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SEMICONDUCTOR DEVICE

[0001] This application is based on Japanese patent appli-
cation No. 2012-233481, the content of which is incorporated
hereinto by reference.

BACKGROUND
[0002] 1. Technical Field
[0003] Theinventionrelates to a semiconductor device, and

relates to, for example, a technique applicable to a semicon-
ductor device having a DC/DC converter circuit,

[0004] 2. Related Art

[0005] Techniques regarding a DC/DC converter circuit
have been variously examined, and include, for example,
techniques disclosed in Japanese Unexamined Patent Publi-
cation No. 2011-160651, Japanese Unexamined Patent Pub-
lication No. 2006-223016, and PCT Japanese Translation
Patent Publication No. 2006-521081.

[0006] The technique disclosed in Japanese Unexamined
Patent Publication No. 2011-160651 relates to a buck con-
verter circuit in which a control switch and a synchronous
switch have a depletion-mode group III nitride switch. In
addition, Japanese Unexamined Patent Publication No. 2011-
160651 discloses the formation of a protection circuit which
is configured so that a current does not flow through the
control switch while a control circuit is not powered up.
[0007] Japanese Unexamined Patent Publication No. 2006-
223016 discloses a non-isolated DC/DC converter in which a
high-side switch is a gallium nitride element. PCT Japanese
Translation Patent Publication No. 2006-521081 discloses a
DC/DC converter including a non-silicon based switching
transistor.

[0008] In addition, the technique disclosed in PCT Japa-
nese Translation Patent Publication No. 2005-525777 relates
to a technique in which a switching element incorporated in a
low-side arm of an inverter is a normally-on switching ele-
ment which allows electrical conduction when a control volt-
age is not applied.

[0009] In order to improve power source efficiency of a
DC/DC converter circuit, a reduction in the loss of a switch-
ing device constituting the DC/DC converter circuit is
required. In order to achieve the reduction in the loss of the
switching device, for example, a transistor provided in a
compound semiconductor substrate having a two-dimen-
sional electron gas layer may be adopted as the switching
device.

[0010] On the other hand, when a through-current flows
into a circuit in a state where power is not completely supplied
to the DC/DC converter circuit, there may be a concern of a
transistor or the like constituting a circuit being damaged.
However, as disclosed in, for example, Japanese Unexamined
Patent Publication No. 2011-160651, when a protection cir-
cuit for suppressing such a through-current is newly formed,
there may be a concern of a circuit being complicated.
[0011] Other problems and novel features will be made
clearer from the description and the accompanying drawings
of the present specification.

SUMMARY

[0012] In one embodiment, a first transistor constituting a
DC/DC converter circuit is a normally-off type which is con-
nected to an input terminal and is formed in a first compound
semiconductor substrate having a two-dimensional electron
gas layer.
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[0013] According to the embodiment, it is possible to
improve power source efficiency while achieving simplifica-
tion of the DC/DC converter circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The above and other objects, advantages and fea-
tures of the present invention will be more apparent from the
following description of certain preferred embodiments taken
in conjunction with the accompanying drawings, in which:
[0015] FIG. 1 is a circuit diagram illustrating a semicon-
ductor device according to a first embodiment.

[0016] FIG. 2 is a cross-sectional view illustrating a con-
figuration of a high-side transistor shown in FIG. 1.

[0017] FIG. 3 is a cross-sectional view illustrating a con-
figuration of a low-side transistor shown in FIG. 1.

[0018] FIG. 4 is a plan view illustrating an example of the
semiconductor device according to the first embodiment.
[0019] FIGS. 5A and 5B are graphs illustrating 1,s-V s
waveforms in a normally-off type transistor and a normally-
on type transistor.

[0020] FIG. 6 is a timing diagram illustrating operations of
the semiconductor device according to the first embodiment.
[0021] FIG. 7 is a graph illustrating the power conversion
efficiency of a DC/DC converter circuit.

[0022] FIG. 8 is a plan view illustrating a semiconductor
device according to a second embodiment.

[0023] FIGS.9A and 9B are cross-sectional views illustrat-
ing the semiconductor device shown in FIG. 8.

[0024] FIG. 10 is a cross-sectional view taken along line
A-A' of FIG. 8.

[0025] FIG. 11 is a cross-sectional view taken along line
B-B' of FIG. 8.

[0026] FIG.12isaplan view illustrating the semiconductor
device shown in FIG. 8.

[0027] FIG. 13 is a cross-sectional view illustrating +he
semiconductor device shown in FIG. 12.

DETAILED DESCRIPTION

[0028] The invention will now be described herein with
reference to illustrative embodiments. Those skilled in the art
will recognize that many alternative embodiments can be
accomplished using the teachings of the present invention and
that the invention is not limited to the embodiments illustrated
for explanatory purposes.

[0029] Hereinafter, embodiments of the invention will be
described with reference to the accompanying drawings. In
all the drawings, like elements are referenced by like refer-
ence numerals and descriptions thereof will not be repeated.

First Embodiment

[0030] FIG. 1 is a circuit diagram illustrating a semicon-
ductor device SM1 according to a first embodiment, and
particularly illustrates a configuration of a DC/DC converter
circuit CC1 included in the semiconductor device SM1. FIG.
2 is a cross-sectional view illustrating a high-side transistor
HT1 shown in FIG. 1. FIG. 3 is a cross-sectional view illus-
trating a configuration of a low-side transistor LT1 shown in
FIG. 1. The semiconductor device SM1 includes the DC/DC
converter circuit CC1. The DC/DC converter circuit CC1
includes the transistor HT1 and the transistor LT1.

[0031] Thetransistor HT1 according to the present embodi-
ment constitutes a high-side switching device in the DC/DC
converter circuit CC1. For this reason, the transistor HT1



US 2014/0110760 Al

includes a drain electrode DE1 connected to an input terminal
IT1, and a source electrode SE1 connected to an output ter-
minal OT1.

[0032] In addition, the transistor HT1 is formed in a com-
pound semiconductor substrate CS1 having a two-dimen-
sional electron gas layer TD1. Further, the transistor HT1is a
normally-off type.

[0033] Thetransistor LT1 according to the present embodi-
ment constitutes a low-side switching device in the DC/DC
converter circuit CC1. For this reason, the transistor LT1
includes a drain electrode DE2 connected to the source elec-
trode SE1 of the transistor HT1, and a grounded source elec-
trode SE2.

[0034] According to such a configuration, the transistor
HT1 is formed in the compound semiconductor substrate CS1
having the two-dimensional electron gas layer TD1, thereby
allowing a switching device having a lower loss than a silicon
device to be realized. For this reason, it is possible to achieve
an improvement in the power source efficiency of'the DC/DC
converter circuit. In addition, the transistor HT1 connected to
the input terminal is configured to be a normally-off type,
thereby allowing flow of a through-current into a circuit in a
state where power is not completely supplied to the DC/DC
converter circuit to be suppressed, without newly providing a
protection circuit. Therefore, it is possible to suppress com-
plication of a circuit.

[0035] Therefore, according to the present embodiment, it
is possible to improve power source efficiency while achiev-
ing the simplification of the DC/DC converter circuit.
[0036] Hereinafter, the configuration of the semiconductor
device SM1 will be described in detail.

[0037] Asshown in FIG. 1, the semiconductor device SM1
includes the DC/DC converter circuit CC1. The DC/DC con-
verter circuit CC1 according to the present embodiment is
constituted by the transistor HT1, the transistor I'T1, a diode
DI1, an inductor IN1, a capacitor CA1, and a control circuit
CT1.

[0038] The DC/DC converter circuit CC1 constitutes, for
example, a step-down buck converter.

[0039] The transistor HT1 constitutes a high-side switch-
ing device in the DC/DC converter circuit CC1. For this
reason, the drain electrode DE1 of the transistor HT1 is con-
nected to the input terminal IT1, and the source electrode SE1
is connected to the output terminal OT1 through the inductor
INT.

[0040] In the semiconductor device SM1, a protection cir-
cuit for suppressing the flow of a through-current into a circuit
is not provided between the transistor HT1 and the input
terminal IT1. For this reason, it is possible to suppress the
complication of a circuit.

[0041] The transistor LT1 constitutes a low-side switching
device in the DC/DC converter circuit CC1. For this reason,
the drain electrode DE2 of the transistor LT1 is connected to
the source electrode SE1 of the transistor HT1, and the source
electrode SE2 is grounded. In the present embodiment, the
drain electrode DE2 is connected to a path for connecting the
transistor HT1 to the inductor IN1. In addition, the source
electrode SE2 is connected to ground points ER1 and ER2.
[0042] The diode DI1 is connected in parallel with the
transistor LT1. An anode of the diode DI1 is connected to the
ground points ER1 and ER2, and a cathode thereof is con-
nected to the transistor HT1 and the inductor IN1.

[0043] The inductor IN1 is configured such that one end
thereof is connected to the transistor HT1, and the other end
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on the side opposite to the one end is connected to the output
terminal OT1. The capacitor CA1 is configured such that one
end thereof is connected to the inductor IN1 and the output
terminal OT1, and the other end on the side opposite to the
one end is grounded. The waveform of an output voltage is
smoothed by the inductor IN1 and the capacitor CA1.
[0044] The control circuit CT1 is connected to a gate elec-
trode GE1 of the transistor HT1 and a gate electrode GE2 of
the transistor LT1. Thereby, the turn-on and turn-oft of the
transistor HT1 and the transistor L'T1 constituting a switching
device are controlled. In DC/DC converter circuit CC1, it is
possible to constantly maintain an output voltage by switch-
ing an input voltage, and controlling a time ratio (duty ratio)
between turn-on and turn-off.

[0045] The control circuit CT1 is constituted by, for
example, a silicon transistor in which an impurity diffusion
layer serving as a source and drain region is formed in a
silicon substrate. The transistor constituting the control cir-
cuit CT1 is configured to be a silicon device, thereby allowing
manufacturing costs of the DC/DC converter circuit CC1
including the control circuit CT1 to be reduced.

[0046] As shown in FIG. 2, the transistor HT1 is formed in
the compound semiconductor substrate CS1 having the two-
dimensional electron gas layer TD1. In addition, the transistor
HT1 is a normally-off type transistor.

[0047] Inthe presentembodiment, the compound semicon-
ductor substrate CS1 is constituted by a support substrate
SB1, a buffer layer BF1, a compound semiconductor layer
CL1, and a compound semiconductor layer CL.2.

[0048] The support substrate SB1 is formed of, for
example, Si, SiC, GaN, or sapphire, The bufter layer BF1 is
provided on the support substrate SB1. The buffer layer BF1
in the present embodiment is, for example, an insulating layer
in which AIN and GaN are laminated in a multistage manner
by a metalorganic vapor phase epitaxy (MOVPE) method.
The thickness of the buffer layer BF1 is, for example, 1 pm.
[0049] The compound semiconductor layer CL.1 is pro-
vided on the buffer layer BF1. The compound semiconductor
layer CL1 is, for example, a GaN layer. The thickness of the
compound semiconductor layer CL1 is, for example, 1 pm.
[0050] The compound semiconductor layer CL.2 is pro-
vided on the compound semiconductor layer CL1. As the
compound semiconductor layer CL.2, a layer having a hetero
interface being formed with respect to the compound semi-
conductor layer CL1 is selected. Thereby, the two-dimen-
sional electron gas layer TD1 serving as a channel region of
the transistor HT1 is formed on the interface between the
compound semiconductor layer CLL1 and the compound
semiconductor layer CL2. In the present embodiment, the
compound semiconductor layer CL2 is, for example, an
AlGaN layer, and particularly preferably an Al ,sGa, 35N
layer. The thickness of the compound semiconductor layer
CL2 is, for example, 10 nm.

[0051] The transistor HT1 has a recess gate structure. That
is, a gate recess GR1 which is a recess is formed on the surface
of the compound semiconductor substrate CS1. At least a
portion of the gate electrode GE1 is located within the gate
recess GR1. Thereby, the electron concentration in a channel
portion is selectively reduced, thereby allowing the transistor
HT1 to be formed as a normally-off type transistor.

[0052] In the present embodiment, the gate recess GR1 is
formed so as to pass through the compound semiconductor
layer CL2. In addition, the gate recess GR1 may be formed so
as to pass through the compound semiconductor layer CL.2
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and to embed a portion of the surface of the compound semi-
conductor layer CL.1 therein. Further, the gate recess GR1
may be formed in the compound semiconductor layer CL2 so
as not to pass through the compound semiconductor layer
CL2.

[0053] The transistor HT1 includes a gate insulating film
GI1 provided on the compound semiconductor layer CL2.
The gate insulating film GI1 is formed on the compound
semiconductor layer CL2, and on the inner wall of the gate
recess GR1. For this reason, a recess is formed in a portion
which overlaps the gate recess GR1 in the gate insulating film
GI1 when seen in a plan view.

[0054] In the present embodiment, the gate insulating film
GI1 is formed by, for example, a chemical vapor deposition
(CVD) method. The gate insulating film GI1 is formed of, for
example, Al,O,. The thickness of the gate insulating film GI1
is, for example, 10 nm.

[0055] Meanwhile, an opening is formed by etching in a
portion of the gate insulating film GI1 in which the source
electrode SE1 and the drain electrode DE1 are formed.
[0056] The transistor HT1 includes the gate electrode GE1
provided on the gate insulating film GI1. The gate electrode
GE1 is formed at a position overlapping the gate recess GR1
when seen in a plan view. The gate electrode GE1 is, for
example, a laminated structure in which Ni and Au are lami-
nated in order.

[0057] The gate recess GR1 and the gate electrode GE1 are
provided so as to be located between the source electrode SE1
and the drain electrode DE1.

[0058] The transistor HT1 includes the source electrode
SE1 and the drain electrode DE1. The source electrode SE1
and the drain electrode DE1 is provided on the compound
semiconductor layer CL2 so as to come into contact with the
compound semiconductor layer CL2. In the present embodi-
ment, the source electrode SE1 and the drain electrode DE1
are provided in the opening formed in the gate insulating film
GI1, and thus the source electrode SE1 and the drain electrode
DE1 come into contact with the compound semiconductor
layer CL2.

[0059] The source electrode SE1 and the drain electrode
DE1 are formed of, for example, one kind or two kinds or
more kinds of metal materials selected from Ti, Al, Mo, and
Au.

[0060] The gate length of the transistor HT1 is, for
example, 0.5 um. The distance between the gate electrode
GE1 and the drain electrode DE1 is, for example, 0.5 um. The
distance between the gate electrode GE1 and the source elec-
trode SE1 is, for example, 0.5 um.

[0061] The threshold voltage of the transistor HT1 is, for
example, 1.0 V. The strength voltage of the transistor HT1 is,
for example, 40 V. The on-resistance of the transistor HT1 is,
for example, 10 mQ.

[0062] The transistor HT1 has, for example, a polyimide
film (not shown) as a cover film that covers the gate electrode
GE1, the source electrode SE1 and the drain electrode DE1.
The polyimide film is formed on the gate insulating film GI1
s0 as to cover the gate electrode GE1, the source electrode
SE1 and the drain electrode DE1. In addition, an interconnect
is formed on the polyimide film. The interconnect is formed
of, for example, Au.

[0063] The transistor HT1 having such a configuration is
sealed in, for example, the package of TO220.

[0064] FIGS. 5A and 5B are graphs illustrating 1,s-V s
waveforms in a normally-off type transistor and a normally-
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on type transistor. FIG. 5A illustrates [,V s waveforms of
the transistor HT1 which is a normally-off type transistor.
[0065] In FIG. 5A, 1,5~V s waveforms in gate voltages
V5s0f0V,2V,4V,6V,and 8V are shown. As shown in FIG.
5A, when the gate voltage V¢ is 0 V without applying the
gate voltage V., an on-state current [, does not flow. In
addition, when the gate voltage V 5 is applied, the on-state
current I, flows in the transistor HT1. In this manner, it is
known that the transistor HT1 according to the present
embodiment functions as a normally-off type transistor.

[0066] The transistor HT1 is, for example, formed as fol-
lows.
[0067] First, the compound semiconductor substrate CS1 is

formed by laminating the buffer layer BF1, the compound
semiconductor layer CL.1, and the compound semiconductor
layer CL2 in order on the support substrate SB1.

[0068] Next, the compound semiconductor layer CL2 is
selectively removed by etching using a photoresist as a mask,
and the gate recess GR1 is formed. Next, in order to eliminate
damage in the etching process, wet etching is performed on
the surface of the compound semiconductor substrate CS1 by
an acid.

[0069] Next, the gate insulating film GI1 is formed on the
compound semiconductor layer CL2 and on the inner wall of
the gate recess GR1. The gate insulating film GI1 is formed
by, forexample, a CVD method. Next, the gate electrode GE1
is formed on the gate insulating film GI1 and at a position
overlapping the gate recess GR1 when seen in a plan view.
[0070] Next, openings for burying the source electrode SE1
and the drain electrode DE1 are formed in the gate insulating
film GI1 by etching using a photoresist as a mask. Next, the
source electrode SE1 and the drain electrode DE1 are formed
s0 as to bury the openings and to come into contact with the
compound semiconductor layer CL.2.

[0071] In this manner, the transistor HT1 is formed.
[0072] As shown in FIG. 3, the transistor LT1 according to
the present embodiment is formed in a compound semicon-
ductor substrate CS2 having a two-dimensional electron gas
layer TD2. In addition, the transistor L'T1 is a normally-on
type transistor.

[0073] Inthe present embodiment, since the transistor LT1
is formed in the compound semiconductor substrate CS2
having a two-dimensional electron gas layer, it is possible to
realize a switching device having a lower loss than a silicon
device. In addition, the transistor L'T1 is configured to be a
normally-on type, thereby allowing the on-resistance of the
transistor LT1 to be reduced. For this reason, a lower-loss
switching device is realized. Therefore, with such a configu-
ration according to the present embodiment, it is possible to
further improve the power source efficiency of the DC/DC
converter circuit.

[0074] Meanwhile, the transistor LT1 may be, for example,
a silicon device having an impurity diffusion layer constitut-
ing a source and drain region and a channel region formed in
a silicon substrate. The transistor L'T1 is configured to be a
silicon device, thereby allowing manufacturing costs of the
transistor LT1 to be reduced. In addition, the transistor L'T1 is
configured to be a silicon device, thereby allowing formation
of the DC/DC converter circuit CC1 to be facilitated.

[0075] Inthe presentembodiment, the compound semicon-
ductor substrate CS2 is constituted by a support substrate
SB2, a buffer layer BF2, a compound semiconductor layer
CL3, and a compound semiconductor layer CL4. The support
substrate SB2, the buffer layer BF2, the compound semicon-
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ductor layer CL3, and the compound semiconductor layer
CL4 have the same configurations as, for example, those of
the support substrate SB1, the buffer layer BF1, the com-
pound semiconductor layer CL.1, and the compound semi-
conductor layer CL.2, respectively.

[0076] The transistor LT1 has a planer gate structure. That
is, a gate recess is not provided in the surface of the compound
semiconductor substrate CS2. Thereby, the transistor LT1 can
be configured to be a normally-on type transistor. In this case,
it is possible to form a hetero-junction on the entire interface
between the compound semiconductor layer CL3 and the
compound semiconductor layer CL4, and to realize high elec-
tron density in a channel portion. Therefore, it is possible to
reduce an on-resistance in the transistor LT1, and to achieve a
reduction in the loss of a switching device.

[0077] In the present embodiment, a gate recess is not pro-
vided in the surface of the compound semiconductor sub-
strate CS2. For this reason, a portion which overlaps the gate
electrode GE2 in the compound semiconductor layer CL4
when seen in a plan view and other portions become equal to
each other, for example, in film thickness.

[0078] The transistor I'T1 includes a gate insulating film
GI2 provided on the compound semiconductor layer CL4.
The gate insulating film GI2 is formed on the compound
semiconductor layer CL4. The gate insulating film GI2 has
the same configuration as, for example, that of the gate insu-
lating film GI1.

[0079] Inaddition, the transistor LT1 includes the gate elec-
trode GE2 provided on the gate insulating film GI2. The gate
electrode GE2 is provided so as to be located between the
source electrode SE1 and the drain electrode DE1. The gate
electrode GE2 has the same configuration as, for example,
that of the gate electrode GE1. Meanwhile, in the present
embodiment, a recess which does not pass through the gate
insulating film GI2 may be formed in a portion of the gate
insulating film GI2 in which the gate electrode GE2 is pro-
vided. In this case, the gate electrode GE2 is formed so as to
bury the recess.

[0080] The transistor LT1 includes the source electrode
SE2 and the drain electrode DE2. The source electrode SE2
and the drain electrode DE2 are provided on the compound
semiconductor layer CL4 so as to come into contact with the
compound semiconductor layer CL4. The source electrode
SE2 and the drain electrode DE2 have the same configura-
tions as, for example, those of the source electrode SE1 and
the drain electrode DE1.

[0081] The gate length ofthe transistor LT1 is, for example,
0.5 um. The distance between the gate electrode GE2 and the
drain electrode DE2 is, for example, 0.5 um.

[0082] The threshold voltage of the transistor LT1 is, for
example, -4.0V. The strength voltage of the transistor L'T1 is,
for example, 40 V. The on-resistance of the transistor LT1 is,
for example, 1.2 mQ. The transistor ['T1 is configured to be a
normally-on type transistor, thereby allowing the on-resis-
tance of the transistor LT1 to be set to a low value as men-
tioned above. Thereby, it is possible to form a low-loss
switching device.

[0083] The transistor LT1 includes, for example, a polyim-
ide film (not shown) as a cover film that covers the gate
electrode GE2, the source electrode SE2 and the drain elec-
trode DE2. The polyimide film is formed on the gate insulat-
ing film GI2 so as to cover the gate electrode GE2, the source
electrode SE2 and the drain electrode DE2. In addition, an
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interconnect is formed on the polyimide film. The intercon-
nect is formed of, for example, Au.

[0084] The transistor L'T1 such a configuration is sealed in,
for example, the package of TO220.

[0085] FIG. 5B illustrates 1~V s waveforms of the tran-
sistor L'T1 which is a normally-on type transistor.

[0086] InFIG.S5B, 1,V ¢ waveforms in the gate voltage
Vas0of =4V, -2V, 0V, 2V, and 4V are shown. As shown in
FIG. 5B, when the gate voltage V ;¢ is 0 V without applying
the gate voltage Vg, the on-state current [, flows in the
transistor LT1. In addition, when the gate voltage V 5 is set to
-4V, the on-state current [, can be caused not to flow. As
stated above, it is known that the transistor LT1 according to
the present embodiment functions as a normally-on type tran-
sistor.

[0087] In the present embodiment, for example, the gate
voltage V ;s of the transistor LT1 is set to O V when a low-side
switching device is set to be in an off-state, and the gate
voltage V ;s of the transistor LT1 is set to 5V when the device
is set to be in an on-state. Thereby, it is possible to secure the
operation reliability of the DC/DC converter circuit CC1
while sufficiently reducing an on-resistance in an on-state.

[0088] The transistor LT1 is, for example, formed as fol-
lows.
[0089] First, the compound semiconductor substrate CS2 is

formed by laminating the buffer layer BF2, the compound
semiconductor layer CL.3, and the compound semiconductor
layer CL4 in order on the support substrate SB2. Next, the
gate insulating film GI2 is formed on the compound semicon-
ductor layer CL4. The gate insulating film GI2 is formed by,
for example, a CVD method. Next, the gate electrode GE2 is
formed on the gate insulating film GI2. Next, openings for
burying the source electrode SE2 and the drain electrode DE2
are formed in the gate insulating film GI2 by etching using a
photoresist as a mask. Next, the source electrode SE2 and the
drain electrode DE2 are formed so as to bury the openings and
to come into contact with the compound semiconductor layer
CL4. In this manner, the transistor LT1 is formed.

[0090] FIG. 4 is a plan view illustrating an example of the
semiconductor device SM1 according to the present embodi-
ment.

[0091] In the present embodiment, a high-side switching
device HD1 constituted by the transistor HT1 and a low-side
switching device LD1 constituted by the transistor LT1 can be
mounted the same semiconductor package. In this case, the
high-side switching device HD1 is mounted onto one region
of'a lead frame LF1, and the low-side switching device LD1
is mounted onto the other region separated from the one
region.

[0092] For example, the high-side switching device HD1
and the low-side switching device L.D1 which are mounted
onto the lead frame LF1 are sealed by a sealing resin or the
like, and thus a semiconductor package is formed.

[0093] In this case, the transistor HT1 and the transistor
LT1 constitute semiconductor chips different from each
other.

[0094] The connection of each electrode to the lead frame
LF1 or an outer lead OL1 is performed as follows using, for
example, a bonding wire BW1.

[0095] In the transistor HT1 constituting the high-side
switching device HD1, one of the source electrode SE1 and
the drain electrode DE1 is connected to the lead frame LF1,
and the other thereof is connected to the outer lead OL1. In
addition, the gate electrode GE1 is connected to the outer lead
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OL1. In the transistor LT1 constituting the low-side switching
device LD1, one of the source electrode SE2 and the drain
electrode DE2 is connected to the lead frame LF1, and the
other thereof is connected to the outer lead OL1. In addition,
the gate electrode GE2 is connected to the outer lead OL1.
[0096] FIG. 6 is a timing diagram illustrating operations of
the semiconductor device SM1 according to the present
embodiment. In FIG. 6, a gate voltage V 5, an on-state cur-
rent I, and a drain voltage V,; in each of the transistor HT1
and the transistor LT1, and a current I flowing in the diode
DI1 are shown.

[0097] As shown in FIG. 6, in the DC/DC converter circuit
CC1 according to the present embodiment, the on-time of the
transistor LT1 can be made larger than the on-time of the
transistor HT1. Meanwhile, the term “on-time” as used herein
means a time for which, when a switching device constituted
by a transistor is in an on-state, the on-state current I, flows in
the transistor.

[0098] In addition, the transistor LT1, which is a normally-
on type transistor, has a smaller loss due to an on-resistance
than the transistor HT1, which is a normally-off type transis-
tor, does.

[0099] For this reason, the transistor ['T1 is configured to be
a normally-on type, and the on-time of the transistor L'T1 is
made larger than the on-time of the transistor HT1, thereby
allowing a reduction in the loss of a switching device to be
achieved more efficiently.

[0100] FIG. 7 is a graph illustrating the power conversion
efficiency of the DC/DC converter circuit CC1.

[0101] FIG.7 shows results obtained by actually measuring
power conversion efficiency (%) when the DC/DC converter
circuit is brought into operation as a frequency of 2 MHz,
V,=12V,and V_,=1.1 V. In FIG. 7, the power conversion
efficiency (%) is shown as values to output currents [ ,,(A).
[0102] On the other hand, a first example will be shown in
which a normally-off type transistor is used as the high-side
transistor HT1, and a normally-on type transistor is used as
the low-side transistor HT1. On the other hand, a second
example will be shown in which a normally-off type transis-
tor is used in both the high-side transistor HT1 and the low-
side transistor HT1. Here, a transistor having a structure
shown in FIG. 2 is used as a normally-off type transistor, and
a transistor having a structure shown in FIG. 3 is used as a
normally-on type transistor.

[0103] Asshown in FIG. 7, in the first example, it is known
that an efficiency of approximately 1.5% is improved at the
time of a peak, compared to the second example. In addition,
in the first example, it is known that an efficiency of approxi-
mately 6% is improved when [, =30 A, compared to the
second example.

[0104] In this manner, it is known that the transistor HT1 is
configured to be a normally-oft type, and the transistor LT1 is
configured to be a normally-on type, thereby allowing a fur-
ther reduction in the loss of a switching device to be achieved
while avoiding the complication of a circuit.

[0105] Next, an effect of the present embodiment will be
described.
[0106] According to the present embodiment, the transistor

HT1 constituting the DC/DC converter circuit CC1 is a nor-
mally-off type which is connected to the input terminal IT1
and is formed in the compound semiconductor substrate CS1
having the two-dimensional electron gas layer TD1. The tran-
sistor HT1 is formed in the compound semiconductor sub-
strate CS1 having the two-dimensional electron gas layer
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TD1, thereby allowing a switching device having a lower loss
than a silicon device does to be realized. Therefore, it is
possible to achieve an improvement in the power source effi-
ciency of the DC/DC converter circuit. In addition, the tran-
sistor HT1 connected to the input terminal is configured to be
anormally-off type, and thus it is possible to suppress the flow
of'athrough-current into a circuit in a state where power is not
completely supplied to the DC/DC converter circuit, without
providing a protection circuit newly. Therefore, it is possible
to suppress the complication of a circuit.

[0107] Therefore, it is possible to improve power source
efficiency while achieving the simplification of the DC/DC
converter circuit.

Second Embodiment

[0108] FIG. 8 is a plan view illustrating a semiconductor
device SM2 according to a second embodiment. FIG. 8 shows
a positional relationship between the gate electrode GE1, the
gate electrode GE2, the source electrode SE1, the source
electrode SE2, the drain electrode DE1, and the drain elec-
trode DE2. Meanwhile, the positional relationship therebe-
tween is not limited to those shown in FIG. 8

[0109] FIGS.9A and 9B are cross-sectional views illustrat-
ing the semiconductor device SM2 shown in FIG. 8. FIG. 9A
shows cross-section C-C' of FIG. 8. In addition, FIG. 9B
shows cross-section D-D' of FIG. 8.

[0110] In the semiconductor device SM2 according to the
present embodiment, the transistor HT1 and the transistor
LT1 are provided in the same compound semiconductor sub-
strate CS1.

[0111] As shown in FIG. 8 and FIGS. 9A and 9B, the
transistor HT1 and the transistor LT1 are all provided in the
compound semiconductor substrate CS1. Except for this
point, the configurations of the transistor HT'1 and the tran-
sistor LT1 in the present embodiment can be configured to be
the same as those in the first embodiment.

[0112] FIG. 10 is a cross-sectional view taken along line
A-A' of FIG. 8. FIG. 11 is a cross-sectional view taken along
line B-B' of FIG. 8.

[0113] As shown in FIGS. 10 and 11, an element isolation
film EL1 is formed in the compound semiconductor substrate
CS1. The transistor HT1 and the transistor L'T1 are respec-
tively electrically isolated from other transistors by the ele-
ment isolation film EL1. In the present embodiment, the
transistor HT1 and the transistor LT1 are electrically isolated
from each other by the element isolation film EL.1. The ele-
ment isolation film EL1 is formed, for example, so as to pass
through the compound semiconductor layer CL2 and the
compound semiconductor layer CLL1 and to reach the buffer
layer BF1. In addition, the element isolation film EL1 is
formed by performing, for example, ion implantation of
boron into the compound semiconductor substrate CS1. This
ion implantation is performed, for example, under the condi-
tions of an implantation energy of 120keV and a dose amount
of 2x10"* cm™2.

[0114] Thetransistor HT1 and the transistor L'T1 according
to the present embodiment are, for example, formed as fol-
lows.

[0115] First, as is the case with the first embodiment, the
compound semiconductor substrate CS1 is formed. Next, the
compound semiconductor layer CL2 is selectively removed
by etching using a photoresist as a mask, and the gate recess
GR1 is formed. Next, boron is ion-implanted into the com-
pound semiconductor substrate CS1, and the element isola-
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tion film EL1 is formed. Next, the gate insulating film GI1 and
gate insulating film GI2 are formed on the compound semi-
conductor layer CL.2 and on the inner wall of the gate recess
GR1. The gate insulating film GI1 and the gate insulating film
GI2 are formed integrally with each other by the same pro-
cess. Next, a conductive film formed on the gate insulating
film GI1 and the gate insulating film GI2 is patterned, and the
gate electrode GE1 and the gate electrode GE2 are formed. At
this time, the gate electrode GE1 is formed at a position
overlapping the gate recess GR1 when seen in a plan view,
and the gate electrode GE2 is formed at position separated
from the gate electrode GE1.

[0116] Next, openings for burying the source electrode SE1
and the drain electrode DE1 are formed in the gate insulating
film GI1 and openings for burying the source electrode SE2
and the drain electrode DE2 are formed in the gate insulating
film GI2 by etching using a photoresist as a mask. Next, the
source electrode SE1, the drain electrode DE1, the source
electrode SE2, and the drain electrode DE2 are formed so as
to bury these openings and to come into contact with the
compound semiconductor layer CL.2.

[0117] In the present embodiment, as mentioned above,
each configuration of the transistor HT1 and the transistor
LT1 can be formed by a common process. For this reason, it
is possible to achieve a reduction in a number of manufactur-
ing processes.

[0118] As shown in FIG. 8, the semiconductor device SM2
includes a plurality of gate electrodes GE1. Each of the gate
electrodes GE1 extends in a first direction. In addition, each
of the gate electrodes GFE1 is arranged so as to be separated
from each other in a second direction perpendicular to the first
direction in the plane surface of the compound semiconductor
substrate CS1. One end of each gate electrode GE1 is con-
nected to the gate interconnect GLL1 extending in the second
direction. For this reason, the plurality of gate electrodes GE1
and the gate interconnect GL1 form a comb-teeth shape. One
end of the gate interconnect GL1 is connected to a gate pad
GP1. Each of the gate electrodes GE1 is connected to the
control circuit CT1 through the gate pad GP1. Here, the first
direction denotes a vertical direction in FIGS. 9A and 9B, and
the second direction denotes a horizontal direction in FIGS.
9A and 9B.

[0119] Inaddition, the semiconductor device SM2 includes
aplurality of gate electrodes GE2. Each of the gate electrodes
GE2 extends in the first direction. In addition, each of the gate
electrodes GE2 is arranged in the second direction so as to be
separated from each other. One end of each gate electrode
GE2 is connected to the gate interconnect GL.2 extending in
the second direction. For this reason, the plurality of gate
electrodes GE2 and the gate interconnect GL.2 form a comb-
teeth shape. One end of the gate interconnect GL2 is con-
nected to a gate pad GP2. Each of the gate electrodes GE2 is
connected to the control circuit CT1 through the gate pad
GP2.

[0120] As shown in FIGS. 10 and 11, the gate interconnect
GL1 and the gate interconnect GL.2 are disposed on, for
example, the element isolation film EL1. In the present
embodiment, the gate interconnect GL1 and the gate inter-
connect GL2 are formed on the element isolation film EL1
through an insulating film IF3 which is formed by the same
process as that of forming the gate insulating film GI1 and the
gate insulating film GI2. In addition, the upper surfaces and
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the lateral sides of the gate interconnect GL.1 and the gate
interconnect GL.2 are covered by, for example, an insulating
film TF1.

[0121] The semiconductor device SM2 includes a plurality
of source electrodes SE1. Each of the source electrodes SE1
extends in the first direction. In addition, each of the source
electrodes SE1 is arranged in the second direction so as to be
separated from each other. One end of each source electrode
SE1is connected to a source pad SP1. For example, the source
electrode SE1 and the source pad SP1 may be formed so that
the plurality of source electrodes SE1 and the source pad SP1
form a comb-teeth shape integrally.

[0122] Inaddition, the semiconductor device SM2 includes
a plurality of drain electrodes DEL Each of the drain elec-
trodes DE1 extends in the first direction. In addition, each of
the drain electrodes DFE1 is arranged in the second direction
s0 as to be separated from each other. One end of each drain
electrode DE1 is connected to a drain pad DP1. For example,
the drain electrode DE1 and the drain pad PD1 may be formed
so that the plurality of drain electrodes DE1 and the drain pad
DP1 form a comb-teeth shape integrally.

[0123] Meanwhile, the plurality of source electrodes SE1
and the plurality of drain electrodes DE1 are formed, for
example, so that the source electrode SE1 and the drain elec-
trode DE1 are alternately arranged. In addition, the gate elec-
trode GE1 is disposed, for example, between the source elec-
trode SE1 and the drain electrode DE1. In this case, the
transistor HT1 is formed by the source electrode SE1 and the
drain electrode DE1 adjacent to each other and the gate elec-
trode GE1 disposed therebetween. Meanwhile, the drain pad
DP1 is provided, for example, so as to be located on the side
opposite to the source pad SP1 when seen from a region in
which the source electrode SE1 and the drain electrode DE1
are arranged.

[0124] The semiconductor device SM2 includes a plurality
of source electrodes SE2. Each of the source electrodes SE2
extends in the first direction. In addition, each of the source
electrodes SE2 is arranged in the second direction so as to be
separated from each other. One end of each source electrode
SE2 is connected to a source pad SP2. For example, the source
electrode SE2 and the source pad SP2 may be formed so that
the plurality of source electrodes SE2 and the source pad SP2
form a comb-teeth shape integrally.

[0125] Inaddition, the semiconductor device SM2 includes
a plurality of drain electrodes DE2. Each of the drain elec-
trodes DE2 extends in the first direction. In addition, each of
the drain electrodes DE2 is arranged in the second direction
s0 as to be separated from each other. One end of each drain
electrode DE2 is connected to a drain pad DP2. For example,
the drain electrode DE2 and the drain pad DP2 may be formed
so that the plurality of drain electrodes DE2 and the drain pad
DP2 form a comb-teeth shape integrally. In addition, the drain
pad DP2 may be formed integrally with the source pad SP1.

[0126] Meanwhile, the plurality of source electrodes SE2
and the plurality of drain electrodes DE2 are formed, for
example, so that the source electrode SE2 and the drain elec-
trode DE2 are alternately arranged. In addition, the gate elec-
trode GE2 is disposed, for example, between the source elec-
trode SE2 and the drain electrode DE2. In this case, the
transistor L'T1 is formed by the source electrode SE2 and the
drain electrode DE2 adjacent to each other and the gate elec-
trode GE2 disposed therebetween. Meanwhile, the drain pad
DP2 is provided, for example, so as to be located on the side
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opposite to the source pad SP2 from a region in which the
source electrode SE2 and the drain electrode DE2 are
arranged.

[0127] As shown in FIG. 10, the source electrode SE1 is
provided, for example, on the compound semiconductor layer
CL2 and on the gate interconnect GL.1. At this time, the
source electrode SE1 is provided on the gate interconnect
GL1 through the insulating film IF1. In addition, the source
electrode SE1 is electrically isolated from the drain pad DP1
by an insulating film IF2. The source electrode SE2 is pro-
vided, for example, on the compound semiconductor layer
CL2 and on the gate interconnect GL.2. At this time, the
source electrode SE2 is provided on the gate interconnect
GL.2 through the insulating film IF1. In addition, the source
electrode SE2 is electrically isolated from the drain pad DP2
by the insulating film IF2.

[0128] As shown in FIG. 11, the drain electrode DE1 and
the drain electrode DE2 are formed on the compound semi-
conductor layer CL.2. In addition, the drain electrode DE1 and
the drain electrode DE2 are electrically isolated from the gate
interconnect GL1 and the gate interconnect GL.2, respec-
tively, by the insulating film IF1.

[0129] FIG.12isaplanview illustrating the semiconductor
device SM2 shown in FIG. 8, and illustrates a state where the
compound semiconductor substrate CS1 is mounted on the
substrate CB1. FIG. 13 is a cross-sectional view illustrating
the semiconductor device SM2 shown in FIG. 12.

[0130] Inthe example shown in FIGS. 12 and 13, the semi-
conductor device SM2 is configured such that the compound
semiconductor substrate CS1 having the high-side switching
device HD1 and the low-side switching device LD1 formed
therein is mounted on the substrate CB1. Meanwhile, the
substrate CB1 is, for example, an interconnect substrate such
as an interposer or a motherboard.

[0131] In the present embodiment, the high-side switching
device HD1 and the low-side switching device L.D1, and the
source pad SP1, the source pad SP2, the drain pad DP1, the
drain pad DP2, the gate pad GP1, and the gate pad GP2 are
formed, for example, on the compound semiconductor sub-
strate CS1. The gate pad GP1 and the gate pad GP2 are
connected to the substrate CB1 by, for example, a wire bond-
ing.

[0132] Meanwhile, in FIG. 12, the gate interconnect GL.1,
the gate interconnect GL.2, the gate electrode GE1, the gate
electrode GE2, the source electrode SE1, the drain electrode
DE1, the source electrode SE2, and the drain electrode DE2
are omitted.

[0133] A frame FL1 is formed on the substrate CB1. The
compound semiconductor substrate CS1 is mounted on, for
example, the frame FL.1 formed on the substrate CB1. The
source pad SP1, the source pad SP2, the drain pad DP1 and
the drain pad DP2, and the frame FL1 are connected through,
for example, a clip CP1. The clip CP1 is, for example, a
copper plate clip. Each of the pads and the clip CP1 are
bonded to each other by, for example, a solder.

[0134] Inthe present embodiment, as mentioned above, the
clip CP1 is used for the connection of the substrate CB1 to the
high-side switching device HD1 and the low-side switching
device LD1. For this reason, it is possible to reduce induc-
tance and to obtain a semiconductor device excellent in a high
frequency operation.
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[0135] A semiconductor package is obtained by sealing the
frame FL1, the clip CP1, the compound semiconductor sub-
strate CS1 and the like, provided on the substrate CB1, using
a sealing resin.

[0136] Inthe present embodiment, the high-side switching
device HD1 and the low-side switching device LD1 are
formed within, for example, one semiconductor chip.
Thereby, it is possible to achieve a reduction in the size of a
semiconductor device. Meanwhile, the high-side switching
device HD1 and the low-side switching device LD1 may be
formed within semiconductor chips different from each other.
[0137] The control circuit CT1 is formed within, for
example, a semiconductor chip (hereinafter, also referred to
as a second semiconductor chip) different from a semicon-
ductor chip (hereinafter, also referred to as a first semicon-
ductor chip) including the high-side switching device HD1
and the low-side switching device LD1.

[0138] The second semiconductor chip is mounted on, for
example, the same substrate CB1 as the first semiconductor
chip. In this case, the first semiconductor chip and the second
semiconductor chip are all sealed by a sealing resin and
constitute one semiconductor package. Thereby, it is possible
to achieve a reduction in the size of a semiconductor device.
[0139] Meanwhile, the second semiconductor chip may be
mounted on a substrate different from the substrate CB1 on
which the first semiconductor chip is mounted.

[0140] In the present embodiment, it is possible to obtain
the same effect as in the first embodiment.

[0141] As stated above, while the invention devised by the
inventor has been described specifically based on the embodi-
ments thereof, the present invention is not limited to the
above-mentioned embodiments, but it goes without saying
that various changes and modifications may be made without
departing from the scope of the invention.

[0142] Itisapparent that the present invention is not limited
to the above embodiment, and may be modified and changed
without departing from the scope and spirit of the invention.

What is claimed is:

1. A semiconductor device comprising:

a DC/DC converter circuit,

wherein the DC/DC converter circuit includes

a first transistor of a normally-oft type, having a first drain

electrode connected to an input terminal and a first
source electrode connected to an output terminal, which
is formed in a first compound semiconductor substrate
having a two-dimensional electron gas layer, and

a second transistor having a second drain electrode con-

nected to the first source electrode and a grounded sec-
ond source electrode.

2. The semiconductor device according to claim 1, wherein
the second transistor is a normally-on type which is formed in
a second compound semiconductor substrate having a two-
dimensional electron gas layer.

3. The semiconductor device according to claim 1, wherein
aprotection circuit is not provided between the first transistor
and the input terminal.

4. The semiconductor device according to claim 1, wherein
the first compound semiconductor substrate has a GaN layer
and an AlGaN layer provided over the GaN layer.

5. The semiconductor device according to claim 1, wherein
a recess is formed in a surface of the first compound semi-
conductor substrate, and

the first transistor has a first gate electrode of which at least

a portion is located within the recess.
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6. The semiconductor device according to claim 1, wherein
the first transistor and the second transistor constitute differ-
ent semiconductor chips, respectively.

7. The semiconductor device according to claim 1, wherein
the DC/DC converter circuit has a control circuit which is
connected to a first gate electrode constituting the first tran-
sistor and a second gate electrode constituting the second
transistor, and is constituted by a silicon transistor.

8. The semiconductor device according to claim 7, wherein
a first semiconductor chip including the first transistor and the
second transistor and a second semiconductor chip including
the control circuit are mounted over the same substrate.

#* #* #* #* #*
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