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(57) ABSTRACT

A pressure sensor (e.g., a condenser microphone) includes a
plate having a fixed electrode, a diaphragm having a moving
electrode positioned opposite to the fixed electrode, and a
support, wherein the diaphragm is subjected to displacement
due to pressure variations applied thereto, and the support has
a first interior wall forming a first cavity, in which the end
portions of the plate are fixed, and a second interior wall, in
which a step portion is formed in the thickness direction of the
diaphragm in relation to the first interior wall and which
forms a second cavity whose cross-sectional area is larger
than the cross-sectional area of the first cavity in the plane
direction of the diaphragm. The first and second cavities can
be redesigned to communicate with each other via a passage,
whereby it is possible to improve both of low-frequency
characteristics and high-frequency characteristics in the pres-
sure sensor.
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PRESSURE SENSOR AND MANUFACTURING
METHOD THEREFOR

RELATED APPLICATIONS

[0001] This application is a divisional of U.S. patent appli-
cation Ser. No. 11/825,797, filed Jul. 9, 2007, which in turn
claims priority on Japanese Patent Application No. 2006-
189021, Japanese Patent Application No. 2006-196578, and
Japanese Patent Application No. 2006-211889, the contents
of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to pressure sensors
such as condenser microphones (or silicon capacitor micro-
phones), which are manufactured by way of semiconductor
device manufacturing processes. The present invention also
relates to manufacturing methods of pressure sensors.
[0004] 2. Description of the Related Art

[0005] Conventionally, various types of pressure sensors
such as pressure sensors of silicon capacitor types and con-
denser microphones, which can be manufactured by way of
semiconductor device manufacturing processes, have been
developed. A typical example of a pressure sensor of a silicon
capacitor type is constituted of a diaphragm that vibrates due
to pressure variations, a plate that is positioned opposite to the
diaphragm via a dielectric such as air, and an air chamber (or
a cavity). Electrostatic capacitance formed between the dia-
phragm and the plate varies due to vibration of the diaphragm.
The pressure sensor converts variations of electrostatic
capacitance into electric signals. The air chamber releases
variations of internal pressure disturbing vibration of the
diaphragm. Therefore, it is possible to improve output char-
acteristics of the pressure sensor by increasing the volume of
the air chamber.

[0006] Japanese Patent Application Publication No. 2004-
537182 teaches a miniature silicon condenser microphone in
which a cavity is formed between a recess of a substrate and
a diaphragm covering the recess, wherein the internal wall of
the recess is formed perpendicular to the diaphragm; hence,
the opening of the recess cannot be increased to be larger than
a thin film forming the diaphragm, and it is very difficult to
form the cavity having a relatively large volume. Japanese
Unexamined Patent Application Publication No. 2004-
356707 teaches a condenser microphone in which a cavity is
formed by means of a diaphragm and an internal wall of a
through-hole formed in a substrate, wherein the through-hole
is formed in a tapered shape whose diameter is increased in a
direction opposite to a plate, so that the volume of the cavity
can be increased to be larger than the volume of the cavity of
the aforementioned miniature silicon condenser microphone.
The tapered shape of the through-hole is formed using the
lattice plane of silicon; hence, the tapered angle thereof is
constant. This limits the volume of the cavity depending upon
the size of a thin film forming the diaphragm; hence, it is very
difficult to increase the volume of the cavity without increas-
ing the size of the pressure sensor.

[0007] In the condenser microphone taught in Japanese
Patent Application Publication No. 2004-537182 in which
the cavity has a constant volume, high-frequency character-
istics are degraded when the volume of the cavity is increased
in order to improve low-frequency characteristics, while low-
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frequency characteristics are degraded when the volume of
the cavity is decreased in order to improve high-frequency
characteristics.

[0008] In the condenser microphone taught in Japanese
Unexamined Patent Application Publication No. 2004-
356707, a through-hole is formed in conformity with the
two-dimensional shape of the diaphragm. This is because the
through-hole serves as an introduction path for introducing an
etching solution during the wet etching process, in which the
prescribed portion of a sacrifice film between the thin film
forming the diaphragm and the substrate in proximity to the
through-hole is removed so as to form the diaphragm above
the through-hole of the substrate. In the wet etching process,
a part of the sacrifice film formed on the substrate is selec-
tively removed from the substrate by way of wet etching, thus
forming prescribed parts of the condenser microphone.
[0009] Due to the shape of an opening formed in the back-
side of the substrate opposite to the diaphragm, bubbles may
occur to entirely cover the opening of the backside of the
substrate during the wet etching process, thus preventing the
etching solution from entering into the through-hole. Since
the opening of the backside of the substrate of the aforemen-
tioned condenser microphone has a circular shape in confor-
mity with the two-dimensional shape of the diaphragm,
bubbles may easily remain in the opening due to surface
tension exerted uniformly on bubbles having semispherical
shapes. This makes it necessary to artificially break remain-
ing bubbles in the aforementioned condenser microphone,
which thus suffers from the complexity of the manufacturing
process.

SUMMARY OF THE INVENTION

[0010] It is an object of the present invention to provide a
pressure sensor, i.e., a condenser microphone that can be
manufactured by way of manufacturing processes of semi-
conductor devices.

[0011] It is another object of the present invention to pro-
vide a pressure sensor having a relatively large volume of a
cavity and a manufacturing method therefor.

[0012] It is a further object of the present invention to
provide a pressure sensor, which is improved in low-fre-
quency characteristics and high-frequency characteristics,
and a manufacturing method therefor.

[0013] It is a further object of the present invention to
provide a pressure sensor that can be manufactured with a
simple manufacturing method.

[0014] In afirst aspect of the present invention, a pressure
sensor includes a plate having a fixed electrode, a diaphragm
having a moving electrode positioned opposite to the fixed
electrode, which is subjected to displacement due to pressure
variations applied thereto, and a support having a first interior
wall forming a first cavity, in which end portions of the plate
are fixed, and a second interior wall, in which a step portion is
formed in a thickness direction of the diaphragm in relation to
the first interior wall and which forms a second cavity whose
cross-sectional area is larger than the cross-sectional area of
the first cavity in the plane direction of the diaphragm. That is,
the cross-sectional area of the second cavity is discontinu-
ously enlarged to be larger than the cross-sectional area of the
first cavity in the plane direction of the diaphragm, and the
end portions of the plate are fixed to the first interior wall
forming the first cavity. This makes it possible to increase the
overall volume of the cavities of the pressure sensor without
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bearing limitation due to the size of the plate in its plane
direction and without enlarging the overall size of the pres-
sure sensor.

[0015] In the above, the cross-sectional area of the second
cavity in the plane direction of the diaphragm is enlarged in
the direction opposite to the plate by way of the step portion,
which the second interior wall forms in the thickness direc-
tion of the diaphragm; hence, it is possible to increase the
overall volume of the cavities of the pressure sensor.

[0016] Inthe manufacturing method of the pressure sensor,
a thin film forming the plate having the fixed electrode and a
thin film forming the diaphragm are deposited on a first sur-
face of a substrate; a first mask having a first opening is
formed on a second surface opposite to the first surface of the
substrate; a second mask having a second opening is formed
on the second surface of the substrate, wherein the second
mask covers the first mask so that the prescribed portion of the
substrate just above the thin film forming the plate is exposed
in the second opening; a recess is formed by performing
anisotropic etching on the substrate exposed in the second
opening by use of the second mask; the second mask is
removed; then, anisotropic etching is performed using the
first mask on the substrate exposed in the first opening such
that the bottom of the recess is removed, thus forming a
through-hole forming the cavity in the substrate.

[0017] When anisotropic etching is performed using the
second mask on the substrate having the second opening, the
recess is formed in the substrate. When anisotropic etching is
performed using the first mask on the recess of the substrate,
which is exposed in the first opening, and its peripheral por-
tion such that the bottom of the recess is removed, the
through-hole having the step portion is formed in the sub-
strate in its thickness direction. The second opening is sub-
jected to patterning such that the prescribed portion of the
substrate just above the thin film forming the plate is exposed;
hence, the remaining portion of the thin film forming the plate
is still deposited on the substrate after completion of the
formation of the through-hole. As a result, it is possible to
produce a pressure sensor having a relatively large volume of
cavities by way of the formation of the through-hole having
the step portion in the substrate.

[0018] The manufacturing method can be modified in such
a way that after the deposition of the thin film forming the
plate and the thin film forming the diaphragm on the first
surface of the substrate, a mask is formed on the second
surface opposite to the first surface of the substrate, wherein
the mask has a first opening for exposing the prescribed
portion of the substrate just above the thin film forming the
plate and a second opening having a slit-like shape that lies
along the periphery of the first opening; anisotropic etching is
performed using the mask on the substrate exposed in the first
and second openings, thus forming a hole corresponding to
the first opening and a recess corresponding to the second
opening in the substrate; then, a wall between the hole and the
recess is removed, thus forming a through-hole forming the
cavity in the substrate.

[0019] When anisotropic etching is performed using the
mask having the first and second openings such that the hole
is formed in conformity with the first opening of the substrate,
the recess is correspondingly formed in conformity with the
second opening of the substrate due to the aspect-dependent
etching eftect. Then, the through-hole having the step portion
is formed in the substrate by removing the wall between the
hole and the recess. The first opening is subjected to pattern-
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ing so as to expose the prescribed portion of the substrate just
above the thin film forming the plate; hence, the remaining
portion of the thin film forming the plate is still deposited on
the substrate after completion ofthe formation of the through-
hole. As a result, it is possible to produce a pressure sensor
having a relatively large volume of the cavity by way of the
formation of the through-hole having the step portion in the
substrate.

[0020] In the above, it is possible to form a plurality of
second openings whose widths are reduced in the direction
departing from the first opening, wherein the wall between
the hole and its adjacent recess as well as the wall between the
recesses are simultaneously removed. Since the widths of the
second openings are reduced in the direction departing from
the first opening, the depths of the recesses (corresponding to
the second openings) are reduced in the direction departing
from the first opening. This realizes the formation of the
through-hole having multiple step portions by removing the
walls in the substrate; thus, it is possible to produce a pressure
sensor having a relatively large volume of the cavity by way
of the formation of the through-hole having multiple step
portions in the substrate.

[0021] In the above, the hole and the recesses are each
formed in a reversely tapered shape in the direction from the
second surface to the first surface of the substrate, whereby
thin portions of the walls are easily isolated from the substrate
so that the walls can be removed from the substrate with ease.

[0022] The manufacturing method can be further modified
in such a way that after the deposition of the thin film forming
the plate and the thin film forming the diaphragm on first
surface of the substrate, a mask is formed on the second
surface opposite to the first surface of the substrate, wherein
the mask has a first opening for exposing the prescribed
portion of the substrate just above the thin film forming the
plate and a second opening having a slit-like shape intercon-
nected to the first opening; the, anisotropic etching is per-
formed using the mask on the substrate exposed in the first
and second openings, thus forming a through-hole forming
the cavity in the substrate.

[0023] When anisotropic etching is performed using the
mask having the first and second openings such that the hole
is formed in conformity with the first opening in the substrate,
the recess having the slit-like shape is formed in conformity
with the second opening due to the aspect-dependent etching
effect in the substrate. The recess is interconnected to the hole
of the substrate so that the through-hole has a step portion.
The first opening is subjected to patterning so as to expose the
prescribed portion of the substrate just above the thin film
forming the plate; therefore, the remaining portion of the thin
film forming the plate is still deposited on the substrate after
completion of the formation of the through-hole. Thus, it is
possible to produce a pressure sensor having a relatively large
volume of the cavity by way of the formation of the through-
hole having the step portion in the substrate.

[0024] In a second aspect of the present invention, a pres-
sure sensor includes a plate having a fixed electrode, a dia-
phragm thathas a moving electrode positioned opposite to the
fixed electrode and that is subjected to displacement due to
pressure variations applied thereto, a support having an inte-
rior wall fixed to end portions of the plate, in which a first
cavity is formed inwardly of the interior wall of the support
and the diaphragm, and a sub-cavity forming portion for
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forming a second cavity communicating with the first cavity
via a passage having an opening communicating the first
cavity.

[0025] When the frequency of pressure variations
increases, the diaphragm is subjected to displacement in
response to high frequency, so that the internal pressure of the
first cavity varies at high frequencies. This increases the
velocity of an air flow of the passage. When the frequency of
pressure variations decreases, the diaphragm is subjected to
displacement at low frequency, so that the internal pressure of
the first cavity varies at low frequency. This decreases the
velocity of an air flow of the passage. Herein, the resistance of
the passage increases in response to the velocity of the air
flow. For this reason, when the frequency of pressure varia-
tions increases, substantially no air flow occurs between the
first cavity and the second cavity; hence, the overall volume of
the cavity of the pressure sensor can be substantially regarded
as the volume of the first cavity. When the frequency of
pressure variations decreases, an air flow occurs between the
first cavity and the second cavity; hence, the overall volume of
the cavity of the pressure sensor can be substantially regarded
as the sum of the volumes of the first and second cavities.
Since the overall volume of the cavity of the pressure sensor
is varied in response to the frequency of pressure variations, it
is possible to improve both of high-frequency characteristics
and low-frequency characteristics of the pressure sensor.
[0026] In the above, the sub-cavity forming portion is
arranged in the support, wherein the passage and the second
cavity are formed inwardly of a recess of the support so as to
simplify the constitution of the pressure sensor.

[0027] In addition, the sub-cavity forming portion forms a
plurality of second cavities and a plurality of passages having
different resistances, via which the first cavity communicates
with the second cavities, by which it is possible to delicately
adjust the output characteristics of the pressure sensor by
individually setting the resistances of the passages in
response to required output characteristics.

[0028] Furthermore, it is possible to form a plurality of
second cavities having different volumes. This makes it pos-
sible to delicately adjust output characteristics of the pressure
sensor by individually setting the volumes of the second
cavities in response to required output characteristics.
[0029] Inthe manufacturing method of the pressure sensor,
a thin film forming the plate and a thin film forming the
diaphragm are deposited on a first surface of a substrate
forming the support; a mask is formed on a second surface
opposite to the first surface of the substrate, wherein the mask
includes a first opening for exposing the prescribed portion of
the substrate just above the thin film forming the plate and the
thin film forming the diaphragm, a second opening having a
slit-like shape, and a third opening having a slit-like shape,
which is elongated from the first opening to the second open-
ing; and anisotropic etching is performed using the mask on
the substrate so as to form a hole in conformity with the first
opening of the substrate, a first recess in conformity with the
second opening on the second surface of the substrate, and a
second recess, which is elongated from the hole to the first
recess, in conformity with the third opening on the second
surface of the substrate, thus forming a cavity forming portion
in the substrate.

[0030] In the mask, the second opening and third opening
have slit-like shapes, and the third opening is elongated from
the first opening to the second opening. When anisotropic
etching is performed using the mask having the first, second,
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and third openings on the substrate such that the hole is
formed in conformity with the first opening in the substrate, it
is possible to form the first cavity in correspondence with the
hole of the substrate, and it is possible to form the sub-cavity
forming portion (constituted of the first and second recesses)
on the second surface of the substrate in correspondence with
the second and third openings due to the aspect-dependent
etching effect. That is, by way of simple processes using
semiconductor device manufacturing processes, it is possible
to produce a pressure sensor having the first cavity and the
second cavity, which communicates with the first cavity via
the passage.

[0031] Incidentally, the manufacturing method can be
modified such that the anisotropic etching is performed using
the mask including a plurality of second openings on the
substrate so as to form a plurality of first recesses in the
substrate; then, at least one wall between the first recesses
positioned adjacent to each other is removed. That is, it is
possible to increase the volume of the second cavity by con-
necting the first recesses.

[0032] In athird aspect of the present invention, a pressure
sensor includes a substrate having a first surface and a second
surface, which are positioned opposite to each other, a plate
having a fixed electrode, which is constituted of a thin film
formed on the first surface of the substrate, a diaphragm that
has a moving electrode positioned opposite to the fixed elec-
trode and that is constituted of a thin film formed on the first
surface of the substrate and is subjected to displacement due
to pressure variations applied thereto, a support constituted of
a thin film, which is composed of a material that can be
selectively removed from the substrate by way of wet etching
and which is formed on the first surface of the substrate,
wherein the support supports the plate such that a gap is
formed between the fixed electrode and the moving electrode,
a through-hole that is formed to run through the substrate in
its thickness direction so as to expose the diaphragm and that
has a first opening, which is formed on the first surface of the
substrate in conformity with the two-dimensional shape of
the diaphragm, and a second opening whose shape is substan-
tially identical to the shape of the first opening and which is
formed on the second surface of the substrate, and a recess,
which is formed on the second surface of the substrate and
which forms a third opening communicating with the second
opening in its periphery.

[0033] In the above, the through-hole and the recess form
an inlet of an etching solution by way of wet etching, wherein
the through-hole forms the second opening on the second
surface of the substrate in conformity with the two-dimen-
sional shape of the diaphragm, and the recess forms the third
opening projecting externally of the periphery of the second
opening on the second surface of the substrate. That is, the
second and third openings form an inlet of an etching solution
on the second surface of the substrate. Even when bubbles
occur to entirely cover the inlet on the second surface of the
substrate during wet etching, surface tensions are unevenly
distributed to bubbles due to the third opening, so that bubbles
may be easily burst. This simplifies the manufacturing pro-
cess of the pressure sensor. Since the second opening of the
second surface of the substrate is formed using the recess that
is not opened in the first surface of the substrate, only the first
opening is formed on the first surface of the substrate in
conformity with the two-dimensional shape of the dia-
phragm; hence, it is possible to prevent output characteristics
of the pressure sensor from being degraded.
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[0034] The pressure sensor can be modified to include a
first through-hole and second through-hole, both of which are
formed to run through the substrate in its thickness direction,
in addition to the substrate, plate, diaphragm, and support.
The first through-hole exposing the diaphragm has a first
opening, which is formed on the first surface of the substrate
in conformity with the two-dimensional shape of the dia-
phragm, and a second opening whose shape is substantially
identical to the shape of the first opening and which is formed
on the second surface of the substrate. The second through-
hole forms a third opening communicating with the first
opening in its periphery on the first surface of the substrate
and a fourth opening whose shape is substantially identical to
the shape of the third opening on the second surface of the
substrate.

[0035] In the above, the first and second through-holes
form an inlet of an etching solution by way of wet etching,
wherein the first through-hole forms the second opening on
the second surface of the substrate in conformity with the
two-dimensional shape of the diaphragm, while the second
through-hole forms the fourth opening communicating with
the periphery of the second opening on the second surface of
the substrate. The second and fourth openings of the second
surface of the substrate form an inlet of an etching solution.
Even when bubbles occur to entirely cover the inlet during
wet etching, surface tensions are unevenly distributed to
bubbles due to the fourth opening; hence, bubbles may be
easily burst. This simplifies the manufacturing process of the
pressure sensor. In addition, the first and second through-
holes form the first and third openings on the first surface of
the substrate, wherein the first opening is basically shaped in
conformity with the two-dimensional shape of the dia-
phragm. This makes it possible to prevent output character-
istics of the pressure sensor from being degraded by appro-
priately designing the shape of the second through-hole
forming the third opening.

[0036] Inamanufacturing method of the pressure sensor, a
sacrifice film forming the support is deposited on a first sur-
face of a substrate by way of wet etching using a material that
can be selectively removed from the substrate; a thin film
forming the diaphragm is deposited on the sacrifice film; a
mask is formed on a second surface opposite to the first
surface of the substrate, wherein the mask has a first opening
that is formed to expose the prescribed portion of the substrate
just above the thin film in conformity with the two-dimen-
sional shape of the diaphragm and a second opening having a
slit-like shape that is elongated externally of the periphery of
the first opening; anisotropic etching is performed using the
mask on the substrate so as to form a through-hole in corre-
spondence with the first opening of the substrate and a recess
in correspondence with the second opening of the substrate;
then, wet etching is performed using an etching solution,
which s supplied from the through-hole of the substrate, so as
to selectively remove the sacrifice film.

[0037] The manufacturing method can be modified such
that anisotropic etching is performed using the mask on the
substrate so as to form a first through-hole in correspondence
with the first opening of the substrate and a second through-
hole in correspondence with the second opening of the sub-
strate; then, wet etching is performed using an etching solu-
tion, which is supplied from the first and second through-
holes of the substrate, so as to selectively remove the sacrifice
film.

BRIEF DESCRIPTION OF THE DRAWINGS
[0038] These and other objects, aspects, and embodiments
of the present invention will be described in more detail with
reference to the following drawings, in which:
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[0039] FIG. 1A is a plan view showing the constitution ofa
condenser microphone in accordance with a first embodiment
of the present invention;

[0040] FIG. 1B is a cross-sectional view taken along line
B1-Blin FIG. 1A,

[0041] FIG. 2A is a cross-sectional view for explaining a
first step of a manufacturing method of the condenser micro-
phone;

[0042] FIG. 2B is a plan view corresponding to FIG. 2A;
[0043] FIG. 2C is a cross-sectional view for explaining a

second step of the manufacturing method of the condenser
microphone;

[0044] FIG. 2D is a plan view corresponding to FIG. 2C;
[0045] FIG. 2E is a cross-sectional view for explaining a
third step of the manufacturing method of the condenser
microphone;

[0046] FIG. 2F is a plan view corresponding to FIG. 2E;
[0047] FIG. 3A is a cross-sectional view for explaining a
fourth step of a manufacturing method of the condenser
microphone;

[0048] FIG. 3B is a plan view corresponding to FIG. 3A;
[0049] FIG. 3C is a cross-sectional view for explaining a
fifth step of the manufacturing method of the condenser
microphone;

[0050] FIG. 3D is a plan view corresponding to FIG. 3C;
[0051] FIG. 3E is a cross-sectional view for explaining a
sixth step of the manufacturing method of the condenser
microphone;

[0052] FIG. 3F is a plan view corresponding to FIG. 3E;
[0053] FIG. 4A is a plan view showing the constitution of a
condenser microphone according to a first variation of the
first embodiment;

[0054] FIG. 4B is a cross-sectional view taken along line
B4-B4 in FIG. 4A,;

[0055] FIG. 5A is a cross-sectional view for explaining a
first step of a manufacturing method of the condenser micro-
phone;

[0056] FIG. 5B is a plan view corresponding to FIG. 5A;
[0057] FIG. 5C is a cross-sectional view for explaining a

second step of the manufacturing method of the condenser
microphone;

[0058] FIG. 5D is a plan view corresponding to FIG. 5C;
[0059] FIG. 5E is a cross-sectional view for explaining a
third step of the manufacturing method of the condenser
microphone;

[0060] FIG. 5F is a plan view corresponding to FIG. 5E;
[0061] FIG. 5G is a cross-sectional view for explaining a
fourth step of the manufacturing method of the condenser
microphone;

[0062] FIG. 5H is a plan view corresponding to FIG. 5G;
[0063] FIG. 6A is a cross-sectional view for explaining a
first step of a manufacturing method of a condenser micro-
phone according to a second variation of the first embodi-
ment;

[0064] FIG. 6B is a plan view corresponding to FIG. 6A;
[0065] FIG. 6C is a cross-sectional view for explaining a
second step of the manufacturing method of the condenser
microphone;

[0066] FIG. 6D is a plan view corresponding to FIG. 6C;
[0067] FIG. 6E is a cross-sectional view for explaining a
third step of the manufacturing method of the condenser
microphone;

[0068] FIG. 6F is a plan view corresponding to FIG. 6E;
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[0069] FIG. 7A is a cross-sectional view taken along line
A7-A7 in FIG. 7B;

[0070] FIG. 7B is a bottom view showing the constitution
of'a condenser microphone in accordance with a third varia-
tion of the first embodiment;

[0071] FIG. 8A is a bottom view for explaining a manufac-
turing method of the condenser microphone;

[0072] FIG. 8B is a cross-sectional view corresponding to
FIG. 8A;
[0073] FIG.9is a cross-sectional view showing the consti-

tution of a condenser microphone mounted on a printed board
in accordance with a second embodiment of the present
invention;

[0074] FIG. 10A is a cross-sectional view taken along line
A2-A2 in FIG. 10B;

[0075] FIG.10B is a bottom view of the condenser micro-
phone;
[0076] FIG. 11A is a cross-sectional view for explaining a

first step of a manufacturing method of the condenser micro-
phone;

[0077] FIG.11Bisaplan view corresponding to FIG. 11A;
[0078] FIG. 11C is a cross-sectional view for explaining a
second step of the manufacturing method of the condenser
microphone;

[0079] FIG.11Disaplan view corresponding to FIG. 11C;
[0080] FIG. 11E is a cross-sectional view for explaining a
third step of the manufacturing method of the condenser
microphone;

[0081] FIG. 11F is a plan view corresponding to FIG. 11E;
[0082] FIG. 12A is a cross-sectional view for explaining a
fourth step of the manufacturing method of the condenser
microphone;

[0083] FIG.12Bisaplan view corresponding to FIG. 12A;
[0084] FIG. 12C is a cross-sectional view for explaining a
fifth step of the manufacturing method of the condenser
microphone;

[0085] FIG.12Disa plan view corresponding to FIG. 12C;
[0086] FIG. 13A is a cross-sectional view for explaining a
first step of a manufacturing method of a condenser micro-
phone according to a variation of the second embodiment;
[0087] FIG.13Bisaplan view corresponding to FIG.13A;
[0088] FIG. 13C is a cross-sectional view for explaining a
second step of the manufacturing method of the condenser
microphone;

[0089] FIG.13Disaplan view corresponding to FIG. 13C;
[0090] FIG. 14A is a cross-sectional view taken along line
Al1-Al in FIG. 14B, which shows the constitution of a con-
denser microphone in accordance with a third embodiment of
the present invention;

[0091] FIG. 14B is a bottom view of the condenser micro-
phone;
[0092] FIG. 15A is a cross-sectional view for explaining a

first step of a manufacturing method of the condenser micro-
phone;

[0093] FIG.15B is aplan view corresponding to FIG. 15A;
[0094] FIG. 15C is a cross-sectional view for explaining a
second step of the manufacturing method of the condenser
microphone;

[0095] FIG.15Disa plan view corresponding to FIG. 15C;
[0096] FIG. 15E is a cross-sectional view for explaining a
third step of the manufacturing method of the condenser
microphone;

[0097] FIG. 15F is a plan view corresponding to FIG. 15E;
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[0098] FIG. 16A is a cross-sectional view for explaining a
fourth step of the manufacturing method of the condenser
microphone;

[0099] FIG. 16B is a plan view corresponding to FIG. 16 A;
[0100] FIG. 16C is a cross-sectional view for explaining a
fifth step of the manufacturing method of the condenser
microphone;

[0101] FIG. 16D isaplan view corresponding to FIG. 16C;
[0102] FIG. 16F is a cross-sectional view for explaining a
sixth step of the manufacturing method of the condenser
microphone;

[0103] FIG. 16F is a plan view corresponding to FIG. 16E;
[0104] FIG. 17A is a cross-sectional view taken along line
Ad4-Ad in FIG. 17B, which shows the constitution of a con-
denser microphone according to a first variation of the third
embodiment;

[0105] FIG. 17B is a bottom view corresponding to FIG.
17A,;
[0106] FIG. 18A is a cross-sectional view for explaining a

first step of a manufacturing method of the condenser micro-
phone;

[0107] FIG. 18B is a plan view corresponding to FIG. 18A;
[0108] FIG. 18C is a cross-sectional view for explaining a
second step of the manufacturing method of the condenser
microphone;

[0109] FIG. 18D isaplan view corresponding to FIG. 18C;
[0110] FIG. 19A is a bottom view showing the constitution
of'a condenser microphone according to a second variation of
the third embodiment; and

[0111] FIG. 19B is a bottom view showing the constitution
of'a condenser microphone according to a third variation of
the third embodiment.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0112] The present invention will be described in further
detail by way of examples with reference to the accompany-
ing drawings.

1. First Embodiment

[0113] FIGS. 1A and 1B show the constitution of a con-
denser microphone 1 such as a silicon capacitor microphone
that is manufactured by way of the semiconductor device
manufacturing process and a pressure sensor that converts
sound waves transmitted to a plate 21 into electric signals.
[0114] A sensing portion of the condenser microphone 1
has a laminated structure composed of a substrate 10, a first
film, a second film, a third film, and a fourth film. The sub-
strate 10 is a mono-crystal silicon substrate, in which a
through-hole 12 having a step portion is formed in a thickness
direction.

[0115] The first film is an insulating thin film composed of
silicon dioxide. The first film supports the second film above
the substrate 10 so as to form a gap between a diaphragm 20
and the substrate 10. A circular opening 13 is formed in the
first film.

[0116] The second film is a conductive thin film composed
of polysilicon doped with phosphorus impurities (P). The
prescribed portion of the second film that is not fixed to the
third film forms the diaphragm 20. The diaphragm 20 is not
fixed to either the first film or the third film, wherein it serves
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as a moving electrode that vibrates due to sound waves. The
diaphragm 20 has a circular shape covering the opening 13 of
the first film.

[0117] Similar to the first film, the third film is an insulating
thin film composed of'silicon dioxide. The third film insulates
the fourth film from the second film having a conductivity so
as to support the fourth film above the second film. A circular
opening 15 is formed in the third film.

[0118] Similar to the second film, the fourth film is a con-
ductive thin film composed of polysilicon doped with phos-
phorus impurities (P). The prescribed portion of the fourth
film that is not fixed to the third film forms a plate 21. A
plurality of holes 22 are formed in the plate 21.

[0119] A support 23 is constituted of the substrate 10, the
first film, the third film, the second film, and the prescribed
portion of the fourth film that is not fixed to the third film. A
back cavity 40 constituted of a first cavity 41 and second
cavity 42 is formed in the support 23. The back cavity 40
releases pressure that is applied to the diaphragm 20 in a
direction opposite to the propagation direction of sound
waves. The first cavity 41 is formed inwardly of an interior
wall 12a of the substrate 10, which is positioned in proximity
to the plate 21, and inwardly of an interior wall 13a of the
opening 13 ofthe second film. The second cavity 42 is formed
inwardly of an interior wall 125 of the substrate 10, which is
positioned opposite to the plate 21. The cross-sectional area
of the second cavity 42 lying in the plane direction of the
diaphragm 20 is larger than that of the first cavity 41. In the
claim language, both of the interior wall 12q of the substrate
10 and the interior wall 13a of the second film are defined as
a first interior wall, and the interior wall 125 of the substrate
10 is defined as a second interior wall.

[0120] A detecting portion of the condenser microphone 1
will be described by way of the circuitry shown in FIG. 1B, in
which the diaphragm 20 is connected to a bias voltage source.
Specifically, leads 104 and 106 are connected to a terminal
102 of the bias voltage source, wherein the lead 104 is con-
nected to the substrate 10, and the lead 106 is connected to the
second film, so that both of the diaphragm 20 and the sub-
strate 10 are placed at the substantially same potential. In
addition, the plate 21 is connected to an input terminal of an
operational amplifier 100. That is, alead 108 connected to the
input terminal of the operational amplifier 100 is connected to
the fourth film. The operational amplifier 100 has high input
impedance.

[0121] Next, the operation of the condenser microphone 1
will be described. When sound waves are transmitted to the
diaphragm 20 via the holes 22 of' the plate 21, the diaphragm
20 vibrates due to sound waves. The vibration of the dia-
phragm 20 causes variations of the distance between the
diaphragm 20 and the plate 21, thus varying electrostatic
capacitance formed between the diaphragm 20 and the plate
21.

[0122] Since the plate 21 is connected to the operational
amplifier 100 having high input impedance, a very small
amount of electric charge existing in the plate 21 moves
toward the operational amplifier 100 irrespective of variations
of electrostatic capacitance between the diaphragm 20 and
the plate 21. Therefore, it can be presumed that electric
charges existing in the plate 21 and the diaphragm 20 may not
change. This makes it possible to translate variations of elec-
trostatic capacitance between the diaphragm 20 and the plate
21 into potential variations of the plate 21. Thus, the con-
denser microphone 1 is capable of producing electric signals
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based on very small variations of electrostatic capacitance
between the diaphragm 20 and the plate 21. That is, the
condenser microphone 1 converts variations of sound pres-
sure applied to the diaphragm 20 into variations of electro-
static capacitance, which are then converted into voltage
variations, based on which electric signals are produced in
response to variations of sound pressure.

[0123] Next, a manufacturing method of the condenser
microphone 1 will be described with reference to FIGS. 2A to
2F and FIGS. 3A to 3F.

[0124] In a first step of the manufacturing method (i.e.,
(A1) and (B1) shown in FIGS. 2A and 2B), a first film 51 is
deposited on a wafer 50 forming the substrate 10 (see FIG.
1B). That is, silicon dioxide is deposited on the wafer 50
composed of monocrystal silicon by way of plasma chemical
vapor deposition (or plasma CVD), thus forming the first film
51.

[0125] Next, a second film 52 is deposited on the first film
51. Thatis, phosphorus-doped polysilicon is deposited on the
first film 51 by way of decompression CVD, thus forming the
second film 52. Next, a photoresist film is applied to the entire
surface of the second film 52; then, a resist pattern is formed
by way of photolithography for performing exposure and
development using a prescribed resist mask. Then, the second
film 52 is selectively removed by way of anisotropic etching
such as reactive ion etching (RIE), thus forming the second
film 52 having a circular shape.

[0126] In a second step of the manufacturing method (i.e.,
(A2) and (B2) shown in FIGS. 2C and 2D), a third film 53 is
deposited on the second film 52. That is, silicon dioxide is
deposited on the second film 52 by way of plasma CVD, thus
forming the third film 53.

[0127] In a third step of the manufacturing method (i.e.,
(A3) and (B3) shown in FIGS. 2E and 2F), a fourth film 54 is
deposited on the third film 53. That is, phosphorus-doped
polysilicon is deposited on the third film 53 by way of decom-
pression CVD, thus forming the fourth film 54. Next, a pho-
toresist film is applied to the entire surface of the fourth film
54; then, a resist pattern is formed by way of photolithogra-
phy for performing exposure and development using a pre-
scribed resist mask. Then, the fourth film 54 is selectively
removed by way of anisotropic etching such as RIE, thus
forming the fourth film 54 having a circular shape and the
plurality of holes 22.

[0128] In a fourth step of the manufacturing method (i.e.,
(A4) and (B4) shown in FIGS. 3A and 3B), a first mask 55
having a first opening 554 is formed on a second surface 505
opposite to a first surface 50a of the wafer 50 on which the
first film 51, the second film 52, the third film 53, and the
fourth film 54 are laminated. That is, the first mask 55 com-
posed of a metal is adhered to the wafer 50 by use of the
adhesive. It is preferable that the adhesive be an organic
adhesive, and it is preferable that the first mask 55 be com-
posed of nickel or chromium. Incidentally, the first mask 55
can be composed of any types of materials as long as it can be
selectively removed together with a second mask 56. Alter-
natively, the first mask 55 can be formed by performing metal
plating on the wafer 50.

[0129] Next, a second mask 56 having a second opening
564 is formed on the second surface 505 of the wafer 50 and
the first mask 55. That is, a photoresist film is applied to the
entire surface corresponding to the second surface 5056 of the
wafer 50 and the first mask 55; then, the second mask 56 is
formed by way of photolithography for performing exposure
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and development using a prescribed resist mask. Herein, the
second opening 56a exposes the prescribed portion of the
watfer 50 just above the second film 52 and the fourth film 54
in the first opening 55a.

[0130] In a fifth step of the manufacturing method (i.e.,
(A5) and (B5) shown in FIGS. 3C and 3D), the prescribed
portion of the wafer 50 exposed inwardly of the second open-
ing 56a is subjected to anisotropic etching using the second
mask 56, thus forming a recess 60 in the wafer 50. That is, the
wafer 50 is selectively removed by way of Deep-RIE, thus
forming the recess 60 in the wafer 50.

[0131] In a sixth step of the manufacturing method (i.e.,
(A6) and (B6) shown in FIGS. 3E and 3F), the second mask
56 is removed. That is, the second mask 56 is removed by use
of a resist peeling solution such as NMP (i.e., N-methyl-2-
pyrolidone).

[0132] Next, the prescribed portion of the wafer 50 exposed
inwardly of the first opening 554 is subjected to anisotropic
etching using the first mask 55, thus forming the through-hole
12 having a step portion in the wafer 50. That is, the wafer 50
is selectively removed such that the bottom of the recess 60
disappears by way of Deep-RIE, thus forming the through-
hole 12 having the step portion in the wafer 50. Herein, the
prescribed portion of the first film 51 just above the second
film 52 and the fourth film 54 is exposed inwardly of the
through-hole 12. The remaining portions of the second film
52 and the fourth film 54 are still deposited in the surrounding
area of an opening of the second surface 505 of the wafer 50
after the completion of the formation of the through-hole 12.
[0133] Next, the first film 51 and the third film 53, both of
which are silicon oxide films, are selectively removed by way
of'isotropic etching (e.g., wet etching) using an etching solu-
tion such as buffered hydrofluoric acid (or Buffered HF) or by
way of the combination of isotropic etching and anisotropic
etching. Herein, the etching solution is supplied via the holes
22 of the fourth film 54 and the through-hole 12 of the wafer
50 so as to dissolve the first film 51 and the third film 53. By
appropriately designing the shapes and arrangements of the
holes 22 and the through-hole 12, it is possible to form the
openings 13 and 15 in the first film 51 and the third film 53.
Thus, it is possible to form the sensing portion constituted of
the diaphragm 20, the plate 21, and the support 23 (see FIGS.
1A and 1B).

[0134] Thereafter, other steps such as dicing and packaging
are performed so as to completely produce the condenser
microphone 1.

[0135] The firstembodiment can be modified in a variety of
ways; hence, variations will be described below.

(a) First Variation

[0136] FIGS. 4A and 4B show the constitution of a con-
denser microphone 2 in accordance with a first variation of
the first embodiment. The sensing portion of the condenser
microphone 2 differs from the sensing portion of the con-
denser microphone 1 in terms of the shape of the substrate 10.
Specifically, a through-hole 212 having multiple step portions
is formed in the substrate 10 of the condenser microphone 2.
Herein, a support 223 is constituted of the substrate 10, the
first film, the third film, and the prescribed portions of the
second and fourth films that are not fixed to the third film.

[0137] A back cavity 240 constituted of a first cavity 241
and a second cavity 242 is formed in the support 223. The first
cavity 241 is formed inwardly of an interior wall 212a of the
substrate 10 positioned in proximity to the plate 21 and
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inwardly of the interior wall 13a of the opening 13 of the
second film. The second cavity 242 is formed inwardly of an
interior wall 2125 of the substrate 10 positioned opposite to
the plate 21. The interior wall 2125 of the substrate 10 forms
a step portion lying in the thickness direction of the dia-
phragm 20. Thus, the cross-sectional area of the second cavity
242 lying in the thickness direction of the diaphragm 20 is
enlarged discontinuously in a direction extending oppositely
from the plate 21. In the claim language, the interior wall
212a of the substrate 10 and the interior wall 13a of the
second film are both defined as a first interior wall, and the
interior wall 2125 of the substrate 10 is defined as a second
interior wall.

[0138] The detecting portion of the condenser microphone
2 is substantially identical to the detecting portion of the
condenser microphone 1. Hence, the operation of the con-
denser microphone 2 is substantially identical to the opera-
tion of the condenser microphone 1. For the sake of conve-
nience, the detailed description regarding the operation of the
condenser microphone 2 will be omitted.

[0139] Next, a manufacturing method of the condenser
microphone 2 will be described with reference to FIGS. 5A to
5H.

[0140] Similar to the manufacturing method of the con-
denser microphone 1, in a first step (i.e., (A1) and (B1) shown
in FIGS. 5A and 5B) of the manufacturing method of the
condenser microphone 2, the first film 51, the second film 52,
the third film 53, and the fourth film 54 are deposited on the
first surface 50a of the wafer 50.

[0141] Next, a mask 255 having openings 255a, 25554,
255¢, and 255d is formed on the second surface 5056 of the
wafer 50. That is, a photoresist film is applied entirely to the
second surface 505 of the wafer 50; then, the mask 255 is
formed by way of photolithography for performing exposure
and development using a prescribed resist mask. The opening
255a has a circular shape that exposes a prescribed portion of
the wafer 50 just above the second film 52 and the fourth film
54. The openings 2555, 255¢, and 2554 each having a ring
shape are sequentially expanded in the circumferential
periphery of the opening 2554. Each of the ring-shaped open-
ings 2555, 255¢, and 255d forms a slit whose width in a radial
direction is smaller than the diameter of the opening 255a. In
view of the radial direction, the width of the opening 2555 is
smaller than the width of the opening 2555; and the width of
the opening 2554 is smaller than the width of the opening
255¢.

[0142] In a second step of the manufacturing method (i.e.,
(A2) and (B2) shown in FIGS. 5C and 5D), the wafer 50 is
subjected to anisotropic etching using the mask 255, thus
forming a hole 260 and recesses 261, 262, and 263 in the
wafer 50. Specifically, the prescribed portion of the wafer 50,
which is exposed from the mask 2585, is selectively removed
by way of anisotropic etching such as Deep-RIE. The aniso-
tropic etching is continuously performed until the hole 260 is
completely formed to positionally match the opening 255q in
the wafer 50. Each of the widths of the openings 2555, 255c¢,
and 2554 in a radial direction is smaller than the diameter of
the opening 2554. Due to the aspect-dependent etching effect,
the recesses 261, 262, and 263 are respectively formed to
positionally match the openings 2555, 255¢, and 2554 in the
wafer 50. Since the width of the opening 255¢ is smaller than
the width ofthe opening 2555 in the radial direction, the depth
of'the recess 262 is smaller than the depth of the recess 261 in
the thickness direction of the wafer 50. Since the width of the
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opening 2554 is smaller than the width of the opening 255¢in
the radial direction, the depth of the recess 263 is smaller than
the depth of the recess 262 in the thickness direction of the
wafer 50.

[0143] As shown in FIGS. 5E and 5F, a wall 271 is formed
between the hole 260 and the recess 261; a wall 272 is formed
between the recesses 261 and 262; and a wall 273 is formed
between the recesses 262 and 263. The walls 271, 272, and
273 are removed as shown in FIGS. 5G and 5H. Specifically,
the second surface 505 of the water 50 composed of monoc-
rystal silicon is subjected to thermal oxidation, thus trans-
forming the walls 271, 272, and 273 into silicon oxide; then,
wet etching is performed using an etching solution such as
buffered hydrofluoric acid so as to selectively remove the
walls 271,272, and 273 together with the transformed portion
of the second surface 5056 of the wafer 50. As a result, it is
possible to form the through-hole 212 having multiple step
portions in the wafer 50, wherein the prescribed portion of the
first film 51 just above the second film 52 and the fourth film
54 is exposed in the through-hole 212. The remaining por-
tions of the second film 52 and the fourth film 54 are still
deposited in the surrounding area of the opening in the second
surface 505 of the water 50 after completion of the formation
of the through-hole 212.

[0144] Steps following the aforementioned steps of the
manufacturing method of the condenser microphone 2 are
substantially identical to those of the manufacturing method
of the condenser microphone 1.

(b) Second Variation

[0145] In the manufacturing method of the condenser
microphone 2 according to the first variation of the first
embodiment, the walls 271, 272, and 273 of the wafer 50 are
selectively removed by way of transformation. Of course, the
process for selectively removing walls is not necessarily lim-
ited to the aforementioned process.

[0146] Next, a manufacturing method according to a sec-
ond variation of the first embodiment will be described with
respect to the process for selectively removing walls.

[0147] Similar to the manufacturing method of the con-
denser microphone 1, in a first step (i.e., (A1) and (B1) shown
in FIGS. 6A and 6B) of the manufacturing method of the
condenser microphone according to the second variation of
the first embodiment, the first film 51, the second film 52, the
third film 53, and the fourth film 54 are deposited on the first
surface 50a of the wafer 50.

[0148] Next, amask 355 having openings 355a and 3555 is
formed on the second surface 505 of the wafer 50. That is, a
photoresist mask is applied entirely to the second surface 505
of the wafer 50; then, the mask 355 is formed by way of
photolithography for performing exposure and development
using a prescribed resist mask. The opening 355q has a cir-
cular shape that exposes the prescribed portion of the wafer
50 just above the second film 52 and the fourth film 54. The
opening 3555 has a ring shape that is formed in the circum-
ferential periphery of the opening 3554, wherein the opening
355b forms a slit whose width in a radial direction is smaller
than the diameter of the opening 355a.

[0149] In a second step of the manufacturing method (i.e.,
(A2) and (B2) shown in FIGS. 6C and 6D), the wafer 50 is
subjected to anisotropic etching using the mask 355, thus
forming a hole 360 and a recess 361 in the wafer 50. Each of
the hole 360 and the recess 361 is formed in a reversely
tapered shape extended in a vertical direction from the second
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surface 505 to the first surface 50a of the wafer 50. Specifi-
cally, the prescribed portion of the wafer 50 that is exposed
from the mask 355 is selectively removed by way of aniso-
tropic etching such as Deep-RIE. The anisotropic etching is
performed in such a way that the hole 360 is completely
formed to positionally match the opening 355a of the wafer
50. By adjusting etching conditions, it is possible to form the
hole 360 and the recess 361 each having a reversely tapered
shape. For example, the wafer 50 is etched in a low deposition
condition for side wall protection films; alternatively, the
wafer 50 is etched while adjusting the formation time and
etching time adapted to side wall protection films. As a result,
awall 371 formed between the hole 360 and the recess 361 is
gradually reduced in thickness in the vertical direction from
the second surface 505 to the first surface 50a in the wafer 50.
[0150] In a third step of the manufacturing method (i.e.,
(A3)and (B3) shown in FIGS. 6E and 6F), the wall 371 of the
wafer 50 is removed. That is, the wafer 50 is subjected to wet
etching using an etching solution such as potassium hydrox-
ide (KOH) and tetra-methyl ammonium hydroxide (TMAH).
Herein, the thin portion of the wall 371 is dissolved first
compared with the other portion, so that the wall 371 is
separated from the wafer 50; then, the wall 371 isolated from
the wafer 50 is completely dissolved in the etching solution.
As a result, it is possible to form the through-hole 12 having
a step portion in the wafer 50. The process for isolating the
wall 371 from the wafer 50 is not necessarily limited to the
aforementioned process. For example, the wall 371 can be
isolated from the wafer 50 by applying ultrasonic waves or
mechanical vibration to the wall 371. Steps following the
aforementioned steps are substantially identical to those of
the manufacturing method of the condenser microphone 1.

(c) Third Variation

[0151] FIGS. 7A and 7B show the constitution of a con-
denser microphone 4 in accordance with a third variation of
the first embodiment. The sensing portion of the condenser
microphone 4 differs from the sensing portion of the con-
denser microphone 1 in terms of the shape of the substrate 10.
A through-hole 412 having a step portion is formed and runs
through the substrate 10 of the condenser microphone 4 in the
thickness direction, wherein it is constituted of a hole 400
having a cylindrical shape and a plurality of recesses 401,
which are formed in a radial manner in the circumferential
periphery of the hole 400 so as to directly communicate with
the hole 400. A support 423 is constituted of the substrate 10,
the first film, the third film, and the prescribed portions of the
second and fourth films that are not fixed to the third film.

[0152] A back cavity 440 constituted of a first cavity 441
and a second cavity 442 is formed in the support 423. The first
cavity 441 is formed inwardly of an interior wall 412a of the
hole 400 positioned in proximity to the plate 21 and inwardly
of' the interior wall 13a of the opening 13 of the second film.
The second cavity 442 is formed inwardly of an interior wall
4125, which is constituted of an interior wall of the hole 400
positioned in proximity to the plate 21 and interior walls of
the recesses 401. In the claim language, the interior wall 412a
of'the substrate 10 and the interior wall 13a of the second film
are both defined as a first interior wall, and the interior wall
4125 of the substrate 10 is defined as a second interior wall.
[0153] The detecting portion of the condenser microphone
4 is substantially identical to the detecting portion of the
condenser microphone 1. The operation of the condenser
microphone 4 is substantially identical to the operation of the
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condenser microphone 1. Hence, the detailed description
regarding the operation of the condenser microphone 4 will
be omitted.

[0154] Next, a manufacturing method of the condenser
microphone 4 will be described with reference to FIGS. 8A
and 8B.

[0155] Similar to the manufacturing method of the con-
denser microphone 1, the first film 51, the second film 52, the
third film 53, and the fourth film 54 are formed on the first
surface 50a of the wafer 50.

[0156] Next, a mask 455 having an opening 4554 and a
plurality of openings 4555 is formed on the second surface
505 of the wafer 50. That is, a photoresist film is applied
entirely to the second surface 506 of the wafer 50; then, the
mask 455 is formed by way of photolithography for perform-
ing exposure and development using a prescribed resist mask.
The opening 455a has a circular shape that exposes the pre-
scribed portion of the wafer 50 just above the second film 52
and the fourth film 54. The openings 4556 form slits that are
elongated from the opening 4554 in a radial manner. Each of
widths of the openings 4555 lying in a circumferential direc-
tion of the opening 455¢ is smaller than the diameter of the
opening 455a.

[0157] Next, the wafer 50 is subjected to wet etching using
the mask 455, thus forming the through-hole 412 in the wafer
50. Specifically, the prescribed portion of the wafer 50 that is
exposed from the mask 455 is selectively removed by way of
anisotropic etching such as Deep-RIE. The anisotropic etch-
ing is performed in such a way that the hole 400 is completely
formed to positionally match the opening 455a of the wafer
50 (see FIGS. 7A and 7B). Each of widths of the openings
455p lying in a radial direction of the opening 455a is smaller
than the diameter of the opening 4554. Due to the aspect-
dependent etching effect, the recesses 401 are formed to
positionally match the openings 4555 of the wafer 50. As a
result, it is possible to form the through-hole 412 having a step
portion, which is constituted of the hole 400 and the plural
recesses 401, in the wafer 50, wherein the prescribed portion
of'the first film 51 just above the second film 52 and the fourth
film 54 is exposed in the through-hole 412. The remaining
portions of the second film 52 and the fourth film 54 are still
deposited in the surrounding area of the opening in the second
surface 505 of the water 50 after completion of the formation
of the through-hole 412.

[0158] Steps following the aforementioned steps are sub-
stantially identical to those of the manufacturing method of
the condenser microphone 1.

[0159] The first embodiment and its variations are designed
such that, in view of the plane direction of the diaphragm 20,
the cross-sectional area of the second cavity is rapidly
increased in comparison with the cross-sectional area of the
first cavity; and the end portions of the diaphragm 20 and the
plate 21 are fixed to the interior wall of the first cavity. There-
fore, it is possible to increase the volume of the back cavity
without bearing limitation due to the sizes of the diaphragm
20 and the plate 21 and without increasing the overall size of
the condenser microphone.

[0160] In the first variation (see FIGS. 4A and 4B), the
cross-sectional area of the second cavity 242 in view of the
plane direction of the diaphragm 20 is enlarged in a step-like
manner in the direction opposite to the plate 21. Since the
cross-sectional area of the second cavity 242 in view of the
plane direction of the diaphragm 20 is discontinuously
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enlarged in the direction opposite to the plate 21, it is possible
to increase the volume of the back cavity 240.

(d) Other Variations

[0161] The first embodiment and its variations are each
directed to the condenser microphone, which is an example of
a pressure sensor. Of course, the first embodiment can be
applied to other types of pressure sensors that detect various
kinds of pressure other than sound pressure.

[0162] The first embodiment and its variations are each
directed to the condenser microphone in which both of the
diaphragm 20 and the plate 21 have circular shapes whose
circumferential peripheries are entirely fixed to the support.
The sensing portion of the condenser microphone constituted
of the diaphragm and plate is not necessarily limited to the
aforementioned structure. For example, the end portions of
the diaphragm and plate can be partially fixed to the support.
Specifically, both ends of the diaphragm can be fixed to the
support; alternatively, the diaphragm can be fixed to the sup-
port in a cantilever manner. The shapes of the diaphragm and
plate are not necessarily limited to circular shapes. Specifi-
cally, the diaphragm and plate can be formed in polygonal
shapes. The plate can be positioned close to the back cavity
rather than the diaphragm. The diaphragm is not necessarily
directly fixed to the support. Specifically, the diaphragm can
be attached to the plate in a hung-down manner; alternatively,
the diaphragm can be supported by the plate.

[0163] The first embodiment and its variations are each
designed such that a through-hole having a step portion real-
izing a rectangular step portion is formed in the substrate 10,
although it is not necessary to form the rectangular step por-
tion along the interior wall of the support.

[0164] In the first embodiment, first variation, and second
variation, the second cavity is formed and is enlarged in the
periphery of the first cavity, whereby it is possible to enlarge
the second cavity partially externally of the first cavity.
[0165] The manufacturing method of the condenser micro-
phone 1 can be applied to the manufacturing of the condenser
microphone 2. In this case, it is necessary to form a multilay-
ered mask in which the number of layers depends upon the
number of the step portions formed in the through-hole 12. A
multilayered mask constituted of the first mask 55 and the
second mask 56 (see FIGS. 3A, 3C, and 3E) is used in the
manufacturing method of the condenser microphone 1,
although it is possible to use a single-layered resist mask
whose thickness depends upon the overall shape of the
through-hole 12 having a step portion.

[0166] The manufacturing method of the condenser micro-
phone 2 can be applied to the manufacturing of the condenser
microphone 1. In this case, it is necessary to form the open-
ings 2555, 255¢, and 2554, all of which have the same width
in the radial direction, in the mask 255.

[0167] The manufacturing method of the condenser micro-
phone 2 uses the mask 255 having the ring-shaped openings
2555, 255¢, and 255d, although it is possible to form the
openings 2555, 255¢, and 255d each in a band-like shape.
[0168] The manufacturing method of the condenser micro-
phone 2 can be modified such that other slit-like openings,
which cross the openings 2555, 255¢, and 2554, can be addi-
tionally formed in the mask 255. In this case, the walls of the
recesses corresponding to the openings 255a, 2555, and 255¢
are split by means of the recesses corresponding to the other
openings in the substrate 10. This makes it easy to remove the
walls by way of wet etching.
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[0169] The second variation describes the manufacturing
method of the condenser microphone 1. Of course, the second
variation can be applied to the manufacturing of the con-
denser microphone 2.

[0170] In the third variation, the plurality of recesses 401
are formed to communicate with the hole 400, although it is
possible to form a single recess 401 in the periphery of the
hole 400.

[0171] In the third variation, the plurality of recesses 401
are evenly distributed in a radial manner externally of the hole
400; alternatively, it is possible to unevenly distribute the
recesses 401 in the periphery of the hole 400.

2. Second Embodiment

[0172] FIG. 9 and FIGS. 10A and 10B show the constitu-
tion of a condenser microphone 1001 in accordance with a
second embodiment of the present invention. The condenser
microphone 1001 is a silicon capacitor microphone that is
manufactured by way of semiconductor device manufactur-
ing processes, wherein it converts sound waves transmitted
thereto via a plate 1022 into electric signals.

[0173] A sensing portion of the condenser microphone
1001 has a laminated structure constituted of a substrate
1010, a first film, a second film, a third film, and a fourth film.
[0174] The substrate 1010 is a monocrystal silicon sub-
strate, in which a hole 1011, a recess 1012, and a plurality of
recesses 1013 are formed in the thickness direction. The
recess 1012 has a ring shape surrounding the hole 1011. Each
of the recesses 1013 has a linear shape elongated from the
hole 1011 to the recess 1012 in a radial direction of the hole
1011.

[0175] The first film is an insulating thin film composed of
silicon dioxide. The first film supports the second film above
the substrate 1010 in such a way that a gap is formed between
a diaphragm 1020 and the substrate 1010. An opening 1014
having a circular shape is formed in the first film.

[0176] The second film is a conductive thin film composed
of polysilicon doped with phosphorus (P) impurities. The
prescribed portion of the second film that is not fixed to the
third film forms the diaphragm 1020. The diaphragm 1020 is
not fixed to either the first film or the third film; hence, it
serves as a moving electrode vibrating due to sound waves.
The diaphragm 1020 has a circular shape covering the open-
ing 1014 of the first film.

[0177] Similar to the first film, the third film is an insulating
thin film composed of'silicon dioxide. The third film insulates
the second film (having conductivity) from the fourth film so
as to support the fourth film above the second film. The third
film has an opening 1015 having a circular shape.

[0178] Similar to the second film, the fourth film is a con-
ductive thin film composed of polysilicon doped with phos-
phorus impurities. The prescribed portion of the fourth film
that is not fixed to the third film forms the plate 1022, which
has a plurality of holes 1023.

[0179] A support 1024 is constituted of the substrate 1010,
the first film, the third film, and the prescribed portions of the
second and fourth films that are not fixed to the third film. As
shown in FIG. 9, the support 1024 forms a back cavity 1040
constituted of a first cavity (or a main cavity) 1041 and a
second cavity (or a sub cavity) 1042, which communicates
with the first cavity 1041 via a passage 1043. The back cavity
1040 releases pressure that is applied to the diaphragm 1020
in a direction opposite to a propagation direction of sound
waves. The first cavity 1041 is formed inwardly of the dia-
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phragm 1020, the opening 1014 of the second film, the hole
1011 of the substrate 1010, and a printed board 1060 on which
the condenser microphone 1001 is mounted. The second cav-
ity 1042 is formed inwardly of the recess 1012 of the substrate
1010 and the printed board 1060. In the claim language, the
recesses 1012 and 1013 of the substrate 1010 are both defined
as a sub-cavity forming portion, and the hole 1011 and the
recesses 1012 and 1013 of the substrate 1010 are all defined as
a cavity forming portion.

[0180] Next, a detecting portion of the condenser micro-
phone 1001 will be described with reference to the circuitry
shown in FIG. 10A. The diaphragm 1020 is connected to a
bias voltage source. Specifically, leads 1104 and 1106 con-
nected to a terminal 1102 of the bias voltage source are
connected to the second film and the substrate 1010 respec-
tively, whereby both of the diaphragm 1020 and the substrate
1010 are placed at substantially the same potential. The plate
1022 is connected to an input terminal of an operation ampli-
fier 1100. That is, a lead 1108 connected to the input terminal
of'the operational amplifier 1100 having relatively high input
impedance is connected to the fourth film.

[0181] Next, the operation of the condenser microphone
1001 will be described in detail. When sound waves are
transmitted through the holes 1023 of the plate 1022 so as to
reach the diaphragm 1020, the diaphragm 1020 vibrates due
to sound waves. Due to the vibration of the diaphragm 1020,
the distance between the diaphragm 1020 and the plate 1022
varies so that electrostatic capacitance therebetween varies
correspondingly.

[0182] Since the plate 1022 is connected to the operational
amplifier 1100 having relatively high input impedance, a very
small amount of electric charge existing in the plate 1022
moves toward the operational amplifier 1100 even when elec-
trostatic capacitance between the diaphragm 1020 and the
plate 1022 varies. That is, it is presumed that substantially no
variations occur in electric charges existing in the plate 1022
and the diaphragm 1020. This makes it possible to translate
variations of electrostatic capacitance between the diaphragm
1020 and the plate 1022 into potential variations of the plate
1022. As a result, the condenser microphone 1001 is capable
of'producing electric signals based on very small variations of
electrostatic capacitance between the diaphragm 1020 and
the plate 1022. In the condenser microphone 1001, variations
of sound pressure applied to the diaphragm 1020 are con-
verted into variations of electrostatic capacitance, which are
then converted into potential variations, based on which elec-
tric signals are produced in response to variations of sound
pressure.

[0183] The internal pressure (or back pressure) of the back
cavity 1040 varies due to the vibration of the diaphragm 1020.
That is, the volume of the back cavity 1040 greatly affects the
vibration of the diaphragm and thus affects output character-
istics of the condenser microphone 1001. Specifically, it is
possible to improve low-frequency characteristics of the con-
denser microphone 1001 by increasing the volume of the back
cavity 1040, while it is possible to improve high-frequency
characteristics of the condenser microphone 1001 by decreas-
ing the volume of the back cavity 1040.

[0184] The resistance of the passage 1043 allowing the first
cavity 1041 to communicate with the second cavity 1042 in
the back cavity 1040 increases in response to the flow velocity
of air flowing through the passage 1043. As the frequency of
variations of back pressure increases, in other words, as the
frequency of the displacement of the diaphragm 1020
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increases due to sound waves having high frequencies, sub-
stantially no air flows between the first cavity 1041 and the
second cavity 1042. This indicates that the volume ofthe back
cavity 1040 can be substantially regarded as the volume of the
first cavity 1041. In contrast, as the frequency of variations of
back pressure decreases, in other words, as the frequency of
the displacement of the diaphragm 1020 decreases due to
sound waves having low frequencies, air adequately flows
between the first cavity 1041 and the second cavity 1042. This
indicates that the volume of the back cavity 1040 can be
substantially regarded as the sum of the volumes of the first
cavity 1041 and the second cavity 1042.

[0185] Since the volume of the back cavity 1040 substan-
tially varies in response to the frequency of sound waves, it is
possible to improve both of low-frequency characteristics and
high-frequency characteristics in the condenser microphone
1001. That is, output characteristics of the condenser micro-
phone 1001 can be adjusted by appropriately setting the vol-
ume of the first cavity 1041, the volume of the second cavity
1042, and the resistance of the passage 1043. The resistance
of the passage 1043 can be set by appropriately setting the
length, width, and depth of the recess 1013 formed in the
substrate 1010. The depth of the recess 1013 is not necessarily
smaller than the depth of the recess 1012 in the thickness
direction of the substrate 1010. As shown in FIGS. 10A and
10B, the length of the recess 1013 is measured in a radial
direction of the hole 1011; the width of the recess 1013 is
measured in a circumferential direction of the hole 1011; and
the depth of the recess 1013 is measured in the thickness
direction of the substrate 1010.

[0186] Next, a manufacturing method of the condenser
microphone 1001 will be described with reference to FIGS.
11A to 11F and FIGS. 12A to 12D.

[0187] In a first step of the manufacturing method (i.e.,
(Al)and (B1) shown in FIGS. 11A and 11B), a first film 1051
is deposited on a wafer 1050, which serves as the substrate
1010 (see FIGS. 10A and 10B). Specifically, silicon dioxide
is deposited on the monocrystal silicon wafer 1050 by way of
plasma CVD, thus forming the first film 1051.

[0188] Next, a second film 1052 is deposited on the first
film 1051. That is, phosphorus-doped polysilicon is deposited
on the first film 1051 by way of decompression CVD, thus
forming the second film 1052. Next, a photoresist film is
applied to the entire surface of the second film 1052; then, a
resist pattern is formed by way of photolithography for per-
forming exposure and development using a prescribed resist
mask. Then, the second film 1052 is selectively removed by
way of anisotropic etching such as RIE (i.e., Reactive Ion
Etching), thus shaping the second film 1052 in a circular
shape.

[0189] In a second step of the manufacturing method (i.e.,
(A2) and (B2) shown in FIGS. 11C and 11D), a third film
1053 is deposited on the second film 1052. Specifically, sili-
con dioxide is deposited on the second film 1052 by way of
plasma CVD, thus forming the third film 1053.

[0190] In a third step of the manufacturing method (i.e.,
(A3) and (B3) shown in FIGS. 11E and 11F), a fourth film
1054 is deposited on the third film 1053. Specifically, phos-
phorus-doped polysilicon is deposited on the third film 1053
by way of decompression CVD, thus forming the fourth film
1054. Next, a photoresist film is applied to the entire surface
of'the fourth film 1054; then, a resist pattern is formed by way
of photolithography for performing exposure and develop-
ment using a prescribed resist mask. Then, the fourth film
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1054 is selectively removed by way of anisotropic etching
such as RIE, thus shaping the fourth film 1054 having a
circular shape and a plurality of holes 1023.

[0191] In a fourth step of the manufacturing method (i.e.,
(A4) and (B4) shown in FIGS. 12A and 12B), a mask 1055
having a first opening 1055aq, a second opening 10555, and a
plurality of third openings 1055¢ is formed on a second sur-
face 10505 opposite to a first surface 1050a of the water 1050
on which the first film 1051, the second film 1052, the third
film 1053, and the fourth film 1054 are laminated. That is, a
photoresist mask is applied to the entire surface of the second
surface 10505 of the wafer 1050; then, the mask 1055 is
formed by way of photolithography for performing exposure
and development using a prescribed resist mask. The first
opening 1055a has a circular shape exposing the prescribed
portion of the wafer 1050 just above the second film 1052 and
the fourth film 1054. The second opening 10555 has a ring-
shaped slit surrounding the periphery of the first opening
10554. Each of the third openings 1055¢ is a slit whose width
is smaller than the width of the slit-shaped second opening
10555. The third openings 1055¢ are elongated in a radial
manner in a direction from the first opening 10554 to the
second opening 10555. For example, the width of the second
opening 10554 ranges from 1 um to 100 um (preferably, from
1 um to 70 pum); and the width of the third opening 1055¢
ranges from 1 um to 50 um (preferably, from 1 um to 40 um).
In the condenser microphone 1001 shown in FIGS. 10A and
10B, the width of the second opening 10555 is measured in
the radial direction of the first opening 10554; and the width
of'the third opening 1055¢ is measured in the circumferential
direction of the first opening 1055a.

[0192] In a fifth step of the manufacturing method (i.e.,
(A5) and (B5) shown in FIGS. 12C and 12D), anisotropic
etching is performed using the mask 1055 on the wafer 1050
so as to form the hole 1011 and the recesses 1012 and 1013 in
the wafer 1050. Specifically, the prescribed portion of the
wafer 1050 exposed from the mask 1055 is selectively
removed by way of anisotropic etching such as Deep-RIE.
Herein, the width of the second opening 105556 and the width
of'the third opening 1055¢ are both smaller than the diameter
of'the first opening 10554; and the width of the third opening
1055¢ is smaller than the width of the second opening 10555.
Due to the aspect-dependent etching effect, the etching speed
applied to the second opening 10555 and the third openings
1055¢ of the wafer 1050 becomes slower than the etching
speed applied to the first opening 1055q. In addition, the
etching speed applied to the third openings 1055¢ becomes
slower than the etching speed applied to the first opening
10554. Furthermore, the etching speed applied to the third
openings 1055¢ becomes slower than the etching speed
applied to the second opening 10555. As a result, the recess
1012 is formed in conformity with the second opening 10556
of'the wafer 1050. In addition, the recess 1013 whose depth is
smaller than the depth of the recess 1012 is formed in con-
formity with the third openings 1055¢ of the wafer 1050.
[0193] Next, the mask 1055 is removed by use of a resist
peeling solution such as NMP (i.e., N-methyl-2-pyrolidone).
[0194] Next, the first film 1051 and the third film 1053, both
of which are silicon oxide films, are selectively removed by
way of isotropic wet etching using an etching solution such as
buffered hydrofluoric acid or by way of the combination of
isotropic etching and anisotropic etching. At this time, the
etching solution is supplied via the holes 1023 of the fourth
film 1054 and the hole 1011 of the wafer 1050, thus dissolving
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the first film 1051 and the third film 1053. The openings 1014
and 1015 are formed in the first film 1051 and the third film
1053 by appropriately designing the shapes and arrangements
of the holes 1023 and the hole 1011, thus forming the dia-
phragm 1020, the plate 1022, and the support 1024 forming
the sensing portion of the condenser microphone 1001 (see
FIG. 9).

[0195] Thereafter, the condenser microphone 1001 is com-
pletely produced by way of dicing and packaging steps.

(a) First Variation

[0196] The manufacturing method of the condenser micro-
phone 1001 can be modified in a variety of ways. A first
variation of the manufacturing method will be described with
reference to FIGS. 13A to 13D.

[0197] Similar to the aforementioned manufacturing
method, the first film 1051, the second film 1052, the third
film 1053, and the fourth film 1054 are deposited on the first
surface 10504 of the wafer 1050.

[0198] In a first step of the manufacturing method (i.e.,
(Al) and (B1) shown in FIGS. 13A and 13B), a mask 1255 is
formed on the second surface 10505 of the wafer 1050. A
plurality of second openings 10555 are formed in the periph-
ery of the first opening 10554 in the mask 1255. The distance
between the adjacent second openings 10556 is smaller than
the distance between the first opening 10554 and the second
opening 10555. Specifically, the distance between the first
opening 10554 and the second opening 10555 is greater than
20 um, and the distance between the adjacent second open-
ings 10555 is less than 20 um.

[0199] Next, similar to the aforementioned manufacturing
method, anisotropic etching is performed using the mask
1255 on the wafer 1050, thus forming the hole 1011 and a
plurality of recesses 1212 sequentially surrounding the hole
1011 in the wafer 1050. A wall 1272 between the adjacent
recesses 1212 is thinner than a wall 1271 between the hole
1011 and the recess 1212.

[0200] In a second step of the manufacturing method (i.e.,
(A2) and (B2) shown in FIGS. 13C and 13D), the wall 1272
between the adjacent recesses 1212 is removed so as to form
the recess 1012 forming the second cavity 1042 (see FIG. 9
and FIG. 10A) in the wafer 1050. Specifically, the second
surface 10505 of the monocrystal silicon water 1050 is sub-
jected to thermal oxidation so as to transform the wall 1272
into silicon oxide. Next, wet etching is performed using an
etching solution such as buffered hydrofluoric acid so as to
selectively remove the wall 1272.

[0201] Steps following the aforementioned steps are sub-
stantially identical to steps of the aforementioned manufac-
turing method. In the first variation of the manufacturing
method, a plurality of recesses 1212 are formed in the wafer
1050 in such a way that the wall 1272 becomes thinner than
the wall 1271. Herein, the recesses 1212 can be further modi-
fied in arrangement as long as the wall 1272 between the
adjacent recesses 1212 can be selectively removed relative to
the wall 1271.

(b) Second Variation

[0202] The overall constitution of a condenser microphone
according to a second variation of the second embodiment is
substantially identical to the overall constitution of the con-
denser microphone 1001 except for the shaping of a support
1024. The support 1024 forms a back cavity constituted of the
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first cavity 1041 and a plurality of second cavities 1042 com-
municating with the first cavity 1041. Herein, the second
cavities 1042 communicate with the first cavity 1041 via a
plurality of passages 1043 having different resistances. This
condenser microphone is produced in such a way that the hole
1011, the plurality of recesses 1012 each having a circular arc
shape, and the recess 1013 extended from the hole 1011 to the
recesses 1012 are formed in the second surface 10505 of the
wafer 1050.

[0203] Itis possible to delicately adjust output characteris-
tics of the condenser microphone by individually setting
resistances of the passages 1043 in response to required out-
put characteristics. All of the second cavities 1042 have the
same volume, or they have different volumes. It is possible to
delicately adjust output characteristics of the condenser
microphone by individually setting the volumes ofthe second
cavities.

(c) Other Variations

[0204] The second embodiment and its variations are each
directed to the condenser microphone serving as the pressure
sensor, although the second embodiment is applicable to
other types of pressure sensors that detect pressure variations
other than variations of sound pressure.

[0205] The second embodiment and its variations are each
directed to the condenser microphone in which the overall
circumferences of the diaphragm 1020 and the plate 1022,
each having a circular shape, are fixed to the support,
although the second embodiment is not necessarily limited in
terms of the constitution of the sensing portion of the con-
denser microphone constituted of the diaphragm and plate.
For example, one end of the diaphragm and one end of the
plate can be fixed to the support. In addition, both ends of the
diaphragm can be fixed to the support; alternatively, the dia-
phragm can be fixed to the supportina cantilever manner. The
diaphragm and plate are not necessarily limited in shape such
as the circular shape. That is, the diaphragm and plate can be
each shaped in a polygonal shape. Furthermore, the plate can
be positioned in proximity to the back cavity rather than the
diaphragm. The diaphragm is not necessarily directly fixed to
the support. That is, the diaphragm can be attached to the plate
in a hung-down manner; or the diaphragm can be supported
by the plate.

[0206] In the second embodiment and its variations, the
second cavity forming portion is constituted of the recesses
1012 and 1013 formed on the second surface of the substrate
1010. The second cavity forming portion can be formed using
parts other than the support 1024. For example, the second
cavity is arranged as a part of a package of the condenser
microphone, wherein the second cavity and the first cavity
communicate with each other via a passage formed in the
substrate 1010.

[0207] Inthe second embodiment, the first cavity 1041 has
a cylindrical shape. Of course, the first cavity 1041 is not
necessarily formed in the cylindrical shape. The second cav-
ity 1042 has aring shape, although the second cavity 1042 can
be redesigned to have a C-shape or a cylindrical shape. The
passage 1043 is not necessarily limited to a linear shape and
can be bent appropriately.

[0208] Inthe second embodiment, the first cavity 1041 and
the second cavities 1042 communicate with each other via a
plurality of passages 1043, although they can communicate
with each other via a single passage.
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[0209] Inthe second embodiment, the first cavity 1041 and
the second cavities 1042 communicate with each other via the
passages 1043 having different resistances, although they can
communicate with each other via the passages 1043 having
the same resistance. Compared with the technology in which
the back cavity is constituted of a first cavity and a second
cavity, the second embodiment has an advantage in terms of
the degree of freedom regarding the arrangement of second
cavities.

3. Third Embodiment

[0210] FIGS. 14A and 14B show the constitution of a con-
denser microphone 2001 in accordance with a third embodi-
ment of the present invention. The condenser microphone
2001 is a silicon capacitor microphone that is produced by
way of semiconductor device manufacturing processes. The
condenser microphone 2001 converts sound waves transmit-
ted to a plate 2030 into electric signals.

[0211] A sensing portion of the condenser microphone
2001 has a laminated structure in which first, second, third,
and fourth films are laminated together with a substrate 2010.
[0212] The substrate 2010 is a monocrystal silicon sub-
strate. A through-hole 2011 and a plurality of recesses 2012
are formed in the substrate 2010 in its thickness direction. The
through-hole 2011 is a cylindrical shape, which is opened at
a first surface 20104 and a second surface 20105 of the sub-
strate 2010. Each of the recesses 2012 has a channel-like
shape elongated externally of the through-hole 2011 in its
radial direction. The recesses 2012 are each opened on the
second surface 20105 of the substrate 2010. As a result, a
gear-like opening 2013, which is constituted of an opening
2013a corresponding to the through-hole 2011 and a plurality
of openings 20135 corresponding to the recesses 2012, is
formed in the second surface 20105 of the substrate 2010. The
opening 2013a (serving as a second opening) has a circular
shape. Each of the openings 20135 (serving as a third open-
ing) has a rectangular shape elongated externally from the
periphery of the opening 2013¢ in its radial direction. An
opening 2014 corresponding to the through-hole 2011 is
formed in the first surface 2010a of the substrate 2010. The
opening 2014 (serving as a first opening) has a circular shape
substantially matching the circular shape of the opening
2013a.

[0213] The first film is an insulating thin film composed of
silicon dioxide, wherein it has a through-hole 2015 having a
cylindrical shape. The first film supports the second film
above the substrate 2010 in such a way that a gap is formed
between a diaphragm 2020 and the substrate 2010.

[0214] The second film is a conductive thin film composed
of polysilicon doped with phosphorus (P) impurities. The
prescribed portion of the second film that is not fixed to the
third film forms the diaphragm 2020. The diaphragm 2020 is
not fixed to either the first film or the third film, wherein it
serves as a moving electrode vibrating due to sound waves.
The diaphragm 2020 covers the through-hole 2015 of the first
film. The two-dimensional shape of the diaphragm 2020 is a
circular shape.

[0215] Similar to the first film, the third film is an insulating
thin film composed of silicon dioxide, wherein it has a
through-hole 2016 having a cylindrical shape. The third film
insulates the conductive second film from the fourth film, and
it supports the fourth film above the second film.

[0216] Similar to the second film, the fourth film is a con-
ductive thin film composed of polysilicon doped with phos-
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phorus (P) impurities. The prescribed portion of the fourth
film that is not fixed to the third film forms a plate 2030. The
plate 2030 has a plurality of holes 2032.

[0217] A support 2040 is constituted of the substrate 2010,
the first film, the third film, and the prescribed portions of the
second and fourth films that are not fixed to the third film. The
support 2040 forms a back cavity 2042 inwardly of the inte-
rior wall of the through-hole 2011 and the interior wall of the
through-hole 2015. The back cavity 2042 releases pressure
applied to the diaphragm 2020 in a direction opposite to the
propagation direction of sound waves. In the claim language,
the support 2040 except for the substrate 2010 is defined as a
support.

[0218] A detecting portion of the condenser microphone
2001 will be described with reference to the circuitry shown
in FIG. 14A. Herein, the diaphragm 2020 is connected to a
bias voltage source. Specifically, leads 2104 and 2106 con-
nected to a terminal 2102 of the bias voltage source are
connected to the second film and the substrate 2010 respec-
tively, whereby both of the diaphragm 2020 and the substrate
2010 are placed at substantially the same potential. The plate
2030 is connected to an input terminal of the operational
amplifier 2100. That is, a lead 2108 connected to the input
terminal of the operational amplifier 2100 having relatively
high input impedance is connected to the fourth film.

[0219] Next, the operation of the condenser microphone
2001 will be described in detail. When sound waves are
transmitted through the holes 2032 of the plate 2030 to reach
the diaphragm 2020, the diaphragm 2020 vibrates due to
sound waves. Due to the vibration of the diaphragm 2020, the
distance between the diaphragm 2020 and the plate 2030 is
varied, so that electrostatic capacitance between the dia-
phragm 2020 and the plate 2030 is correspondingly varied.
[0220] Since the plate 2030 is connected to the operational
amplifier 2100 having relatively high input impedance, a very
small amount of electric charge existing in the plate 2030
moves toward the operational amplifier 2100 irrespective of
variations of electrostatic capacitance between the diaphragm
2020 and the plate 2030. That is, it is presumed that electric
charges existing in the plate 2030 and the diaphragm 2020
may be substantially unchanged. This makes it possible to
translate electrostatic capacitance between the diaphragm
2020 and the plate 2030 into potential variations of the plate
2030. Thus, the condenser microphone 2001 is capable of
producing electric signals in response to very small variations
of electrostatic capacitance between the diaphragm 2020 and
the plate 2030. In the condenser microphone 2001, variations
of sound pressure applied to the diaphragm 2020 are con-
verted into variations of electrostatic capacitance, which are
then converted into potential variations, based on which elec-
tric signals are produced in response to variations of sound
pressure.

[0221] Next, a manufacturing method of the condenser
microphone 2001 will be described with reference to FIGS.
15A to 15F and FIGS. 16A to 16F.

[0222] In a first step of the manufacturing method (i.e.,
(Al)and (B1) shown in FIGS. 15A and 15B), a first film 2051
serving as a sacrifice film is deposited on a wafer 2050 cor-
responding to the substrate 2010 (see FIGS. 14A and 14B).
Specifically, silicon dioxide is deposited on the monocrystal
silicon wafer 2050 by way of plasma CVD, thus forming the
first film 2051.

[0223] Next, a second film 2052 is deposited on the first
film 2051. Specifically, phosphorus-doped polysilicon is
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deposited on the first film 2051 by way of decompression
CVD, thus forming the second film 2052. Next, a photoresist
film is applied to the entire surface of the second film 2052;
then, a resist pattern is formed by way of photolithography for
performing exposure and development using a prescribed
resist mask. Then, the second film 2052 is selectively
removed by way of anisotropic etching such as RIE, thus
shaping the second film 2052 having a circular shape.
[0224] In a second step of the manufacturing method (i.e.,
(A2) and (B2) shown in FIGS. 15C and 15D), a third film
2053 is deposited on the second film 2052. That is, silicon
dioxide is deposited on the second film 2052 by way of
plasma CVD, thus forming the third film 2053.

[0225] In a third step of the manufacturing method (i.e.,
(A3) and (B3) shown in FIGS. 15E and 15F), a fourth film
2054 is deposited on the third film 2053. Specifically, phos-
phorus-doped polysilicon is deposited on the third film 2053
by way of decompression CVD, thus forming the fourth film
2054. Next, a photoresist film is applied to the entire surface
of'the fourth film 2054; then, a resist pattern is formed by way
of photolithography for performing exposure and develop-
ment using a prescribed resist mask. Then, the fourth film
2054 is selectively removed by way of anisotropic etching
such as RIE, thus shaping the fourth film 2054 having a
circular shape and a plurality of holes 2022.

[0226] In a fourth step of the manufacturing method (i.e.,
(A4) and (B4) shown in FIGS. 16A and 16B), a mask 2055
having an opening 2055a and a plurality of openings 20555 is
formed on a second surface 20505 opposite to the first surface
2050a of the wafer 2050 on which the first film 2051, the
second film 2052, the third film 2053, and the fourth film 2054
are laminated together. That is, a photoresist mask is applied
entirely to the second surface 20505 of the wafer 2050; then,
the mask 2055 is formed by way of photolithography for
performing exposure and development using a prescribed
resist mask. The opening 20554 (serving as the first opening)
has a circular shape in conformity with the two-dimensional
shape of the diaphragm 2020 (see FIG. 14A). Each of the
openings 20555 (serving as the second opening) has a rect-
angular shape elongated from the periphery of the opening
2055aq in its radial direction. The openings 20555 are formed
in a radial manner with respect to the opening 20554. That is,
the opening 2055a and the openings 20555 collectively form
a gear-like shape. The shorthand width (or slit width) of the
opening 20555 is much smaller than the diameter of the
opening 2055q. For example, the diameter of the opening
2055a ranges from 100 um to 1000 pm, preferably, it is
approximately set to 600 pm; and the slit width of the opening
205556 ranges from 1 pm to 50 um, preferably, it is approxi-
mately set to 40 um.

[0227] In a fifth step of the manufacturing method (i.e.,
(A5) and (B5) shown in FIGS. 16C and 16D), anisotropic
etching is performed using the mask 2055 on the wafer 2050,
thus forming the through-hole 2011 and the recesses 2012 in
the wafer 2050. Specifically, the prescribed portion of the
wafer 2050 exposed from the mask 2055 is selectively
removed by way of Deep-RIE. The anisotropic etching is
continuously performed until the through-hole 2011 substan-
tially matches the opening 20554 of the mask 2055 of the
wafer 2050. Since the slit width of the opening 20555 is much
smaller than the diameter of the opening 2055a, the etching
speed applied to the exposed portions of the openings 20555
of the wafer 2050 is slower than the etching speed applied to
the exposed portion of the opening 20554 of the wafer 2050
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due to the aspect-dependent etching effect. Thus, the recesses
2012 are reliably formed in conformity with the exposed
portions of the openings 20555 of the wafer 2050.

[0228] Next, the mask 2055 is removed by use of a resist
peeling solution such as NMP (N-methyl-2-pyrolidone).
[0229] In a sixth step of the manufacturing method (i.e.,
(A6) and (B6) shown in FIGS. 16E and 16F), wet etching is
performed using an etching solution such as buffered hydrof-
Iuoric acid (or Buffered HF) so as to selectively remove the
first film 2051 and the third film 2053, both of which are
silicon oxide films. The etching solution is introduced via the
through-hole 2011 and the recesses 2012 of the wafer 2050 as
well as the holes 2032 of the fourth film 2054, thus dissolving
the first film 2051 and the third film 2053. By appropriately
designing the shapes and arrangements of the through-hole
2011 and the holes 2032, it is possible to form the through-
holes 2015 and 2016 in the first film 2051 and the third film
2053, whereby it is possible to form the sensing portion
constituted of the diaphragm 2020, the plate 2030, and the
support 2040 (see FIG. 14A). The diaphragm 2020 has a
circular shape in correspondence with the through-hole 2011,
which is shaped in conformity with the opening 2014 of the
first surface 20504 of the wafer 2050. The aforementioned
process will be referred to as a wet etching process.

[0230] Thereafter, dicing and packaging steps are per-
formed, thus, it is possible to completely produce the con-
denser microphone 2001.

[0231] In the third embodiment, the opening 2013 of the
first surface 2050a of the substrate 2010 has a gear-like shape
constituted of the through-hole 2011 and the recesses 2012.
Even when bubbles occur so as to entirely cover the opening
2013 (i.e., an inlet opening for introducing an etching solu-
tion) in the wet etching process, surface tensions are unevenly
distributed to bubbles due to the rectangular openings 20135,
which are elongated from the periphery of the opening 2013«
having a circular shape in a radial direction; hence, bubbles
may be easily burst. This simplifies the manufacturing pro-
cess of the condenser microphone 2001.

[0232] In the third embodiment, the openings 20135 are
formed on the second surface 20105 of the substrate 2010 by
means of the recesses 2012, which are not opened in the first
surface 2010a of the substrate 2010. This makes it possible to
form the opening 2014 on the first surface 2010a of the
substrate 2010 in correspondence with the two-dimensional
shape of the diaphragm 2020 irrespective of the shape of the
opening 2013 of the second surface 20105 of the substrate
2010. For this reason, it is possible to prevent output charac-
teristics of the condenser microphone 2001 from being
degraded.

[0233] The third embodiment can be further modified in a
variety of ways; hence, variations will be described below.

(a) First Variation

[0234] FIGS. 17A and 17B show the constitution of a con-
denser microphone 2002 in accordance with a first variation
of the third embodiment. The condenser microphone 2002
has a substrate 2210 having a first through-hole 2211. All the
constituent elements of the condenser microphone 2002 are
substantially identical to those of the condenser microphone
2001 except for the substrate 2210 forming the sensing por-
tion.

[0235] Asshown in FIGS. 17A and 17B, the substrate 2210
is a monocrystal silicon substrate, in which the first through-
hole 2211 and second through-holes 2212 are formed in a
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thickness direction. An opening 2213 having a gear-like
shape constituted of an opening 2213a (corresponding to the
first through-hole 2211) and a plurality of openings 22135
(corresponding to the second through-holes 2212) is formed
in a second surface 22105 of the substrate 2210. The opening
2213a (serving as a second opening) has a circular shape.
Each of the openings 22135 (serving as fourth openings) has
arectangular shape elongated from the periphery of the open-
ing 2213a in its radial direction. On the other hand, a first
opening (corresponding to the first through-hole 2211) and a
plurality of third openings (corresponding to the second
through-holes 2212) are formed in a first surface 2210a of the
substrate 2210. Herein, the first opening is shaped substan-
tially in conformity with the opening 2213a, and the third
openings are shaped substantially in conformity with the
openings 22135.

[0236] Next, a manufacturing method of the condenser
microphone 2002 will be described with reference to FIGS.
18A to 18D. Similar to the manufacturing method of the
condenser microphone 2001, the first film 2051, the second
film 2052, the third film 2053, and the fourth film 2054 are
deposited on the first surface 2050a of the wafer 2050 form-
ing the substrate 2210.

[0237] In a first step of the manufacturing method (i.e.,
(A1) and (B1) shown in FIGS. 18A and 18B), a mask 2255
having an opening 2255a (serving as the first opening) and a
plurality of openings 22555 (serving as the second openings)
is formed on the second surface 20505 opposite to the first
surface 20504 of the wafer 2050. The mask 2255 is substan-
tially identical to the mask 2055 so that the openings 2255a
and 22555 substantially match the openings 20554 and
20555, although the widths of the openings 22555 can be
adequately increased so that the etching speed applied to the
exposed portion of the opening 22554 becomes substantially
identical to the etching speed applied to the exposed portions
of the openings 225556. For example, the diameter of the
opening 2255a ranges from 100 pm to 1000 um, preferably, it
is approximately set to 600 um; and the width of the opening
225556 ranges from 40 um to 200 pm, preferably, it is approxi-
mately set to 100 pm.

[0238] In a second step of the manufacturing method (i.e.,
(A2) and (B2) shown in FIGS. 18C and 18D), anisotropic
etching is performed using the mask 2255 on the wafer 2050
so as to form the first through-hole 2211 and the second
through-holes 2212 in the wafer 2050. Specifically, the pre-
scribed portion of the wafer 2050 exposed from the mask
2255 is selectively removed by way of Deep-RIE. Since sub-
stantially the same etching speed is applied to both of the
exposed portion of the opening 22554 and the exposed por-
tions of the openings 22555, the first through-hole 2211 is
formed in conformity with the opening 22554, and the second
through-holes 2212 are formed in conformity with the open-
ings 22555 in the wafer 2050.

[0239] Steps following the aforementioned steps are sub-
stantially identical to those of the manufacturing method of
the condenser microphone 2001.

[0240] In the third embodiment, the opening 2213 formed
on the second surface 22106 of the substrate 2210 has a
gear-like shape constituted of the first through-hole 2211 and
the second through-holes 2212. As a result, even when
bubbles occur to entirely cover the opening 2213, which is an
inlet opening for introducing an etching solution, in the wet
etching process, surface tensions are unevenly distributed to
bubbles by means of the rectangular openings 22135 elon-

Apr. 9, 2009

gated from the periphery of the circular opening 2213 in its
radial direction; hence, bubbles may be easily burst. This
simplifies the manufacturing process of the condenser micro-
phone 2002.

[0241] In the first variation of the third embodiment, a
circular opening is formed in conformity with the two-dimen-
sional shape of the diaphragm 2020 on the first surface 2210a
of'the substrate 2210 by means of the first through-hole 2211.
By appropriately designing the second through-holes 2212, it
is possible to prevent output characteristics of the condenser
microphone 2002 from being degraded.

(b) Other Variations

[0242] The third embodiment and its first variation are each
directed to the condenser microphone as an example of the
pressure sensor. Of course, the third embodiment can be
applied to other types of pressure sensors that detect pressure
variations other than variations of sound pressure.

[0243] In the third embodiment and its first variation, a
gear-like opening is formed on the second surface of the
substrate positioned opposite to the diaphragm, whereas the
opening formed on the second surface of the substrate is not
necessarily formed in a gear-like shape. For example, it is
possible to produce a condenser microphone 2003 as shown
in FIGS. 19A and 19B, in which an opening 2313 constituted
of an opening 2313¢ (that is shaped in conformity with the
two-dimensional shape of the diaphragm) and a plurality of
openings 23135 (having triangular shapes that project exter-
nally of the periphery of the opening 23134) is formed in the
second surface o a substrate 2310.

[0244] Incidentally, the third embodiment and its variations
are all directed to the condenser microphone having the cir-
cular diaphragm 2020, although the two-dimensional shape
of'the diaphragm 2020 is not necessarily limited to the circu-
lar shape. For example, the opening 2013a can be formed in
aprescribed shape other than the circular shape in conformity
with the two-dimensional shape of the diaphragm 2020 in the
condenser microphone 2001. Similarly, the opening 2213a
can be formed in a prescribed shape other than the circular
shape in conformity with the two-dimensional shape of the
diaphragm 2020. Lastly, the present invention is not neces-
sarily limited to the aforementioned embodiments and varia-
tions; hence, it can be further modified within the scope of the
invention defined by the appended claims.

What is claimed is:

1. A pressure sensor comprising:

a plate having a fixed electrode:

a diaphragm having a moving electrode positioned oppo-
site to the fixed electrode, wherein the diaphragm is
subjected to displacement due to pressure variations
applied thereto; and

a support having an opening, on which end portions of the
plate are fixed, and an interior wall, in which a step
portion is formed and which forms a cavity whose cross-
sectional area is larger than a cross-sectional area of the
opening in any plane of the cavity parallel to the plate.

2. The pressure sensor according to claim 1, wherein the

cross-sectional area of the cavity in a plane direction parallel
to the plate is enlarged in a direction opposite to the plate by
way of the step portion, which the interior wall forms in the
thickness direction of the diaphragm.
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3. A pressure sensor comprising:

a plate having a fixed electrode:

a diaphragm having a moving electrode positioned oppo-
site to the fixed electrode, wherein the diaphragm is
subjected to displacement due to pressure variations
applied thereto;

a support having an interior wall, which end portions of the
plate are fixed to, wherein a first cavity is formed
inwardly of the interior wall of the support and the
diaphragm; and

a sub-cavity forming portion for forming a second cavity
communicating with the first cavity via a passage having
an opening communicating the first cavity.

4. The pressure sensor according to claim 3, wherein the
sub-cavity forming portion is arranged in the support, and
wherein the passage and the second cavity are formed
inwardly of a recess of the support.

5. The pressure sensor according to claim 3, wherein the
sub-cavity forming portion forms a plurality of second cavi-
ties and a plurality of passages having different resistances,
via which the first cavity communicates with the second
cavities.

6. The pressure sensor according to claim 4, wherein the
sub-cavity forming portion forms a plurality of second cavi-
ties and a plurality of passages having different resistances,
via which the first cavity communicates with the second
cavities.

7. The pressure sensor according to claim 5, wherein the
plurality of second cavities have different volumes.

8. The pressure sensor according to claim 6, wherein the
plurality of second cavities have different volumes.

9. A pressure sensor comprising:

a substrate having a first surface and a second surface,

which are positioned opposite to each other;

a plate having a fixed electrode, which is constituted of a
thin film formed on the first surface of the substrate;

a diaphragm having a moving electrode positioned oppo-
site to the fixed electrode, wherein the diaphragm is
constituted of a thin film formed on the first surface of
the substrate and is subjected to displacement due to
pressure variations applied thereto;

a support constituted of a thin film, which is composed of
a material that can be selectively removed from the
substrate by way of wet etching and which is formed on
the first surface of the substrate, wherein the support
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supports the plate such that a gap is formed between the
fixed electrode and the moving electrode;

athrough-holethat is formed to run through the substrate in
its thickness direction so as to expose the diaphragm,
wherein the through-hole has a first opening, which is
formed on the first surface of the substrate in conformity
with a two-dimensional shape of the diaphragm, and a
second opening whose shape is substantially identical to
a shape of the first opening and which is formed on the
second surface of the substrate; and

a recess, which is formed on the second surface of the
substrate and which forms a third opening communicat-
ing with the second opening in its periphery.

10. A pressure sensor comprising:

a substrate having a first surface and a second surface,
which are positioned opposite to each other;

a plate having a fixed electrode, which is constituted of a
thin film formed on the first surface of the substrate;

a diaphragm having a moving electrode positioned oppo-
site to the fixed electrode, wherein the diaphragm is
constituted of a thin film formed on the first surface of
the substrate and is subjected to displacement due to
pressure variations applied thereto;

a support constituted of a thin film, which is composed of
a material that can be selectively removed from the
substrate by way of wet etching and which is formed on
the first surface of the substrate, wherein the support
supports the plate such that a gap is formed between the
fixed electrode and the moving electrode;

a first through-hole that is formed to run through the sub-
strate in its thickness direction so as to expose the dia-
phragm, wherein the first through-hole has a first open-
ing, which is formed on the first surface of the substrate
in conformity with a two-dimensional shape of the dia-
phragm, and a second opening whose shape is substan-
tially identical to a shape of the first opening and which
is formed on the second surface of the substrate; and

a second through-hole that is formed to run through the
substrate in its thickness direction, wherein the second
through-hole forms a third opening communicating with
the first opening in its periphery on the first surface ofthe
substrate and a fourth opening whose shape is substan-
tially identical to a shape of the third opening on the
second surface of the substrate.
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