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SEMICONDUCTOR DEVICE AND DC-DC
CONVERTER

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

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of
priority from the prior Japanese Patent Application No.
2008-85359, filed on Mar. 28, 2008, and the prior Japanese
Patent Application No. 2009-028910, filed on Feb. 10, 2009;
the entire contents of which are incorporated herein by
reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a semiconductor device includ-
ing trench-gate vertical MOSFETs (metal oxide semicon-
ductor field efect transistors), and a DC-DC converter using

this semiconductor device as a switching device.

2. Background Art

Recently, the demand for power MOSFETs has been
rapidly increasing not only in the market for switching
power supplies operating at high current and high break-
down voltage, but also 1n the market for energy-saving
switching power supplies used in, for example, mobile
communication devices such as notebook personal comput-
ers. The power MOSFET 1s used 1n a power management
circuit and a safety circuit for a lithium-ion battery. Hence,
the power MOSFET 1s desired to operate at lower driving,
voltage and lower on-resistance so that 1t can be directly
driven by battery voltage. Furthermore, to reduce switching
loss, reduction of gate-drain capacitance 1s desired.

In a typical configuration of the power MOSFET, an
n~-type epitaxial layer 1s provided as a bufler layer on an
n*-type semiconductor substrate connected to the drain
clectrode, a p-type base layer 1s provided on the n -type
epitaxial layer, an n™-type source region 1s formed partly 1n
an upper portion of the p-type base layer, and a source
clectrode 1s connected to the n*-type source region. This
configuration further includes a trench extending from the
n*-type source region side, penetrating through the n™-type
source region and the p-type base layer, and reaching an
upper portion of the n™-type epitaxial layer. A gate dielectric
film 1s formed on the inner surface of this trench, and a
trench gate electrode 1s buried 1nside this trench (see, e.g.,
JP-A-2003-524970 (Kokai)).

However, 1n this type of power MOSFFET, due to the stray
inductance of the circuit including this power MOSFET, the
source-drain voltage jumps at turn-ofl and exceeds the
break-down voltage, causing a large loss. This loss can be
reduced by providing a capacitor (snubber circuit) between
the source and the drain. However, providing such a capaci-
tor increases the number of components. Furthermore, stray
inductance occurring between the power MOSFET and the
capacitor prevents the current from sufhiciently tlowing
through the snubber circuit and results in the problem of low
cllectiveness.
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2
SUMMARY OF THE INVENTION

According to an aspect of the invention, there 1s provided
a semiconductor device including: a semiconductor sub-
strate of a first conductivity type; a semiconductor layer of
a second conductivity type provided in part of an upper
portion of the semiconductor substrate; a semiconductor
region ol the first conductivity type provided in part of an
upper portion of the semiconductor layer; a first trench
formed from an upper surface side of the semiconductor
region, penetrating through the semiconductor region and
the semiconductor layer, and reaching the semiconductor
substrate:; a second trench formed outside the semiconductor
layer 1n the semiconductor substrate from an upper surface
side thereof; a gate dielectric film formed on an 1nner surface
of the first trench; a trench gate electrode provided on the
gate dielectric 1ilm; a capacitive dielectric film formed on an
inner surface of the second trench; a trench source electrode
provided on the capacitive dielectric film; a drain electrode
provided on a lower surface of the semiconductor substrate;
and a source electrode provided on an upper surface of the
semiconductor layer, the trench source electrode extending
in a direction parallel to the upper surface of the semicon-
ductor substrate and being connected to the source electrode
through a portion of the trench source electrode in the
parallel direction.

According to another aspect of the invention, there is
provided a DC-DC converter including: a high-side field
ellect transistor and a low-side field eflect transistor con-
nected 1n series between a positive reference potential and a
negative reference potential; and an LC filter connected
between an output terminal and the junction of the high-side
field eflect transistor and the low-side field eflect transistor,
at least one of the high-side field eflect transistor and the
low-side field eflect transistor including: a semiconductor
substrate of a first conductivity type; a semiconductor layer
of a second conductivity type provided 1n part of an upper
portion of the semiconductor substrate; a semiconductor
region of the first conductivity type provided in part of an
upper portion of the semiconductor layer; a first trench
formed from an upper surface side of the semiconductor
region, penetrating through the semiconductor region and
the semiconductor layer, and reaching the semiconductor
substrate; a second trench formed outside the semiconductor
region 1n the semiconductor substrate from an upper surface
side thereof; a gate dielectric film formed on an inner surface
of the first trench; a trench gate electrode provided on the
gate dielectric {ilm; a capacitive dielectric film formed on an
inner surface of the second trench; a trench source electrode
provided on the capacitive dielectric film; a drain electrode
provided on a lower surface of the semiconductor substrate;
and a source electrode provided on an upper surface of the
semiconductor layer, and the trench source electrode extend-
ing in a direction parallel to the upper surface of the
semiconductor substrate and being connected to the source
clectrode through a portion of the trench source electrode 1n
the parallel direction.

According to still another aspect of the mnvention, there 1s
provided a semiconductor device including: a semiconduc-
tor substrate of a first conductivity type; a semiconductor
layer of a second conductivity type provided on the semi-
conductor substrate and being in contact with the semicon-
ductor substrate; a semiconductor region of the first con-
ductivity type provided in part of an upper portion of the
semiconductor layer; a trench formed from an upper surface
side of the semiconductor region, penetrating through the
semiconductor region and the semiconductor layer, and
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reaching the semiconductor substrate; a gate dielectric film
formed on an mner surface of the trench; a trench gate
clectrode provided inside the trench; a drain electrode pro-
vided on a lower surface of the semiconductor substrate; and
a source eclectrode provided on an upper surface of the
semiconductor layer, the thickness of a portion of the gate
dielectric film formed on a bottom surface of the trench
being different from the thickness of a portion of the gate
dielectric film formed on a side surface of the trench.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic plan view illustrating a semicon-
ductor device according to a first embodiment of the inven-
tion;

FIG. 2 1s a cross-sectional view taken along line A-A'
shown 1n FIG. 1;

FI1G. 3 1s a partially enlarged plan view 1llustrating region
B shown 1n FIG. 1;

FIG. 4 1s a circuit diagram 1illustrating the semiconductor
device according to the first embodiment;

FIG. 5 1s a graph 1llustrating the variation of source-drain
voltage at the time of turning off the vertical MOSFET;

FIG. 6 1s a partially enlarged plan view illustrating the
trench gate electrode of a semiconductor device according to
a second embodiment of the invention;

FIG. 7 1s a cross-sectional view illustrating a semicon-
ductor device according to a third embodiment of the
imnvention;

FIG. 8 1s a schematic plan view illustrating a semicon-
ductor device according to a fourth embodiment of the
invention;

FIG. 9 1s a cross-sectional view taken along line C-C
shown 1n FIG. 8;

FIG. 10 1s a cross-sectional view illustrating a semicon-
ductor device according to a fifth embodiment of the inven-
tion;

FIG. 11 1s a circuit diagram 1illustrating a DC-DC con-
verter according to a sixth embodiment of the mvention;

FIG. 12 15 a circuit diagram 1illustrating a DC-DC con-
verter according to a seventh embodiment of the invention;

FIG. 13 1s a circuit diagram 1llustrating a DC-DC con-
verter according to an eighth embodiment of the invention;

FIG. 14 1s a cross-sectional view illustrating a semicon-
ductor device according to a ninth embodiment of the
invention;

FIGS. 15A to 15C are process cross-sectional views
illustrating a method for manufacturing a semiconductor
device according to the ninth embodiment;

FIGS. 16A to 16C are process cross-sectional views
illustrating a method for manufacturing a semiconductor
device according to the ninth embodiment;

FIGS. 17A to 17C are process cross-sectional views
illustrating a method for manufacturing a semiconductor
device according to a variation of the ninth embodiment;

FIG. 18 1s a circuit diagram 1llustrating a DC-DC con-
verter according to a tenth embodiment of the invention;

FIG. 19 1s a cross-sectional view illustrating a semicon-
ductor device according to the tenth embodiment;

FIG. 20 1s a graph 1llustrating the behavior of the high-
side transistor at turn-off;

FI1G. 21 1s a graph illustrating the eflect of the capacitance
of the capacitor of the snubber circuit on the loss of the
high-side transistor; and
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4

FIG. 22 1s a graph illustrating the effect of the stray
inductance on the efliciency of the DC-DC converter.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

Embodiments of the invention will now be described with

reference to the drawings.

To begin with, a first embodiment of the invention 1s
described.

FIG. 1 1s a schematic plan view illustrating a semicon-
ductor device according to this embodiment.

FIG. 2 1s a cross-sectional view taken along line A-A'
shown 1 FIG. 1.

FIG. 3 1s a partially enlarged plan view 1llustrating region
B shown in FIG. 1.

The semiconductor device according to this embodiment
1s a semiconductor device including a vertical power MOS-
FET and a snubber circuit on one chip.

As shown 1n FIG. 1, the semiconductor device 1 accord-
ing to this embodiment 1s configured as one chip. This chip
has a rectangular outline as viewed from the frontside, and
1s provided with a rectangular gate pad P at one corner on
the surface. A gate wiring W ; extends out of the gate pad P,
along the outer periphery of the chip and constitutes a
frame-like gate electrode. Of the two rectangular regions
constituting the L-shaped region surrounded by the gate pad
P and the gate wiring W . in the semiconductor device 1,
the larger rectangular region 1s a MOSFET region A, ,»<rrr
to be populated with MOSFETs, and the smaller rectangular
region 1S a capacitor region A to be populated with
capacitors.

As shown 1n FIG. 2, the semiconductor device 1 includes
an n"-type substrate 11 made of a semiconductor material
having n*-type conductivity, and an n™-type epitaxial layer
12 made of a semiconductor material having n™-type con-
ductivity 1s formed on the n™-type substrate 11. The n™-type
epitaxial layer 12 1s formed by epitaxial growth on the
n*-type substrate 11, and the n™-type substrate 11 and the
n~-type epitaxial layer 12 constitute a semiconductor sub-
strate. The n™-type epitaxial layer 12 has a higher resistivity
than the n™-type substrate 11. Hence, the n™-type substrate 11
constitutes a low-resistance layer of the semiconductor
substrate, and the n™-type epitaxial layer 12 constitutes a
high-resistance layer of the semiconductor substrate.

In an upper portion of the n™-type epitaxial layer 12
located 1 the MOSFET region A, -z @ semiconductor
layer having p-type conductivity (hereinafter referred to as
“p-type base layer 137) 1s formed. Furthermore, a semicon-
ductor region having n*-type conductivity (hereinafter
referred to as “n™-type source region 14”") 1s formed in part
of the upper portion of the p-type base layer 13, and a
pT-type region 15 having p*-conductivity is formed in
another part of the upper portion of the p-type base layer 13.
The n*-type source region 14 and the p™-type region 15 are
in contact with each other. As viewed {from above, that 1s, 1n
the direction perpendicular to the upper surface of the
semiconductor substrate, the n™-type source region 14 and
the p*-type region 15 are each shaped like a stripe and
alternately arranged.

In the MOSFET region A, ,,<~-7 @ plurality of trenches
16 are formed from the upper surface side of the n™-type
source region 14. The trench 16 penetrates through the
n*-type source region 14 and the p-type base layer 13 and
reaches an upper portion of the n™-type epitaxial layer 12. As
viewed from above, the trench 16 extends like a stripe 1n the
extending direction of the n™-type source region 14. In the

Capacitor
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following, the extending direction of the trench 16 1s
referred to as “trench direction”. The trench direction 1s a
direction parallel to the upper surface of the semiconductor
substrate.

A gate dielectric film 17 1s formed entirely on the inner
surface of the trench 16, and a trench gate electrode 18 1s
buried on the gate dielectric film 17, that 1s, inside the trench
16. Thus, the trench gate electrode 18 1s 1nsulated from the
n~-type epitaxial layer 12, the p-type base layer 13, and the
n*-type source region 14 by the gate dielectric film 17. The
bottom of the trench gate electrode 18 1s located below the
interface between the n™-type epitaxial layer 12 and the
p-type base layer 13.

On the other hand, 1n an upper portion of the n™-type
epitaxial layer 12 located 1n the capacitor region A, iz,
a plurality of trenches 26 are formed from the upper surface
side. It 1s noted that the capacitor region A, ..., 18 located
outside the p-type base layer 13. The trench 26 extends in the
alforementioned trench direction, that 1s, the extending direc-
tion of the trench 16. The lower end of the trench 26 does not
reach the interface between the n™-type substrate 11 and the
n~-type epitaxial layer 12, but 1s located in the n™-type
epitaxial layer 12. A capacitive dielectric film 27 1s formed
on the inner surface of the trench 26, and a trench source
electrode 28 1s provided on the capacitive dielectric film 27,
that 1s, 1n the trench 26.

For example, the trench 26, the capacitive dielectric film
277, and the trench source electrode 28 1n the capacitor region
A Capaciror ar€ Tormed 1n the same process as the trench 16,
the gate dielectric film 17, and the trench gate electrode 18
in the MOSFET region A, ,,.~=7 respectively. Hence, the
depth of the trench 26 1s equal to the depth of the trench 16.
That 1s, 1n the height direction, the bottom position of the
trench 26 1s equal to the bottom position of the trench 16.
Furthermore, the thickness of the capacitive dielectric film
277 1s equal to the thickness of the gate dielectric film 17.

Furthermore, on the semiconductor substrate, a dielectric
film 20 1s provided so as to overlap the upper surface of the
semiconductor substrate. In the MOSFET region A, ;<7
the dielectric film 20 1s formed so as to cover the immedi-
ately overlying region and its surroundings of the trench 16
and not to cover the p™-type region 15 and part of the n™-type

source region 14. In the capacitor region A, . ..;0o» the
dielectric film 20 1s formed so as to cover the entire surface.

Furthermore, 1n the MOSFET region A, oz On the
semiconductor substrate, a source electrode 21 1s provided
so as to cover the dielectric film 20. The source electrode 21
1s 1n contact with the n™-type source region 14 and the
p~-type region 15, and hence connected to the n™-type source
region 14 and the p™-type region 15, but isolated from the
trench gate electrode 18 by the dielectric film 20. The trench
gate electrode 18 1s connected, at both longitudinal end
portions thereof, to the gate wiring W (see FIG. 1).

As shown 1n FIG. 3, as viewed {from above, the trench
source electrode 28 1s shaped like a stripe extending in the
trench direction. It 1s noted that the dielectric film 20 (see
FIG. 2) 1s not shown 1n FIG. 3. The trench source electrode
28 1s connected, at both longitudinal end portions thereot, to
source contacts 29 (see FIG. 1). The source contact 29 1s
connected to the source electrode 21. On the other hand, the
upper surtace of the longitudinal intermediate portion of the
trench source electrode 28 1s covered with the dielectric film
20, and not 1n contact with the source contacts 29 and the
source electrode 21. Thus, the trench source electrode 28 1s
connected through part of 1ts longitudinal portion to the
source electrode 21. In this embodiment, the trench source
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6

clectrode 28 1s connected through its both end portions and
the source contacts 29 to the source electrode 21.

On the other hand, as shown 1n FIG. 2, a drain electrode
22 is provided entirely on the lower surface of the n™-type
substrate 11. The drain electrode 22 1s in contact with the
lower surface of the n*-type substrate 11, and hence con-
nected to the n™-type substrate 11.

By way of example, the n™-type substrate 11, the n™-type
epitaxial layer 12, the p-type base layer 13, the n™-type
source region 14, and the p™-type region 15 are formed from
single crystal silicon (S1) doped with donors such as phos-
phorus (P) or acceptors such as boron (B), the gate dielectric
film 17 and the capacitive dielectric film 27 are formed from
s1licon oxide, and the trench gate electrode 18 and the trench
source electrode 28 are formed from polycrystalline silicon.
The n™-type substrate 11 has a donor concentration of e.g.
110" cm™ or more, and the n™-type epitaxial layer 12 has
a donor concentration of e.g. 1x10"” cm™ or less. The gate
pad P, the gate wining W, the source contact 29, the
source electrode 21, and the drain electrode 22 are formed
from a metal such as copper (Cu) or aluminum (Al), or an
alloy thereof.

Next, the operation of this embodiment 1s described.

FIG. 4 1s a circuit diagram 1llustrating the semiconductor
device according to this embodiment.

As shown in FIGS. 2 and 4, in the MOSFET region
AL osrem @ vertical MOSFET 30 1s formed between the
source electrode 21 and the drain electrode 22, where the
n™-type source region 14 serves as a source, the p-type base
layer 13 serves as a channel, the n*-type substrate 11 serves
as a drain, and the trench gate electrode 18 serves as a gate.

In the capacitor region A, ...0» @ Capacitor C,, 18
formed, where the trench source electrode 28 connected to
the source electrode 21 serves as one electrode, the n™-type
epitaxial layer 12 connected to the drain electrode 22 serves
as the other electrode, and the capacitive dielectric film 27
serves as a capacitive dielectric film. The capacitor C_  1s
connected between the source and the drain of the vertical
MOSFET 30.

Furthermore, because the trench source electrode 28 1s
connected to the source electrode 21 only through both
longitudinal end portions thereof, a stray resistance R_
occurs between the trench source electrode 28 serving as one
electrode of the capacitor C_, and the n™-type source region
14 serving as the source of the vertical MOSFET 30. As
shown 1n FIG. 4, 1n the equivalent circuit of the semicon-
ductor device 1, the stray resistance R_  1s connected 1n

series to the capacitor C_, .
Moreover, because the vertical MOSFET 30 and the

capacitor C_ are formed on the same semiconductor chip,
the stray inductance between the vertical MOSFET 30 and
the capacitor C_  1s extremely small.

Next, the effect of this embodiment 1s described.

FIG. 5 1s a graph 1llustrating the variation of source-drain
voltage at the time of turning off the vertical MOSFET,
where the horizontal axis represents time, and the vertical
axis represents the source-drain voltage of the vertical
MOSFET.

As shown 1n FIG. 5, when the vertical MOSFET 30 1s
transitioned from the on-state to the ofl-state, the source-
drain voltage of the vertical MOSFET jumps due to the stray
inductance of the circuit having the vertical MOSFET 30
incorporated. This phenomenon 1s referred to as “spike
phenomenon”. As shown 1n FIG. 5, when a spike phenom-
enon occurs, the source-drain voltage oscillates, but 1is
attenuated and eventually converged to a certain value. The
maximum amount of variation of the source-drain voltage to
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this converged value 1s referred to as spike amount AV,
Then, as given by the following equation, the spike amount
AV 1s proportional to the stray inductance Ls and the rate of
change of the current, di/dt:

AV=—Tsx(di/dt)

When the voltage V reaches the breakdown voltage of the
vertical MOSFET 30 by the spike phenomenon, an ava-
lanche breakdown occurs 1n the vicinity of the trench gate
clectrode 18 1n the p-type base layer 13, causing a large
switching loss. Furthermore, during the time T until the
source-drain voltage converges to a certain value, electro-
magnetic noise 1s emitted from the stray inductance on the
circuit.

In the semiconductor device 1 according to this embodi-
ment, the capacitor C_,  1s connected between the source and
the drain of the vertical MOSFET 30, and thereby serves as
a snubber circuit of the vertical MOSFET 30. That 1s, the
spike amount AV can be reduced by providing the capacitor
C,., . Here, the vertical MOSFET 30 and the capacitor C_
are formed on the same semiconductor chip. Thus, the stray
inductance between the vertical MOSFET 30 and the capaci-
tor C__ 1s reduced, allowing the spike current to efliciently
flow through the snubber circuit made of the capacitor C_, .
Consequently, the snubber circuit functions effectively. Fur-
thermore, the increase of the spike amount AV due to the
presence ol the snubber circuit can be reduced.

Furthermore, because of the stray resistance R added
between the trench source electrode 28 serving as one
electrode of the capacitor C_,_ and the n™-type source region
14 serving as the source of the vertical MOSFET 30, the
oscillation of the source-drain voltage due to the spike
phenomenon can be rapidly attenuated. That 1s, the attenu-
ation time T shown 1n FIG. 5 can be reduced by providing
the stray resistance R, . This serves to reduce the emitted
clectromagnetic noise.

Furthermore, in this embodiment, the capacitor C_,  1s not
external to the vertical MOSFFET 30, and hence serves to
reduce the cost of the semiconductor device 1.

In contrast, 1f the snubber circuit 1s formed 1n a semicon-
ductor chip that 1s separate from the semiconductor chip
including the vertical MOSFET 30, a large stray inductance
occurs between the vertical MOSFET and the snubber
circuit. Thus, little current flows through the snubber circuit,
and the eflect of preventing the spike phenomenon 1s hardly
achieved. Furthermore, the spike amount AV 1ncreases due
to the stray inductance between the vertical MOSFET and
the snubber circuit. Moreover, because the capac1tor C,. . 1S
external to the vertical MOSFET 30, the cost increases.

Next, a second embodiment of the invention 1s described.

FIG. 6 1s a partially enlarged plan view illustrating the
trench gate electrode of a semiconductor device according to
this embodiment.

The region shown in FIG. 6 corresponds to the region B
shown 1 FIG. 1. In FIG. 6, the dielectric film 20 (see FIG.
2) 1s not shown.

As shown 1n FIG. 6, in the semiconductor device accord-
ing to this embodiment, as viewed from above, the trench
gate electrode 28 1s shaped like a mesh. That 1s, the trench
gate electrode 28 1s composed of a plurality of striped
portions 28a extending 1n the trench direction and a plurality
of portions 28b extending in the direction orthogonal to the
trench direction and interconnecting the portions 28a. Thus,
as compared with the above first embodiment, the area of the
capacitive dielectric film 27 can be increased, and the

capacitance of the capacitor C__  per unit area in the capaci-
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tor region A, ..., Can be increased. Consequently, the
jump of the source-drain voltage at turn-ofl can be prevented
more ellectively.

The configuration, operation, and eflect other than the
foregoing 1n this embodiment are the same as those in the
above first embodiment. The shape of the trench source
clectrode 1s not limited to the aforementioned stripe and
mesh, but various shapes can be used.

Next, a third embodiment of the invention 1s described.

FIG. 7 1s a cross-sectional view 1llustrating a semicon-
ductor device according to this embodiment.

As shown 1n FIG. 7, the semiconductor device 3 accord-
ing to this embodiment 1s different from the semiconductor
device 1 (see FIG. 2) according to the above first embodi-
ment in that an n™-type layer 31 is formed in an upper
portion of the n™-type epitaxial layer 12 in the capacitor
region Ac,, ..o~ 1hus, the n*-type layer 31 1s located
between the trenches 26. The lower surface of the n™-type
layer 31 1s located above the lower end portion of the trench
26. The n™-type layer 31 has a higher effective donor
concentration than the n™-type epitaxial layer 12, and serves
as a low-resistance layer (another low-resistance layer) with
respect to the n™-type epitaxial layer 12 (high-resistance
layer). The n™-type layer 31 can be formed by additional ion
implantation into the capacitor region A, ...z0-

According to this embodiment, the n™-type layer 31
having a higher donor concentration than the n™-type epi-
taxial layer 12 1s provided between the trenches 26. Hence,
when a voltage 1s applied between the trench source elec-
trode 28 serving as a negative electrode and the drain
clectrode 22 serving as a positive electrode, the depletion
layer originating from the side surface of the trench 26 is
difficult to spread into the n*-type layer 31. Thus, the
increase ol the eflective interelectrode distance of the
capacitor C_ due to the formation of the depletion layer can
be prevented, and the decrease of capacitance of the capaci-
tor can be prevented. That is, the capacitance of the capacitor
C., ., can be increased by the n™-type layer 31 while ensuring
the breakdown voltage by the n™-type epitaxial layer 12.
Consequently, 1t 1s possible to provide a semiconductor
device with a snubber circuit having a higher capacitance
than that in the first embodiment. The configuration, opera-
tion, and eflect other than the foregoing in this embodiment
are the same as those 1n the above first embodiment.

Next, a fourth embodiment of the invention 1s described.

FIG. 8 1s a schematic plan view illustrating a semicon-
ductor device according to this embodiment.

FIG. 9 1s a cross-sectional view taken along line C-C
shown 1n FIG. 8.

As shown 1n FIGS. 8 and 9, in the semiconductor device
4 according to this embodiment, a total of three source
contacts 29 are provided immediately above both end por-
tions and immediately above the center portion in the
longitudinal direction (trench direction) of the trench source
electrode 28. Thus, the trench source electrode 28 1s con-
nected to the source electrode 21 through a total of three
locations, that 1s, both end portions and the center portion.
Consequently, in the semiconductor device 4 according to
this embodiment, the stray resistance R can be reduced
relative to the semiconductor device 1 (see FIG. 2) accord-
ing to the above first embodiment. Thus, by suitably select-
ing the number and layout of the source contacts 29, the
magnitude of the stray resistance R, occurring between the
trench source electrode 28 and the n™-type source region 14
can be arbitrarily controlled.

The configuration, operation, and eflect other than the

foregoing 1n this embodiment are the same as those in the
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above first embodiment. The number of source contacts 29
1s not limited to two or three, but may be one, or four or
more. Furthermore, the position where the trench source
clectrode 28 1s 1n contact with the source contact 29 1s not
limited to both end portions and the center portion 1n the
longitudinal direction of the trench source electrode 28, but
may be optimized in accordance with the magnitude of the
stray resistance R to be added.

Next, a fifth embodiment of the invention 1s described.

FIG. 10 1s a cross-sectional view illustrating a semicon-
ductor device according to this embodiment.

As shown 1n FIG. 10, in the semiconductor device 5
according to this embodiment, the source electrode 21 1is
provided not only 1n the MOSFET region A, /<77 DUt also
in the capacitor region A, . Furthermore, a p™-type
layer 32 having p*-type conductivity 1s formed between the
trenches 26 1n the uppermost portion of the n™-type epitaxial
layer 12. Moreover, 1 part of the immediately overlying
region of each p™-type layer 32, the dielectric film 20 1s not
formed. As a result, the p™-type layer 32 is in contact with
the source electrode 21.

The configuration and operation other than the foregoing
in this embodiment are the same as those 1n the above first
embodiment. Also 1n this embodiment, like the above first
embodiment, a capacitor and a stray resistance connected 1n
series to the vertical MOSFET can be formed 1n the same
chip as the vertical MOSFET.

Next, a sixth embodiment of the invention 1s described.

FIG. 11 1s a circuit diagram 1illustrating a DC-DC con-
verter according to this embodiment.

This embodiment relates to a DC-DC converter.

As shown 1n FIG. 11, the DC-DC converter 41 according
to this embodiment includes a DC power supply 42. The
potential of the negative electrode of the DC power supply
42 1s a negative reference potential, such as the ground
potential GND. The potential of the positive electrode of the
DC power supply 42 1s a positive reference potential, such
as the mput potential V, . An output circuit 43 1s connected
between the positive electrode and the negative electrode of
the DC power supply 42, that 1s, between the input potential
V. and the ground potential GND.

In the output circuit 43, a high-side transistor HQ 1llus-
tratively made of an N-type MOSFET and a low-side
transistor LQ illustratively made of an N-type MOSFET are
connected 1n series. Thus, the mput potential V., 1s applied
to the drain of the high-side transistor HQ, the source of the
high-side transistor HQ 1s connected to the drain of the
low-side transistor LQ), and the ground potential GND 1s
applied to the source of the low-side transistor LQ. A
snubber circuit 44H 1s connected 1n parallel to the high-side
transistor HQ, and a snubber circuit 44L 1s connected in
parallel to the low-side transistor LQ).

The DC-DC converter 41 further includes a control circuit
45 for controlling the output circuit 43. The control circuit
45 controls the gate potential of the high-side transistor HQ)
and the gate potential of the low-side transistor L(Q) to switch
conduction/non-conduction of each of the transistors HQ
and LQ. The control circuit 45 illustratively includes a PWM
(pulse width modulation) control circuit (not shown) for
outputting a control signal and a plurality of stages of CMOS
circuits (not shown) for amplifying the control signal out-
putted from the PWM control circuit.

Moreover, the DC-DC converter 41 includes an inductor
51 and a capacitor 52. The inductor 51 1s connected between
the output terminal 49 and the junction N of the high-side
transistor H(Q) and the low-side transistor LQ), and the
capacitor 52 1s connected between the output terminal 49
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and the ground potential GND. Thus, the inductor 51 and the
capacitor 32 constitute an LC circuit.

In the DC-DC converter 41, the high-side transistor HQ
and the snubber circuit 44H are made of the semiconductor
device 1 according to the above first embodiment. That 1is,
the high-side transistor HQ 1s made of the vertical MOSFET
30, and the snubber circuit 44H 1s made of the capacitor C_
and the stray resistance R_ . Likewise, the low-side tran-
sistor LQ and the snubber circuit 441 are also made of the
semiconductor device 1 according to the first embodiment.
Thus, 1n the DC-DC converter 41, the semiconductor device
1 1s used as a switching device of the output circuit 43.

Next, the operation and eflect of this embodiment are
described.

Upon operation of the DC-DC converter 41, when the
high-side transistor HQ and the low-side transistor LQ are
cach turned off, a stray inductance Ls occurs 1in the current
path connecting from the DC power supply 42 through the
high-side transistor HQ, the junction N, and the low-side
transistor LQ to the DC power supply 42.

However, 1n this embodiment, the snubber circuits 44H
and 441, are formed on the same chip as the high-side
transistor HQ and the low-side transistor LQ), respectively.
Hence, by the operation described in the above first embodi-
ment, the spike phenomenon can be prevented 1n both the
high-side transistor HQ and the low-side transistor LQ, and
the vaniation of source-drain voltage can be prevented. It 1s
noted that the effect of the stray inductance Ls on the spike
amount AV 1s equivalent irrespective of where 1n the above
current path 1t occurs. In FIG. 11, for convenience, the stray
inductance Ls 1s shown between the positive electrode of the
DC power supply 42 and the high-side transistor HQ. The
same also applies to the other figures described below.

Next, a seventh embodiment of the invention 1s described.

FIG. 12 1s a circuit diagram 1llustrating a DC-DC con-
verter according to this embodiment.

As shown 1in FIG. 12, in the DC-DC converter 41H
according to this embodiment, a snubber circuit 44H 1s
connected only to the high-side transistor HQ, and no
snubber circuit 1s connected to the low-side transistor LQ).
That 1s, only the high-side transistor HQ and the snubber
circuit 44H are made of the semiconductor device 1 accord-
ing to the above first embodiment. In this embodiment, the
spike phenomenon occurring in the high-side transistor HQ
can be prevented. The configuration, operation, and eflect
other than the foregoing 1n this embodiment are the same as
those 1n the above sixth embodiment.

Next, an eighth embodiment of the invention 1s described.

FIG. 13 1s a circuit diagram 1llustrating a DC-DC con-
verter according to this embodiment.

As shown 1n FIG. 13, in the DC-DC converter 41L
according to this embodiment, a snubber circuit 44L 1s

connected only to the low-side transistor LQ), and no snubber
circuit 1s connected to the high-side transistor HQ. That 1s,

only the low-side transistor LQ) and the snubber circuit 44L.
are made of the semiconductor device 1 according to the
above first embodiment. In this embodiment, the spike
phenomenon occurring in the low-side transistor LQ can be
prevented. The configuration, operation, and effect other
than the foregoing in this embodiment are the same as those
in the above sixth embodiment.

In the sixth to eighth embodiment, the semiconductor
device 1 according to the above first embodiment is 1llus-
tratively used as a switching device constituting the output
circuit 43. However, the invention 1s not limited thereto, but
the semiconductor device according to any of the second to
fifth embodiment may be used 1n the sixth to eighth embodi-
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ment. Furthermore, in the sixth embodiment, semiconductor
devices according to different embodiments may be used for

the high-side transistor HQ and the snubber circuit 44H and

for the low-side transistor LQ) and the snubber circuit 44L..

Next, a ninth embodiment of the invention 1s described.

FIG. 14 1s a cross-sectional view illustrating a semicon-
ductor device according to this embodiment.

The semiconductor device according to this embodiment
1s a vertical power MOSFET.

As shown i FIG. 14, the semiconductor device 101
according to this embodiment includes a semiconductor
substrate having n™-type conductivity (hereinafter referred
to as “n”-type substrate 111°), and a semiconductor layer
having p-type conductivity (hereinafter referred to as
“p-type base layer 112”°) 1s provided on the n™-type substrate
111. The n™-type substrate 111 and the p-type base layer 112
are 1n contact with each other. Furthermore, a semiconductor
region having n*-type conductivity (hereinafter referred to

“n*-type source region 113”) 1s formed in part of the
upper portion of the p-type base layer 112, and a p™-type
region 114 having p*-conductivity is formed in another part
of the upper portion of the p-type base layer 112. The
n*-type source region 113 and the p*-type region 114 are in
contact with each other. As viewed from above, that is, 1n the
direction perpendicular to the upper surface of the p-type
base layer 112, the n™-type source region 113 and the p*-type
region 114 are each shaped like a stripe and alternately
arranged.

In the semiconductor device 101, a trench 116 1s formed
from the upper surface side of the n™-type source region 113.
The trench 116 penetrates through the n™-type source region
113 and the p-type base layer 112 and reaches an upper
portion of the n™-type substrate 111. As viewed from above,
the trench 116 extends like a stripe 1n the extending direction
of the n™-type source region 113. A gate dielectric film 117
1s formed entirely on the inner surface of the trench 116, and
a trench gate electrode 118 1s buried inside the trench 116.
Thus, the trench gate electrode 118 1s mnsulated from the

n*-type substrate 111, the p-type base layer 112, and the

n*-type source region 113 by the gate dielectric film 117.
The bottom of the trench gate electrode 118 1s located below
the interface between the n™-type substrate 111 and the
p-type base layer 112.

A dielectric film 120 1s provided in the immediately
over-lying region and 1ts surroundings of the trench 116 on
the upper surface of the p-type base layer 112. Furthermore,
on the upper surface of the p-type base layer 112, a source
clectrode 121 1s provided so as to cover the dielectric film
120. The source electrode 121 is in contact with the n™-type
source region 113 and the p™-type region 114 provided 1n the
upper portion of the p-type base layer 112, and hence
connected to the n™-type source region 113 and the p™-type
region 114, but 1solated from the trench gate electrode 118
by the dielectric film 120. Furthermore, a gate electrode (not
shown) connected to the trench gate electrode 118 1s pro-
vided 1n another region on the upper surface of the p-type
base layer 112.

On the other hand, a drain electrode 122 is provided
entirely on the lower surface of the n™-type substrate 111.
The drain electrode 122 1s in contact with the lower surface
of the n*-type substrate 111, and hence connected to the
n*-type substrate 111. Thus, in the semiconductor device
101, a semiconductor portion, which 1s composed of the
n*-type substrate 111, the p-type base layer 112, the n*-type
source region 113, and the p™-type region 114, is sandwiched
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between the drain electrode 122 and the source electrode
121, and the trench gate electrode 118 i1s buried in this
semiconductor portion.

In this embodiment, the thickness of the portion 117a of
the gate dielectric film 117 formed on the bottom surface of
the trench 116 1s different from the thickness of the portion
117b of the gate dielectric film 117 formed on the side
surface of the trench 116. More specifically, the thickness of
the portion 117a on the bottom surface 1s thicker than the
thickness of the thinnest portion of the portion 117b on the
side surface. Here, the bottom surface of the trench 116
refers to the surface of the trench 116 facing the drain
electrode 122, and the side surface of the trench 116 refers
to the surface other than the bottom surface, that 1s, the
surface generally parallel to the direction from the drain
clectrode 122 to the source electrode 121.

By way of example, the n™-type substrate 111, the p-type
base layer 112, the n™-type source region 113, and the
p-type region 114 are formed from single crystal silicon
(S1) doped with donors such as phosphorus (P) or acceptors
such as boron (B), the gate dielectric film 117 1s formed from
silicon oxide, and the trench gate electrode 118 1s formed
from polycrystalline silicon. The source electrode 121 and
the drain electrode 122 are formed from a metal such as
copper (Cu) or aluminum (Al), or an alloy thereof. The
n*-type substrate 111 has a donor concentration of e.g.
110" cm™ or more.

Next, a method for manufacturing a semiconductor device
according to this embodiment 1s described.

FIGS. 15A to 15C and 16A to 16C are process Cross-
sectional views illustrating the method for manufacturing a
semiconductor device according to this embodiment.

First, as shown in FIG. 15A, an n*-type substrate 111
illustratively made of single crystal silicon 1s prepared. On
this n™-type substrate 111, n-type silicon is epitaxially grown
to form an epitaxial layer. Next, boron ions (B+) are 10n-
implanted into this n-type epitaxial layer and diffused by
heat treatment to form a p-type base layer 112 that reaches
the n™-type substrate 111.

Next, as shown 1n FIG. 15B, a trench 116 1s formed from
the upper surface side of the p-type base layer 112 so as to
penetrate through the p-type base layer 112 and reach the
n*-type substrate 111. Then, a dielectric material 126, such
as silicon oxide, 1s buried inside the trench 116.

Next, as shown 1n FIG. 15C, the dielectric material 126
buried in an upper portion of the trench 116 1s removed, with
the dielectric material 126 lett only 1n a lower portion of the
trench 116. Here, the position of the upper surface of the
remaining dielectric material 126 is located below the inter-
face between the n™-type substrate 111 and the p-type base
layer 112.

Next, as shown 1n FIG. 16A, a thermal oxide film 127 1s
formed on the mner surface of the trench 116 by, for
example, heat treatment 1n an oxidizing atmosphere. Thus,
the dielectric material 126 and the thermal oxide film 127 are
integrated into a gate dielectric film 117. Here, the dielectric
material 126 constitutes the portion 117a of the gate dielec-
tric film 117 on the bottom surface of the trench 116, and the
thermal oxide film 127 constitutes the portion 117b of the
gate dielectric film 117 on the side surface of the trench 116,
with the thickness of the portion 117a being thicker than the
thickness of the portion 117b. It 1s noted that on the inner
surface of the trench 116, mstead of forming the thermal
oxide film 127, 1t 1s also possible to deposit a dielectric film
by CVD (chemical vapor deposition), for example.
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Next, as shown i FIG. 16B, polycrystalline silicon, for
example, 1s buried 1n the trench 116 to form a trench gate
clectrode 118.

Next, as shown 1 FIG. 16C, the region of the upper
portion of the p-type base layer 112 1n contact with the
trench 116 1s doped with donors such as phosphorus to form
an n*-type source region 113. Furthermore, another region
of the upper portion of the p-type base layer 112 1s doped
with acceptors such as boron to form a p™-type region 114.

Next, as shown 1n FIG. 14, a dielectric film 120 1s formed
in the immediately overlying region and 1ts surroundings of
the trench 116 on the upper surface of the p-type base layer
112. Next, on the upper surface of the p-type base layer 112,
a source electrode 121 1s formed so as to cover the dielectric
film 120 and be in contact with the n™-type source region 113
and the p*-type region 114. Furthermore, a gate electrode
(not shown) 1s formed 1n another region on the upper surface
of the p-type base layer 112. On the other hand, a drain
clectrode 122 1s formed entirely on the lower surface of the
n*-type substrate 111.

Next, the function and effect of this embodiment are
described.

In the semiconductor device 101 according to this
embodiment, the n™-type substrate 111 is in contact with the
p-type base layer 112, and a bufler layer having a lower
donor concentration than the n™-type substrate 111 1s not
provided between the n™-type substrate 111 and the p-type
base layer 112. Hence, this embodiment 1s free from the
problem of varied characteristics of the semiconductor
device 101 due to the varied thickness of the bufler layer.
Here, the buflfer layer refers to an n™-type silicon layer
having a donor concentration of 1x10' cm™ or less, for
example.

Furthermore, because of the absence of the bufler layer,
the breakdown voltage of the semiconductor device 101 1s
determined by the thickness of the gate dielectric film 117.
That 1s, the thickness of the portion 117a of the gate
dielectric film 117 provided on the bottom surface of the
trench 116 determines the breakdown voltage between the
trench gate electrode 118 and the drain electrode 122, and
the thickness of the portion 117b of the gate dielectric film
117 provided on the side surface of the trench 116 deter-
mines the breakdown voltage between the trench gate elec-
trode 118 and the source electrode 121. However, 1f the
thickness of the portion 117b 1s excessively increased, the

clectric field eflect of the trench gate electrode 118 on the
p-type base layer 112 decreases, and the response of the
MOSFET 1s deteriorated.

In this embodiment, because the thickness of the portion
117a 1s different from the thickness of the portion 117b, the
gate-drain breakdown voltage and the gate-source break-
down voltage can be set independently. Thus, the breakdown
voltage of the semiconductor device 101 can be optimized.
For example, by selecting the thickness of the portion 117a
to be larger than the thickness of the portion 117b, the
gate-drain breakdown voltage can be 1ncreased while ensur-
ing adequate response of the MOSFET. By way of example,
the thickness of the portion 117a can be set to 50 to 100 nm
(nanometers) to ensure a breakdown voltage rated 15 V, and
the thickness of the portion 117b can be set to 15 to 20 nm
to realize operation at a voltage of 5 V.

Next, a variation of the ninth embodiment 1s described.

This vanation 1s different from the above ninth embodi-
ment 1n the method for manufacturing the gate dielectric

film.
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FIGS. 17A to 17C are process cross-sectional views
illustrating the method for manufacturing a semiconductor
device according to this variation.

First, by the method described with reference to FIG.
15A, a p-type base layer 112 1s formed on the n™-type

substrate 111. Next, as shown 1n FIG. 17A, a trench 116 1s
formed, a silicon oxide film 131 1s formed on the inner
surface of the trench 116, and a silicon nitride film 132 1is
formed on the silicon oxide film 131.

Next, as shown 1n FIG. 17B, RIE (reactive 1on etching) or
other dry etching 1s performed to remove the portion of the
s1licon nitride film 132 formed on the bottom surface of the
trench 116. Thus, on the bottom surface of the trench 116,
the silicon oxide film 131 1s exposed.

Next, as shown 1 FIG. 17C, heat treatment 1s performed
in an oxidizing atmosphere. Thus, thermal oxidation pro-
ceeds 1n the exposed portion of the silicon oxide film 131,
and a thick thermal oxide film 133 1s formed at the bottom
of the trench 116. Subsequently, the silicon nitride film 132
1s removed. Thus, a gate dielectric film 117 1s formed from
the silicon oxide film 131 and the thermal oxide film 133.
Here, the portion 117a of the gate dielectric film 117 1s
formed from the silicon oxide film 131 and the thermal oxide
film 133 to be relatively thick, whereas the portion 117b 1s
formed from the thermal oxide film 133 to be relatively thin.
The subsequent process of the manufacturing method 1s the
same as that of the above ninth embodiment.

Also according to this variation, it 1s possible to form a
gate dielectric film 117 1n which the thickness of the portion
117a 1s diflerent from the thickness of the portion 117b. The
configuration, function, and effect other than the foregoing
in this variation are the same as those in the above ninth
embodiment.

Next, a tenth embodiment of the invention 1s described.

FIG. 18 1s a circuit diagram 1llustrating a DC-DC con-
verter according to this embodiment.

FIG. 19 15 a cross-sectional view illustrating a semicon-
ductor device according to this embodiment.

As shown in FIG. 18, the DC-DC converter 141 according
to this embodiment includes a DC power supply 142. The
potential of the negative electrode of the DC power supply
142 1s a negative reference potential, such as the ground
potential GND. The potential of the positive electrode of the
DC power supply 142 1s a positive reference potential, such
as the input potential V_ . An output circuit 143 1s connected
between the positive electrode and the negative electrode of
the DC power supply 142, that 1s, between the mput poten-
tial V, and the ground potential GND. In the output circuit
143, a high-side transistor HQ 1illustratively made of an
N-type MOSFET and a low-side transistor LQ 1llustratively
made of an N-type MOSFET are connected 1n series. Thus,
the mput potential V,,_ 1s applied to the drain of the high-side
transistor HQ, the source of the high-side transistor HQ 1s
connected to the drain of the low-side transistor LQ), and the
ground potential GND 1s applied to the source of the
low-side transistor LQ).

Furthermore, a capacitor 144 1s connected 1n parallel to
the high-side transistor HQ. The capacitance of the capacitor
144 1s 1llustratively 6000 pF or less. Upon operation of the
DC-DC converter 141, a stray inductance Ls occurs 1n the
current path composed of the DC power supply 142, the

high-side transistor HQ, and the low-side transistor LQ. This
1s described later 1n more detail.

The DC-DC converter 141 further includes a control
circuit 145 for controlling the output circuit 143. The control
circuit 145 controls the gate potential of the high-side
transistor HQ and the gate potential of the low-side transis-
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tor LQ to switch conduction/non-conduction of each of the
transistors HQ and LQ. The control circuit 145 illustratively
includes a PWM (pulse width modulation) control circuit
(not shown) for outputting a control signal and a plurality of
stages of CMOS circuits (not shown) for amplitying the
control signal outputted from the PWM control circuit.

Moreover, the DC-DC converter 141 includes an inductor
151 and a capacitor 152. The inductor 151 1s connected
between the output terminal 149 and the junction N of the
high-side transistor HQ and the low-side transistor LQ, and
the capacitor 152 1s connected between the output terminal
149 and the ground potential GND. Thus, the inductor 151
and the capacitor 152 constitute an LC circuit.

Furthermore, as shown in FIG. 19, in the DC-DC con-
verter 141, the high-side transistor HQ and the capacitor 144
are formed on the same semiconductor chip 146. That 1s, the
semiconductor chip 146 includes a switch region As and a
capacitor region Ac. The high-side transistor HQ 1s formed
in the switch region As, and the capacitor 144 1s formed 1n
the capacitor region Ac. The configuration of the high-side
transistor HQ 1s the same as 1n the semiconductor device 101
according to the above eighth embodiment.

On the other hand, in the capacitor region Ac of the
semiconductor chip 146, an n-type epitaxial layer 161 1s
provided on the n™-type substrate 111. The n-type epitaxial
layer 161 1s 1llustratively a portion of the n-type epitaxial
layer formed on the n*-type substrate 111 in the process
shown 1n FIG. 15A 1n the above eighth embodiment, the
portion being not doped with boron ions. A p™-type region
114 1s formed 1n an upper portion of the n-type epitaxial
layer 161.

Furthermore, 1n the capacitor region Ac, a trench 162 1s
formed from above, that 1s, from the upper surface side of
the p T-type reglon 114. The trench 162 penetrates through
the p*-type region 114 and the n-type epitaxial layer 161 and
reaches an upper portion of the n*-type substrate 111. Thus,
around the trench 162 on the n*-type substrate 111, the
n-type epitaxial layer 161 1s formed 1n contact with the
n*-type substrate 111. The trench 162 is illustratively formed
in the same process as the trench 116 of the switch region As,
and the depth of the trench 116 1s equal to the depth of the
trench 162. That 1s, in the height direction, the bottom
position of the trench 116 1s equal to the bottom position of
the trench 162.

Furthermore, a capacitive dielectric film 163 1s formed on
the inner surface of the trench 162. The capacitive dielectric
f1lm 163 1s formed in the same process as the gate dielectric
f1lm 117 of the switch region As, and the portion 163a on the
bottom surface of the trench 162 1s thicker than the portion
163b on the side surface of the trench 162. Furthermore, a
trench source electrode 164 1s provided in the trench 162.
The trench source electrode 164 1s illustratively formed 1n
the same process as the trench gate electrode 118 of the
switch region As. However, the trench source electrode 164
1s connected not to the gate electrode (not shown), but to the
source electrode 121.

Next, the function and effect of this embodiment are
described.

FIG. 20 1s a graph 1llustrating the behavior of the high-
side transistor at turn-ofl, where the horizontal axis repre-
sents time, and the vertical axis represents voltage applied to
and current flowing through the high-side transistor.

Upon operation of the DC-DC converter 141, a stray
inductance Ls occurs 1n the current path. This causes a spike
phenomenon, as shown 1n FIG. 20, in which the voltage V
applied to the high-side transistor HQ temporarily jumps
when the high-side transistor HQ 1s turned off. As given by
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the following equation, the spike amount AV at this time 1s
proportional to the stray inductance Ls and the rate of
change of the current, di/dt. It 1s noted that the following
equation 1s the same as the equation shown in the above first
embodiment.

AV=—Lsx(di/dt)

When the voltage V reaches the breakdown voltage of the
high-side transistor HQ by the spike phenomenon, an ava-
lanche breakdown occurs 1n the vicinity of the trench gate
clectrode 118 in the p-type base layer 112, causing a large
switching loss.

This switching loss may be reduced by a method of
connecting a capacitor between the source and the drain of
the high-side transistor HQ to form a snubber circuit.
However, 11 this snubber circuit 1s formed 1n a semiconduc-
tor chip that 1s separate from the semiconductor chip includ-
ing the high-side transistor HQ, a large stray inductance
occurs between the high-side transistor HQ and the snubber
circuit. Thus, little current tlows through the snubber circuat,
and the eflect of reducing the switching loss 1s hardly
achieved. Furthermore, because the snubber circuit 1s exter-
nal to the high-side transistor HQ, the number of compo-
nents increases, and the cost of the DC-DC converter 141
Increases.

In contrast, according to this embodiment, the trench
source electrode 164 1s connected to the source electrode
121, the n™-type substrate 111 and the n-type epitaxial layer
161 are connected to the drain electrode 122, and the trench
source electrode 164 1s separated from the n™-type substrate
111 and the n-type epitaxial layer 161 by the capacitive
dielectric film 163. Thus, a capacitor 144 1s formed between
the source and the drain of the high-side transistor HQ and
serves as a snubber circuit.

Here, because the high-side transistor HQ and the capaci-
tor 144 are formed on the same semiconductor chip 146, the
stray inductance between the high-side transistor HQ and the
capacitor 144 1s extremely low, allowing the spike current to
ciliciently flow through the capacitor 144. Consequently, the
snubber circuit functions eflectively.

Furthermore, the n-type epitaxial layer 161 1s provided on
the n™-type substrate 111, and the trench 162 is formed so as
to penetrate through the n-type epitaxial layer 161 and reach
the n*-type substrate 111. This serves to increase the elec-
trode area of the capacitor 144 and decrease the interelec-
trode distance to the thickness of the capacitive dielectric
f1lm 163, so that the capacitance of the capacitor 144 can be
increased.

Furthermore, the portion 163a of the capacitive dielectric
film 163 formed on the bottom surface of the trench 162 is
relatively thick, whereas the portion 163b formed on the side
surface of the trench 162 1s relatively thin. This serves to
increase the capacitance of the capacitor 144 while ensuring
the source-drain breakdown voltage.

Moreover, the trench 162 1s formed 1n the same process as
the trench 116, the capacitive dielectric film 163 1s formed
in the same process as the gate dielectric film 117, and the
trench source electrode 164 1s formed 1n the same process as
the trench gate electrode 118. Thus, the capacitor 144 can be
fabricated simultaneously with the high-side transistor HQ.
Consequently, the fabrication cost of the semiconductor chip
146 can be reduced.

Moreover, because the capacitor 144 1s not external to the
high-side transistor HQ), cost increase can be prevented. The
function and eflect other than the foregoing in this embodi-
ment are the same as those 1n the above ninth embodiment.
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Next, test examples demonstrating the effect of the above
tenth embodiment are described.

To begin with, a first test example 1s described.

In this test example, assuming the DC-DC converter 141
shown 1 FIGS. 18 and 19, simulation was performed to
determine how the size of the capacitor 144 aflects the
power loss of the high-side transistor HQ).

FI1G. 21 1s a graph illustrating the eflect of the capacitance
of the capacitor of the snubber circuit on the loss of the
high-side transistor, where the horizontal axis represents the
capacitance of the capacitor constituting the snubber circuit,
and the vertical axis represents power loss.

The capacitance represented on the horizontal axis of FIG.
21 corresponds to the capacitance of the capacitor 144
shown 1n FIGS. 18 and 19. The horizontal axis 1s given 1n
units of pF (picotarads), and the vertical axis 1s given in units
of W (watts). In this test example, the magnitude of the stray
inductance Ls was 5 nH (nanohenries), and the magnitude of
the current outputted from the DC-DC converter 141 was 16
A (amperes).

As shown 1n FI1G. 21, with the increase of capacitance of
the capacitor 144 1n the range o1 O to 6000 pF, the conduction
loss hardly varied, and the turn-on loss slightly increased,
but the turn-ofl loss significantly decreased and resulted in
significant decrease of the total loss of the high-side tran-
sistor HQQ. On the other hand, even if the capacitance was
increased beyond 6000 pE, the effect of reducing the loss of
the high-side transistor HQ was saturated.

In the example shown in FIG. 21, the total loss of the
high-side transistor HQ for the capacitance of the capacitor
144 ranging from 6000 to 12000 pF was half or less of the
total loss of the high-side transistor HQ for the capacitance
being equal to O pF. Thus, by providing the capacitor 144,
the total loss of the high-side transistor HQ was successtully
reduced. However, even if the capacitance was increased
above 6000 pF, the eflect of reducing the loss of the
high-side transistor HQ was saturated. Hence, the capaci-
tance of the capacitor 144 1s preferably 6000 pF or less.

Next, a second test example 1s described.

In this test example, assuming the DC-DC converter 141
shown 1 FIGS. 18 and 19, the eiliciency of the DC-DC
converter according to this embodiment was simulated.
Furthermore, as a comparative example, assuming a DC-DC
converter with the capacitor 144 omitted from the DC-DC
converter 141, simulation was performed on similar condi-
tions.

FIG. 22 1s a graph illustrating the eflect of the stray
inductance on the efliciency of the DC-DC converter, where
the horizontal axis represents the magnitude of the stray
inductance Ls, and the vertical axis represents the efliciency
of the DC-DC converter.

Here, the “efliciency” represented on the vertical axis of
FIG. 22 1s the ratio, expressed 1n percentage, of the output
power to the mput power of the DC-DC converter. That 1s,
the “etficiency” 1s defined by the following equation:

e

Efficiency (% )=(output power)/(1mnput power)x100

In this test example, the mput potential V, of the high-
side transistor HQ was 5 V (volts), the gate potential was 5
V, the output voltage V_ . of the DC-DC converter 141 was
1.083 V, the output current was 16 A, and the frequency of
the control signal outputted by the output circuit 43 was 1
MHz (megahertz).

As shown 1n FIG. 22, in both the DC-DC converter 141
according to this embodiment and the DC-DC converter
according to the comparative example, the efliciency
decreased with the increase of the stray inductance Ls.
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However, in the DC-DC converter 141 according to this
embodiment, the decrease of efliciency was successiully
reduced relative to the DC-DC converter according to the
comparative example. This 1s considered to be the effect of
the snubber circuit made of the capacitor 144.

The invention has been described with reference to the
embodiments. However, the invention 1s not limited to these
embodiments. For example, the above embodiments can be
practiced 1n combination with each other. For example, in
the semiconductor device according to the above first to fifth
embodiment, like the above ninth embodiment, the thick-
ness ol the portion of the gate dielectric film formed on the
bottom surface of the trench may be made larger than the
thickness of the thinnest portion of the portion formed on the
side surface of the trench. Furthermore, those skilled 1n the
art can suitably modify the above embodiments by addition,
deletion, or design change of the components, or by addi-
tion, omission, or condition change of the processes, and
such modifications are also encompassed within the scope of
the mvention as long as they fall within the spirit of the
invention.

The mmvention claimed 1s:

1. A semiconductor device comprising:

a semiconductor substrate of a first conductivity type;

a semiconductor layer of a second conductivity type
provided 1n part of an upper portion of the semicon-
ductor substrate;

a semiconductor region of the first conductivity type
provided 1n part of an upper portion of the semicon-
ductor layer;

a first trench formed from an upper surface side of the
semiconductor region, penetrating through the semi-
conductor region and the semiconductor layer, and
reaching the semiconductor substrate;

a second trench formed in the semiconductor substrate
and outside the semiconductor layer from an upper
surface side of the semiconductor substrate;

a gate dielectric film formed on an 1nner surface of the
first trench;

a trench gate electrode provided on the gate dielectric
film;

a capacitive dielectric film formed on an inner surface of
the second trench:;

a trench source electrode provided on the capacitive
dielectric film;

a dielectric film that overlaps an upper surface of a portion
of the semiconductor substrate in which the second
trench 1s formed:

a drain electrode provided on a lower surface of the
semiconductor substrate; and

a source electrode provided on an upper surface of the
semiconductor layer,

the trench source electrode extending 1n a direction par-
allel to the upper surface of the semiconductor substrate
and being connected to the source electrode through a
portion of the trench source electrode extending in the
parallel direction, wheremn end portions of the trench
source electrode 1n the parallel direction are connected
to the source electrode.

2. The device according to claim 1, wherein as viewed 1n
a direction perpendicular to the upper surface of the semi-
conductor substrate, the trench source electrode 1s shaped
like a stripe extending 1n the parallel direction.

3. The device according to claim 1, wherein the semicon-
ductor substrate includes:

a low-resistance layer of the first conductivity type; and
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a high-resistance layer of the first conductivity type
formed on the low-resistance layer and having a higher
resistivity than the low-resistance layer, and

the semiconductor layer of the second conductivity type 1s
formed 1n part of an upper portion of the high-resis-
tance layer.

4. A semiconductor device comprising:

a semiconductor substrate of a first conductivity type;

a semiconductor layer of a second conductivity type
provided 1n part of an upper portion of the semicon-
ductor substrate;

a semiconductor region of the first conductivity type
provided 1n part of an upper portion of the semicon-
ductor layer;

a first trench formed from an upper surface side of the
semiconductor region, penetrating through the semi-
conductor region and the semiconductor layer, and
reaching the semiconductor substrate;

a second trench formed in the semiconductor substrate
and outside the semiconductor layer from an upper
surface side of the semiconductor substrate;

a gate dielectric film formed on an inner surface of the
first trench;

a trench gate electrode provided on the gate dielectric
film;

a capacitive dielectric film formed on an mner surface of
the second trench:;

a trench source eclectrode provided on the capacitive
dielectric film;

a dielectric film that overlaps an upper surface of a portion
of the semiconductor substrate 1n which the second
trench 1s formed;

a drain electrode provided on a lower surface of the
semiconductor substrate; and

a source electrode provided on an upper surface of the
semiconductor layer,

the trench source electrode extending in a direction par-
allel to the upper surface of the semiconductor substrate
and being connected to the source electrode through a
portion of the trench source electrode extending in the
parallel direction, wherein end portions 1n the parallel
direction and one or more intermediate portions of the
trench source electrode are connected to the source
clectrode.

5. A semiconductor device comprising:

a semiconductor substrate of a first conductivity type;

a semiconductor layer of a second conductivity type
provided 1n part of an upper portion of the semicon-
ductor substrate;

a semiconductor region of the first conductivity type
provided 1n part of an upper portion of the semicon-
ductor layer;

a first trench formed from an upper surface side of the
semiconductor region, penetrating through the semi-
conductor region and the semiconductor layer, and
reaching the semiconductor substrate;

a second trench formed in the semiconductor substrate
and outside the semiconductor layer from an upper
surface side of the semiconductor substrate:

a gate dielectric film formed on an mnner surface of the
first trench;

a trench gate electrode provided on the gate dielectric
film;

a capacitive dielectric film formed on an 1nner surface of
the second trench:

a trench source electrode provided on the capacitive
dielectric film;
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a dielectric film that overlaps an upper surface of a portion
of the semiconductor substrate 1n which the second
trench 1s formed:

a drain electrode provided on a lower surface of the
semiconductor substrate; and

a source electrode provided on an upper surface of the
semiconductor layer,

the trench source electrode extending 1n a direction par-
allel to the upper surface of the semiconductor substrate
and being connected to the source electrode through a
portion of the trench source electrode extending in the
parallel direction, wherein the upper surface of the
portion of the semiconductor substrate that 1s between
the second trench and a third trench, that 1s formed in
the semiconductor substrate and outside the semicon-
ductor layer, 1s not in contact with the source electrode.

6. A semiconductor device comprising:

a semiconductor substrate of a first conductivity type;

a semiconductor laver of a second conductivity type
provided in part of an upper portion of the semicon-
ductor substrate;

a semiconductor rvegion of the first conductivity type
provided in part of an upper portion of the semicon-
ductor layer;

a plurality of gate electrodes provided adjacent to the
semiconductor laver via gate dielectric films;

a plurality of trenches formed in the semiconductor sub-
strate and outside the semiconductor laver from an
upper surface side of the semiconductor substrate, the
trenches extending in a divection parallel to the upper
surface of the semiconductor substrate;

capacitive dielectric films formed on inner surfaces of the
trenches;

trench source electrodes provided in the trenches on the
capacitive dielectric films;

two source contacts provided on end portions of the
trench source electrodes extending in the direction
parallel to the upper surface of the semiconductor
substrate;

a dielectric film provided on part of the semiconductor
layer; and

a source electrode provided on the upper surface of the
semiconductor region, wherein

the trench source electrodes ave connected to the source
electrode through the source contacts.

7. The device according to claim 6, wherein the semicon-
ductor region contacts the source electrode in a vegion of the
upper surface of the semiconductor region at which the
dielectric films are not provided.

8. The device according to claim 6, wherein the source
electrode is disposed on the trench source electrodes and the
capacitive dielectric films.

9. The device of claim 6, wherein the semiconductor
substrate comprises a first portion and a second portion
overlying the first portion, and the resistivity of the first and
second portions is different.

10. The device of claim 9, wherein the plurality of
trenches extend inwardly of, and terminate within, the
second portion.

11. The device of claim 9, wherein a portion of the second
portion extends between one of the trenches and the first
portion,

12. The device of claim 6, wherein one of the two source
contacts has a rectangular strip shape extending in a
dirvection crossing the divection parallel to upper surface of
the semiconductor substrate.
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