structures and the con-
ductive substrate varies among the transistor structures.
Consequently characteristics of each of the transistor struc-
tures may deviate from a design value, and the semicon-
ductor circuit may fail to operate normally, causing a lack of
reliability. The present disclosure provides an art to realize
a nitride semiconductor device having high reliability.
[0004] A nitride semiconductor device disclosed herein
comprises: a conductive substrate having conductive prop-
erty; and a nitride semiconductor layer disposed on the
conductive substrate and including a first transistor structure
of a lateral type and a second transistor structure of a lateral
type. The conductive substrate includes a first potential
control region and a second potential control region. The
second potential control region is capable of controlling
potential independently from the first potential control
region. In this nitride semiconductor device, in planar view
of the nitride semiconductor layer, the first transistor struc-
ture overlaps the first potential control region. Moreover, in
the planar view of the nitride semiconductor layer, the
second transistor structure overlaps the second potential
control region.

[0005] In the above-described nitride semiconductor
device, since the conductive substrate has a plurality of
potential control regions (the first potential control region
and the second potential control region) provided therein,
the potential of the conductive substrate can be adjusted for
each of the potential control regions. Consequently, the
potential difference between one of a pair of main electrodes
(typically, an electrode on a lower potential side) and the
conductive substrate can be adjusted for each of the tran-
sistor structures. That is, the respective potential differences
between the one of the main electrodes and the conductive
substrate in all of the transistor structures can be made the
same. Notably, “the respective potential differences between
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the one of the main electrodes and the conductive substrate
being the same” includes a case where the potential differ-
ence is zero (i.e., the case of being short-circuited). More-
over, “the nitride semiconductor layer including a first
transistor structure of a lateral type and a second transistor
structure of a lateral type” means that at least two lateral
transistor structures are disposed in the nitride semiconduc-
tor layer, and there may be a case where three or more lateral
transistor structures are disposed. Regarding the “conductive
substrate” as well, at least two potential control regions may
only have to be disposed, and there may be a case where
three or more potential control regions are disposed.
[0006] The present disclosure also provides a method of
manufacturing a nitride semiconductor device. The manu-
facturing method comprises: forming a nitride semiconduc-
tor layer; forming a plurality of transistor structures; and
dividing into potential control regions. In the forming of the
nitride semiconductor layer, the nitride semiconductor layer
is formed on a conductive substrate. In the forming of the
plurality of transistor structures, the plurality of transistor
structures is formed in the nitride semiconductor layer. In the
dividing into the potential control regions, the conductive
substrate is divided into the plurality of potential control
regions configured capable of controlling potential indepen-
dently from each other.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 shows a cross-sectional view of a nitride
semiconductor device in a first embodiment;

[0008] FIG. 2 shows a cross-sectional view of a nitride
semiconductor device in a second embodiment;

[0009] FIG. 3 shows a cross-sectional view of a nitride
semiconductor device in a third embodiment;

[0010] FIG. 4 shows a cross-sectional view of a nitride
semiconductor device in a fourth embodiment;

[0011] FIG. 5 shows a step of manufacturing the nitride
semiconductor device in the fourth embodiment;

[0012] FIG. 6 shows a step of manufacturing the nitride
semiconductor device in the fourth embodiment;

[0013] FIG. 7 shows a step of manufacturing the nitride
semiconductor device in the fourth embodiment;

[0014] FIG. 8 shows a step of manufacturing the nitride
semiconductor device in the fourth embodiment; and
[0015] FIG. 9 shows a diagram of a semiconductor circuit
formed by each of the nitride semiconductor devices in the
first to fourth embodiments.

DETAILED DESCRIPTION

[0016] Some of technical features disclosed herein will
hereinafter be summarized. Notably, each of the items
described below has independent technical usefulness.

[0017] The nitride semiconductor device disclosed herein
includes a conductive substrate and a nitride semiconductor
layer. As a material of the conductive substrate, silicon,
silicon carbide, gallium nitride, or the like can be imple-
mented. The conductive substrate may be made by intro-
ducing impurities into one of these materials. Notably, the
impurities may be either n-type impurities or p-type impu-
rities. The conductive substrate may be divided into a
plurality of potential control regions configured capable of
controlling potential independently from each other. The
plurality of potential control regions may have a first poten-
tial control region and a second potential control region.
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That is, the conductive substrate may include at least the first
potential control region and the second potential control
region capable of controlling potential independently from
the first potential control region.

[0018] Each of the potential control regions may be iso-
lated from another potential control region by an isolation
region. That is, between the first potential control region and
the second potential control region, the isolation region
configured to electrically isolate the first potential control
region and the second potential control region may be
provided. The isolation region may have insulating property.
The isolation region may be formed by physically process-
ing the conductive substrate. For example, a part of the
conductive substrate may be etched to provide a trench
extending from a front surface to a rear surface of the
conductive substrate, and the potential control regions may
be isolated from each other by the trench. In this case, the
trench is the isolation region. Notably, an insulator may be
embedded in the trench. As the insulator, polyimide can be
listed, for example. Alternatively, the isolation region may
be formed by chemically processing the conductive sub-
strate. For example, a part of the conductive substrate may
be oxidized to thereby form an isolation region.

[0019] The nitride semiconductor layer is provided on the
conductive substrate. The nitride semiconductor layer may
be the one having a general formula expressed as In,A-
1,Ga, . yN (0=X<1, 0=Y<1, 0=1-X-Y<1). The nitride semi-
conductor layer may be the one obtained by stacking nitride
semiconductors that have different compositions. For
example, the nitride semiconductor layer may include a
heterojunction layer. In a part of a front surface of the
heterojunction layer, a p-type nitride semiconductor region
may be provided. The p-type nitride semiconductor region
may have a function of depleting a part of a two-dimensional
electron gas layer formed near a heterojunction interface.
The nitride semiconductor layer may be an epitaxial layer.
Notably, the nitride semiconductor layer may be provided on
the conductive substrate with a buffer layer interposed
therebetween. The buffer layer may be another nitride semi-
conductor that has a composition different from the compo-
sition of the nitride semiconductor layer. Moreover, the
buffer layer may have higher resistance than the conductive
substrate. The buffer layer having higher resistance can
prevent the potential control regions from being brought into
conduction with each other, and being equipotential unin-
tentionally. Notably, if the conductive substrate and the
nitride semiconductor layer are made of the same material,
the buffer layer may be dispensed with. In this case, a
semiconductor layer that has higher resistance than the
conductive substrate may be provided between the conduc-
tive substrate and the nitride semiconductor layer.

[0020] A plurality of lateral transistor structures may be
provided inside the nitride semiconductor layer. The plural-
ity of lateral transistor structures may have a first transistor
structure and a second transistor structure. That is, the nitride
semiconductor layer may have at least a first transistor
structure of a lateral type and a second transistor structure of
a lateral type formed therein. The first transistor structure
may be disposed in the nitride semiconductor layer so as to
correspond to the above-described first potential control
region, and the second transistor structure may be disposed
in the nitride semiconductor layer so as to correspond to the
above-described second potential control region. Specifi-
cally, in planar view of the nitride semiconductor layer, the
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first transistor structure may overlap the first potential con-
trol region and the second transistor structure may overlap
the second potential control region.

[0021] Notably, the term “overlap” described above does
not mean that, in the planar view, the first transistor structure
completely coincides with the first potential control region
(the second transistor structure completely coincides with
the second potential control region). For example, as long as
most part of the first transistor structure overlaps the first
potential control region, a part of the first transistor structure
may overlap the second potential control region. Similarly,
as long as most part of the second transistor structure
overlaps the second potential control region, a part of the
second transistor structure may overlap the first potential
control region. More specifically, in the planar view, a space
between a pair of main electrodes in the first transistor
structure may only have to be located within the first
potential control region, and outside of the space between
the pair of main electrodes may be located within the second
potential control region. Similarly, a space between a pair of
main electrodes in the second transistor structure may only
have to be located within the second potential control region,
and outside of the space between the pair of main electrodes
may be located within the first potential control region.
[0022] Each of the transistor structures may be a Schottky
gate transistor, a MOS transistor, or the like. Moreover, a
semiconductor structure other than the lateral transistor
structure may be provided inside the nitride semiconductor
layer. For example, a lateral diode structure may be provided
in the nitride semiconductor layer. The diode structure may
be a PN diode, a Schottky barrier diode that has a JBS
(Junction Barrier Schottky) structure, or the like.

[0023] An element isolation structure configured to elec-
trically isolate the plurality of transistor structures from each
other may be provided inside the nitride semiconductor
layer. The element isolation structure may electrically iso-
late the transistor structure and the diode structure. In the
planar view of the nitride semiconductor layer, the element
isolation structure may overlap the above-described isola-
tion region. The element isolation structure may be formed
by implanting ions into a part of the front surface of the
nitride semiconductor layer. Notably, the term “overlap”
herein does not intend that the element isolation structure
should completely coincide with the isolation region, either.
At least a part of the element isolation structure may only
have to overlap a part of the isolation region.

[0024] The conductive substrate may be provided on a rear
surface of the nitride semiconductor layer, and the pair of
main electrodes connected to the transistor structure may be
provided on the front surface of the nitride semiconductor
layer. The pair of main electrodes may include a higher
potential side electrode that is connected to a higher poten-
tial side and a lower potential side electrode that is con-
nected to a lower potential side. Moreover, each one of the
pair of main electrodes may be short-circuited to the corre-
sponding potential control region. Specifically, one of the
pair of main electrodes corresponding to the first transistor
structure may be short-circuited to the first potential control
region, and one of the pair of main electrodes corresponding
to the second transistor structure may be short-circuited to
the second potential control region.

[0025] One of the above-described main electrodes may
be connected to the potential control region via a wiring.
Alternatively, a through hole extending from the front sur-
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face of the nitride semiconductor layer to the conductive
substrate may be provided, and the through hole may be
filled with a conductive member, and one of the above-
described main electrodes and the potential control region
may be connected via the conductive member. Specifically,
the nitride semiconductor device may comprise a conductive
member with which the through hole extending from the
front surface to the rear surface of the nitride semiconductor
layer is filled. Notably, a plurality of the through holes each
extending from the front surface to the rear surface of the
nitride semiconductor layer may be provided, and each of
the through holes may be filled with the conductive member.
The plurality of conductive members may have a first
conductive member and a second conductive member. In
this case, one of the main electrodes corresponding to the
first transistor structure may be short-circuited to the first
potential control region via the first conductive member, and
one of the main electrodes corresponding to the second
transistor structure may be short-circuited to the second
potential control region via the second conductive member.
Notably, the lower potential side electrode, among the pair
of main electrodes, may be short-circuited to the potential
control region.

[0026] According to a manufacturing method disclosed
herein, a nitride semiconductor device having a plurality of
transistor structures provided in a nitride semiconductor
layer provided on a conductive substrate is obtained. The
manufacturing method may include: forming a nitride semi-
conductor layer; forming a plurality of transistor structures;
and dividing into potential control regions. In the forming of
the nitride semiconductor layer, the nitride semiconductor
layer is formed on a conductive substrate. In the forming of
transistor structures, a plurality of transistor structures is
formed in the nitride semiconductor layer. In the dividing
into the potential control regions, the conductive substrate is
divided into a plurality of potential control regions config-
ured capable of controlling potential independently from
each other. Whichever of the forming of the plurality of
transistor structures or the dividing into the potential control
regions may be performed earlier than the other. Moreover,
the forming of the plurality of transistor structures may be
performed during the course of the dividing into the poten-
tial control regions. Notably, the nitride semiconductor layer
may be provided on the conductive substrate by bonding the
conductive substrate and the nitride semiconductor layer.
Alternatively, the nitride semiconductor layer may be crys-
tal-grown (epitaxially grown) on the conductive substrate. A
buffer layer may be grown on the conductive substrate, and
then the nitride semiconductor layer may be crystal-grown.
Notably, if the nitride semiconductor layer is to be epitaxi-
ally grown, an SOI substrate, for example, cannot be used
for the epitaxial growth. That is, the nitride semiconductor
layer cannot be insulated from the conductive substrate, and
each of the transistor structures is inevitably affected by the
potential of the conductive substrate. The art disclosed
herein is useful in the case where the nitride semiconductor
layer is an epitaxial layer.

[0027] In the dividing into the potential control regions, a
trench extending from the front surface to the rear surface of
the conductive substrate may be formed. By forming the
trench, the conductive substrate is physically divided
thereby to form a plurality of potential control regions
mutually insulated (electrically independent). In the dividing
into the potential control regions, a thickness of the con-
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ductive substrate may be reduced before forming the trench.
A depth of the trench can be made shallow, which simplifies
the dividing into the potential control regions (etching).
Moreover, in the dividing into the potential control regions,
the trench may be filled with an insulating material after
forming the trench. Notably, in the dividing into the poten-
tial control regions, a part of the conductive substrate may
be changed to have insulating property, to thereby divide the
conductive substrate into the plurality of potential control
regions.

Embodiments

[0028] With reference to FIG. 1, a nitride semiconductor
device 100 will be described. The nitride semiconductor
device 100 comprises a plurality of transistor structures
provided in a common nitride semiconductor layer 12.
Specifically, the nitride semiconductor device 100 includes
a first transistor structure 50a, a second transistor structure
5056, and a third transistor structure 50c. Each of the tran-
sistor structures 50a, 505, and 50c¢ is a lateral transistor
structure. Notably, in the description below, the alphabets a,
b, and ¢ may be omitted where a structure common to the
transistor structures 50a, 505, and 50c¢ is described.

[0029] The nitride semiconductor layer 12 is provided on
a front surface of a silicon substrate 2 with a buffer layer 4
interposed therebetween. The silicon substrate 2 has p-type
impurities introduced therein. A thickness of the silicon
substrate 2 is adjusted to 400 to 600 um. The silicon
substrate 2 is one example of the conductive substrate.
Moreover, a material of the buffer layer 4 is aluminum
nitride (AIN). The nitride semiconductor layer 12 includes a
first nitride semiconductor layer 6, a second nitride semi-
conductor layer 8, and a third nitride semiconductor layer
10. The second nitride semiconductor layer 8 is provided on
a front surface of the first nitride semiconductor layer 6, and
the third nitride semiconductor layer 10 is provided on a
front surface of the second nitride semiconductor layer 8.
The third nitride semiconductor layer 10 is provided on a
part of the front surface of the second nitride semiconductor
layer 8. A material of the first nitride semiconductor layer 6
is gallium nitride (GaN), a material of the second nitride
semiconductor layer 8 is aluminum gallium nitride (AlGaN),
and a material of the third nitride semiconductor layer 10 is
gallium nitride. The first nitride semiconductor layer 6 and
the second nitride semiconductor layer 8 form a heterojunc-
tion. Each of the nitride semiconductor layers 6 and 8 is
non-doped, while the third nitride semiconductor layer 10
contains magnesium (Mg) as p-type impurities. An impurity
concentration of the third nitride semiconductor layer 10 is
adjusted to 7x10'® to 2x10'® cm™>. Notably, as a material of
the buffer layer 4, aluminum gallium nitride may also be
used instead of aluminum nitride.

[0030] Element isolation structures 24 are provided in the
nitride semiconductor layer 12. Each element isolation
structure 24 extends front the front surface of the second
nitride semiconductor layer 8 to an inside of the first nitride
semiconductor layer 6. That is, the element isolation struc-
tures 24 divide a heterojunction interface between the first
and second nitride semiconductor layers 6 and 8. The
transistor structures 50a, 505, and 50c¢ are electrically
divided from each other by the element isolation structures
24. That is, a range of each of the transistor structures 50a,
504, and 50c is delimited by the adjacent element isolation
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structures 24. Notably, the element isolation structures 24
are formed by introducing nitrogen (N) ions into the nitride
semiconductor layer 12.

[0031] On a front surface of the nitride semiconductor
layer 12, a source electrode 14, a drain electrode 22, and a
gate electrode 18 are provided. The source electrode 14 and
the drain electrode 22 are provided apart on the front surface
of the second nitride semiconductor layer 8. The gate
electrode 18 is provided on a front surface of the third nitride
semiconductor layer 10. The gate electrode 18 and the third
nitride semiconductor layer 10 form a gate portion 20 of
each transistor structure 50. The gate portion 20 is provided
between the source electrode 14 and the drain electrode 22.
A material of the gate electrode 18 is nickel (Ni). Each of the
source electrode 14 and the drain electrode 22 is a laminated
electrode made of titanium and aluminum. The source
electrode 14 and the drain electrode 22 are insulated from
the gate portion 20 by a passivation film 16. As the passi-
vation film 16, silicon nitride (SiN), silicon oxide (Si0O,), or
the like is implemented.

[0032] The silicon substrate 2 has a plurality of trenches
28 formed therein. Each of the trenches 28 extends from the
front surface (on a nitride semiconductor layer 12 side) to a
rear surface of the silicon substrate 2. Each trench 28 is filled
with polyimide 26. The silicon substrate 2 is divided by the
trenches 28 into a first potential control region 2a, a second
potential control region 2b, and a third potential control
region 2¢. The potential control regions 2a, 2b, and 2¢ are
mutually insulated, and capable of controlling potential
independently from each other. Each of the trenches 28 is
equivalent to the isolation region provided in the silicon
substrate 2. The first potential control region 2a is connected
to the source electrode 14a, the second potential control
region 25 is connected to the source electrode 145, and the
third potential control region 2¢ is connected to the source
electrode 14c¢, by wirings (not shown), respectively. Notably,
in planar view of the nitride semiconductor layer 12 (i.e.,
when observed along a direction orthogonal to the front
surface of the nitride semiconductor layer 12), the trenches
28 overlap the element isolation structures 24.

[0033] The first, second, and third transistor structures
50a, 505, and 50c¢ are placed in the nitride semiconductor
layer 12 to correspond to the first, second, and third potential
control regions 2a, 2b, and 2c¢, respectively. More specifi-
cally, in the planar view of the nitride semiconductor layer
12, the first transistor structure 50a overlaps the first poten-
tial control region 2a, the second transistor structure 505
overlaps the second potential control region 25, and the third
transistor structure 50c¢ overlaps the third potential control
region 2¢. Notably, the trenches 28 are formed by etching a
part of the silicon substrate 2 from the rear surface toward
the front surface (toward the nitride semiconductor layer 12
side), which will be described later in details. At this
occasion, bottoms of the trenches 28 may reach an inside of
the buffer layer 4.

[0034] The transistor structure 50 will be described. The
transistor structure 50 is a normally-off type HFET (Hetero-
structure Field Effect Transistor), and utilizes, as a channel,
a two-dimensional electron gas layer formed near the het-
erojunction interface. Specifically, when a positive voltage is
applied to the drain electrode 22, a ground voltage is applied
to the source electrode 14, and a positive voltage (an on
voltage) is applied to the gate portion 20, electrons
implanted from the source electrode 14 pass through the
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two-dimensional electron gas layer, and travel toward the
drain electrode 22. When on voltage is not applied to the
gate portion 20, a depletion layer extends from the third
nitride semiconductor layer 10 toward the heterojunction
interface. The depletion layer depletes the electrons in the
two-dimensional electron gas layer, causing the travel of
electrons from the source electrode 14 toward the drain
electrode 22 to be stopped. That is, when on voltage is not
applied to the gate portion 20, the transistor structure 50
maintains an off state, and when on voltage is applied to the
gate portion 20, the transistor structure 50 switches to an on
state. The transistor structure 50 is a normally-off type
transistor.

[0035] As described above, in the nitride semiconductor
device 100, the potential control regions 2a, 25, and 2c¢ are
capable of controlling potential independently from each
other. Accordingly, even if the source electrodes 14a, 145,
and 14¢ have different potentials, respectively, the transistor
structures 50a, 505, and 50c¢ can be ensured to exhibit a same
potential difference (or, exhibit a potential difference of
zero) between the source electrode 14 and the potential
control region (the silicon substrate) 2. Deviation of an
operation of each of the transistor structures 50a, 505, and
50¢ from a design value can be restrained.

[0036] Here, with reference to FIG. 9, a semiconductor
circuit 60 that uses the nitride semiconductor device 100 will
be described. The semiconductor circuit 60 includes four
transistors 70, 72, 74, and 76. The transistors 70, 72, 74, and
76 form a full bridge circuit. Specifically, the transistors 70
and 72 are connected in series, the transistors 74 and 76 are
connected in series, and the transistors 70 and 74 are
connected in parallel. An input/output wiring 65 is con-
nected between the transistors 70 and 72. Moreover, an
input/output wiring 63 is connected between the transistors
74 and 76.

[0037] The transistors 70 and 74 are connected to a higher
potential wiring 62 and form an upper arm circuit. The
transistors 72 and 76 are connected to a lower potential
wiring 64 and form a lower arm circuit. Gate wirings 70g,
72g, 74g, and 76g are connected to the transistors 70, 72, 74,
and 76, respectively. Each of the gate wirings 70g, 72g, 74g,
and 76g is connected to a controller 66. The controller 66
can output different control signals to the gate wirings 70g,
72g, 74g, and 76g, respectively. That is, the transistors 70,
72,74, and 76 can be driven independently from each other.
Moreover, feedback diodes 70a, 72a, 74a, and 76a are
connected to the transistors 70, 72, 74, and 76, respectively.
[0038] The transistor structures 50a, 505, and 50c¢ shown
in FIG. 1 can be applied to any of the transistors 70, 72, 74,
and 76. For example, the first transistor structure 50a can
constitute the transistor 70, the second transistor structure
505 can constitute the transistor 74, and the third transistor
structure 50c¢ can constitute the transistor 72. Notably, a
transistor structure that corresponds to the transistor 76 may
be provided in the nitride semiconductor layer 12. In this
case, a source potential of each of the transistors 70 and 74
(the transistor structures 50a and 505) varies. In the case of
the nitride semiconductor device 100, however, the first
potential control region 2a to which the source electrode 14a
is connected, and the second potential control region 25 to
which the source electrode 145 is connected are electrically
independent from other potential control regions. Accord-
ingly, the potential difference between the source electrode
and the potential control region (the substrate) in each of the
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transistor structures 50a and 505 can be made equal to the
potential difference between the source electrode and the
potential control region in each of other transistor structures.
[0039] Notably, in the semiconductor circuit 60, the source
potential of each of the transistors 72 and 76 does not vary.
Accordingly, the source electrodes of the transistors 72 and
76 may be connected to a common potential control region.
For example, if the third transistor structure 50c¢ in FIG. 1
constitutes the transistor 72 in FIG. 9, and when a transistor
structure that corresponds to the transistor 76 is to be
provided in the nitride semiconductor layer 12, a potential
control region in that transistor structure may be in conduc-
tion with the potential control region 2¢ in the transistor
structure 50c. However, the source electrodes of the tran-
sistors 72 and 76 may be connected to the potential control
regions capable of controlling potential independently,
respectively. For example, the first transistor structure 50a
may constitute the transistor 72, and the second transistor
structure 505 may constitute the transistor 76. In this case,
the potential control region 2a in the transistor 72 and the
potential control region 25 in the transistor 76 are not in
conduction, and are capable of controlling potential inde-
pendently.

[0040] Alternatively, the first transistor structure 50a may
constitute the transistor 70, the second transistor structure
505 may constitute the transistor 72, and the third transistor
structure 50¢ may constitute the transistor 76. In this case as
well, the first potential control region 2a and the second
potential control region 25 are electrically independent, and
hence the transistors 70 and 72 can be ensured to exhibit a
same potential difference between the source electrode and
the potential control region. Notably, in this case as well, a
transistor structure that corresponds to the transistor 74 may
be provided in the nitride semiconductor layer 12.

[0041] With reference to FIG. 2, a nitride semiconductor
device 200 in a second embodiment will be described. The
nitride semiconductor device 200 is a variation of the nitride
semiconductor device 100, and differs from the nitride
semiconductor device 100 in that a diode structure is pro-
vided in the nitride semiconductor layer 12. Regarding the
nitride semiconductor device 200, the description of the
same structures as those of the nitride semiconductor device
100 will be omitted, by attaching the same reference num-
bers as those in the nitride semiconductor device 100
thereto.

[0042] The nitride semiconductor device 200 includes the
first transistor structure 50a, the second transistor structure
505, and a diode 504. The diode 504 comprises the nitride
semiconductor layer 12, an anode electrode 32, and a
cathode electrode 30. The anode electrode 32 and the
cathode electrode 30 are placed apart from each other on the
nitride semiconductor layer 12. The anode electrode 32 and
the cathode electrode 30 are mutually insulated by the
passivation film 16. In the nitride semiconductor device 200
as well, each of the first and second transistor structures 50a
and 505 can constitute any of the transistors 70, 72, 74, and
76 (see FIG. 9). Moreover, the diode 504 can constitute any
of the diodes 70a, 72a, 74a, and 76a. Notably, all of the
transistors 70, 72, 74, and 76 and the diodes 70a, 72a, 74a,
and 76a, shown in FIG. 9, may be provided in the nitride
semiconductor layer 12.

[0043] With reference to FIG. 3, a nitride semiconductor
device 300 in a third embodiment will be described. The
nitride semiconductor device 300 is a variation of the nitride
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semiconductor device 100, and differs from the nitride
semiconductor device 100 in how the source electrode 14
and the silicon substrate 2 (each of the potential control
regions 2a to 2c¢) are connected. Regarding the nitride
semiconductor device 300, the description of the same
structures as those of the nitride semiconductor device 100
will be omitted, by attaching the same reference numbers as
those in the nitride semiconductor device 100 thereto.

[0044] In the nitride semiconductor device 300, through
holes 42 each extending from the front surface of the nitride
semiconductor layer 12 to the silicon substrate 2 is provided.
Each through hole 42 is filled with the conductive member
40. A material of the conductive member 40 is aluminum.
The through hole 42 is filled with the conductive member 40
by a sputtering method or the like. The conductive member
40 connects each source electrode 14 and the potential
control region 2a, 2b, or 2¢ that corresponds to that source
electrode. That is, the conductive member 40 short-circuits
the source electrode 144 and the first potential control region
2a, short-circuits the source electrode 145 and the second
potential control region 2b, and short-circuits the source
electrode 14¢ and the third potential control region 2¢. In the
nitride semiconductor device 300, by using the conductive
member 40 placed in the nitride semiconductor layer 12, the
wirings that connect the source electrodes 14 and the poten-
tial control regions 2a to 2¢, respectively can be dispensed
with. Notably, each through hole 42 does not isolate the
transistor structures 50a, 505, and 50¢ from each other. In an
inside of each of the transistor structures 50a, 505, and 50c¢,
the through hole 42 extends from the front surface of the
nitride semiconductor layer 12 to the silicon substrate 2.

[0045] With reference to FIG. 4, a nitride semiconductor
device 400 in a fourth embodiment will be described. The
nitride semiconductor device 400 is a variation of the nitride
semiconductor device 100, and a thickness of a silicon
substrate 402 differs from the thickness of the silicon sub-
strate 2 in the nitride semiconductor device 100. Specifi-
cally, the thickness of the silicon substrate 402 is adjusted to
50 to 100 um. Trenches 428 are provided in the silicon
substrate 402, and the trenches 428 are filled with polyimide
426. Other structures of the nitride semiconductor device
400 are the same as those of the nitride semiconductor
device 100, and hence the description thereof will be omit-
ted, by attaching the same reference numbers as those in the
nitride semiconductor device 100 thereto.

[0046] With reference to FIGS. 5 to 8, a method of
manufacturing the nitride semiconductor device 400 will be
described. Initially, as shown in FIG. 5, the buffer layer 4, a
material of which is AIN, is grown on a front surface of a
silicon substrate 402d. The buffer layer 4 is grown at
approximately 700° C. Thereafter, the first nitride semicon-
ductor layer 6, a material of which is GaN, is crystal-grown,
the second nitride semiconductor layer 8, a material of
which is AlGaN, is crystal-grown, and the third nitride
semiconductor layer 10d, a material of which is GaN, is
crystal-grown. A nitride semiconductor layer forming step is
completed. When the third nitride semiconductor layer 104
is crystal-grown, Cp,Mg (cyclopentadienyl magnesium) is
introduced into a raw material gas. Hach of the nitride
semiconductor layers 6, 8, and 104 is crystal-grown at
approximately 1000° C. Notably, a thickness of the silicon
substrate 402d is adjusted to 400 to 600 pum. Notably, the
buffer layer 4, a material of which is AlGaN, may be grown
on a front surface of the silicon substrate 4024.
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[0047] Next, as shown in FIG. 6, a rear surface of the
silicon substrate 4024 is ground to complete the silicon
substrate 402, the thickness of which is adjusted to 50 to 100
um. The thickness of the silicon substrate 402 in FIG. 6 is
the same as the thickness of the silicon substrate 402 shown
in FIG. 4. Afterwards, as shown in FIG. 7, a part of the
silicon substrate 402 is etched to form trenches 428. The
trenches 428 are equivalent to the trenches 428 in FIG. 4. By
grinding the silicon substrate 402d, the depth of the trench
428 can be reduced, thereby simplifying a forming step of
trenches (see FIG. 1 for comparison). The formation of the
trenches 428 causes the silicon substrate 402 to be divided
into potential control regions 402a, 40256, and 402c.

[0048] Next, as shown in FIG. 8, the source electrodes 14,
the drain electrodes 22, the gate electrodes 18, and the like
are formed on the front surface of the nitride semiconductor
layer 12 to form the transistor structures 50. In each tran-
sistor structure 50, an etching mask (not shown) is formed
on a part of a front surface of the third nitride semiconductor
layer 10d in FIG. 7, and a portion of the third nitride
semiconductor layer 10d where no etching mask is formed
is etched until the second nitride semiconductor layer 8 is
exposed. The third nitride semiconductor layer 10 (10a to
10c¢) shown in FIG. 8 is thereby completed. Thereafter, an
etching mask (not shown) is formed on a part of the front
surfaces of the second nitride semiconductor layer 8 and the
third nitride semiconductor layers 10a to 10¢, and nitrogen
(N) ions are implanted into a portion where no etching mask
is formed. The element isolation structures 24 are com-
pleted. Afterwards, the etching mask is removed, and the
gate electrodes 18, the source electrodes 14, the drain
electrodes 22, and the passivation film 16 are formed by a
known method, to thereby complete a transistor structure
forming step.

[0049] Next, the trenches 428 are filled with the polyimide
426. A step of dividing into the potential control regions is
completed as described above, and the nitride semiconduc-
tor device 400 shown in FIG. 4 is completed. Notably, in the
description above, an example was described in which the
transistor structure forming step is performed in the course
of the step of dividing into the potential control regions.
Alternatively, the step of dividing into the potential control
regions may be performed after the completion of the
transistor structure forming step. If the trenches 428 are
filled with the polyimide 426, at least the step of filling the
trenches 428 with the polyimide 426 is performed after the
completion of the transistor structure forming step, in order
to prevent degradation of the polyimide due to heat gener-
ated when the electrodes are formed. Notably, the trenches
428 may not be filled with the polyimide 426. In this case,
when the trenches 428 have been formed, the step of
dividing into the potential control regions is completed. If
the trenches 428 are not filled with the polyimide 426,
whichever of the step of dividing into the potential control
regions and the transistor structure forming step may be
performed earlier than the other. Moreover, when the
trenches 428 are formed, bottoms of the trenches 428 may
reach the inside of the buffer layer 4.

[0050] Notably, the thickness of the silicon substrate 4024
is the same as the thickness of the silicon substrate 2 in the
nitride semiconductor device 100 (see FIG. 1). Accordingly,
by eliminating the grinding in FIG. 6, the nitride semicon-
ductor device 400 can be manufactured by substantially the
same steps as those of the nitride semiconductor device 100.
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Moreover, by removing the third nitride semiconductor layer
104 in a range where the first diode 504 is to be provided,
in the step of etching the third nitride semiconductor layer
104 in FIG. 8, the nitride semiconductor device 200 can be
manufactured by substantially the same steps as those of the
nitride semiconductor device 100. By adding a step of
forming the through holes 42 each of which extends from the
front surface of the nitride semiconductor layer 12 to the
silicon substrate 2 in the transistor structure forming step,
the nitride semiconductor device 300 can be manufactured
by substantially the same steps as those of the nitride
semiconductor device 100.

[0051] In the above-described embodiments, the nitride
semiconductor device that has three transistor structures
provided in the nitride semiconductor layer (i.e., the nitride
semiconductor devices 100, 300, and 400), and the nitride
semiconductor device (i.e., the nitride semiconductor device
200) that has two transistor structures and one diode struc-
ture provided in the nitride semiconductor layer are shown.
However, the number of transistors provided in the nitride
semiconductor layer is not limited to those in the above-
described embodiments. The art disclosed herein can be
applied to any of nitride semiconductor devices including
two or more transistor structures in a common nitride
semiconductor layer.

[0052] Moreover, in the above-described embodiments, an
example was described in which the source electrode (the
lower potential side electrode) and the potential control
region are connected (i.e., are short-circuited). However, the
art disclosed herein can also be applied to an aspect in which
a potential difference exists between the source electrode
and the potential control region, for example. What is
important is that a substrate is divided into a plurality of
potential control regions, and the potential of each of the
potential control regions is controlled independently from
other potential control regions.

[0053] Specific examples of the present disclosure have
been described in detail, however, these are mere exemplary
indications and thus do not limit the scope of the claims. The
art described in the claims includes modifications and varia-
tions of the specific examples presented above. Technical
features described in the description and the drawings may
technically be useful alone or in various combinations, and
are not limited to the combinations as originally claimed.
Further, the art described in the description and the drawings
may concurrently achieve a plurality of aims, and technical
significance thereof resides in achieving any one of such
aims.

What is claimed is:

1. A nitride semiconductor device comprising:

a conductive substrate comprising conductive property;
and

a nitride semiconductor layer disposed on the conductive
substrate and including a first transistor structure of a
lateral type and a second transistor structure of a lateral
t}/peS

wherein

the conductive substrate includes a first potential control
region and a second potential control region capable of
controlling potential independently from the first
potential control region, and

in planar view of the nitride semiconductor layer, the first
transistor structure overlaps the first potential control
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region and the second transistor structure overlaps the
second potential control region.

2. The nitride semiconductor device according to claim 1,
wherein

an isolation region is disposed between the first potential

control region and the second potential control region,
the isolation region being configured to electrically
isolate the first potential control region and the second
potential control region from each other.

3. The nitride semiconductor device according to claim 2,
wherein

the isolation region is a trench disposed between the first

potential control region and the second potential con-
trol region.

4. The nitride semiconductor device according to claim 2,
wherein

an element isolation structure is disposed in the nitride

semiconductor layer, the element isolation structure
being configured to electrically isolate the first transis-
tor structure and the second transistor structure from
each other, and

in the planar view of the nitride semiconductor layer, the

element isolation structure overlaps the isolation
region.

5. The nitride semiconductor device according to claim 1,
wherein

a semiconductor layer comprising higher resistance than

the conductive substrate is disposed between the con-
ductive substrate and the nitride semiconductor layer.

6. The nitride semiconductor device according to claim 1,
wherein

one of a pair of main electrodes corresponding to the first

transistor structure is short-circuited to the first poten-
tial control region, and

one of a pair of main electrodes corresponding to the

second transistor structure is short-circuited to the
second potential control region.

7. The nitride semiconductor device according to claim 6,
further comprising a conductive member with which a
through hole extending from a front surface of the nitride
semiconductor layer to the conductive substrate is filled,

wherein

the conductive member comprises a first conductive

member and a second conductive member,

Jun. 1, 2017

the one of the pair of main electrodes corresponding to the
first transistor structure is short-circuited to the first
potential control region via the first conductive mem-
ber, and

the one of the pair of main electrodes corresponding to the

second transistor structure is short-circuited to the
second potential control region via the second conduc-
tive member.

8. The nitride semiconductor device according to claim 6,
wherein

at least one of the first transistor structure and the second

transistor structure corresponds to an upper arm of a
full bridge circuit,

the one of the pair of main electrodes corresponding to the

first transistor structure is a source electrode, and

the one of the pair of main electrodes corresponding to the

second transistor structure is a source electrode.

9. The nitride semiconductor device according to claim 1,
wherein each of the first transistor structure and the second
transistor structure is a heterojunction field effect transistor
structure.

10. The nitride semiconductor device according to claim
1, wherein the nitride semiconductor layer is an epitaxial
layer.

11. A method of manufacturing a nitride semiconductor
device, the method comprising:

forming a nitride semiconductor layer on a conductive

substrate;

forming a plurality of transistor structures in the nitride

semiconductor layer; and

dividing the conductive substrate into a plurality of poten-

tial control regions configured capable of controlling
potential independently from each other.

12. The method according to claim 11, wherein

the dividing of the conductive substrate comprises form-

ing a trench extending from a front surface to a rear
surface of the conductive substrate.

13. The method according to claim 12, wherein

the dividing of the conductive substrate comprises reduc-

ing a thickness of the conductive substrate before
forming the trench.
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