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- ABSTRACT

A semiconductor acceiefation sensor Is provided, which has ﬁthe
capability of preventing a situation that detection accuracy of acceleration
deteriorates due to undesirable thermal stress induced when a metal layer
wiring is used in the acceleration sensor. This sensor comprises a frame,
a weight, at least one pair of beams made of a semiconductor material, via
which said weight is supported in the frame, and at least one resiétor

element formed on each of the beams to thereby detect accelera@tion

according to piezoelectric effect of the resistor element. The sensor also

includes a doped semiconductor layer formed in a top surface of each of

the beams as a wiring for electrically connecting with the resistor element.
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SPECIFICATION ;

SEMICONDUCTOR ACCELERATION SENSOR USING DOPED

SEMICONDUCTOR LAYER AS WIRING '
BACKGROUND OF THE INVENTION

1. Field of the Invention .
The present invention relates to a semiconductor acceleration
sensor using piezoelectric effects, and particularly a semiconductor multi-
axial acceleration sensor using a doped semiconductor layer as wiring for
accurately detecting acceleration in plural directions, which are preferably

used for automobiles, home electric appliances, and so on.

2. Disclosure of the Prior Art

In the past, a piezoelectric-type or a capacitance-type
semiconductor acceleration sensor has been widely used in vari§ous
applications of automobiles, home electric appliances, and so on. As the
plezoelectric-type semiconductor acceleration sensor, for example,
Japanese Patent Early Publication No. 11-160348 discloses
semiconductor multi-axial acceleration sensor for detecting acceleration in
plural directions. '

As shown in FIG. 16, this sensor is formed with a sensor body 1°
having a frame 11, a weight 12" and two pairs of beams 13', via whichﬁthe
weight is supported in the frame, and resistor elements R are formed on
each of the beams. The frame 11", the weight 12' and the beams 13‘§are
Integrally molded by a semiconductor material such as silicon. The
numeral 2" designates a glass cover, to which the sensor body 1' is fixed.
The numeral 2a’ designates a space provided between the sensor body 1'
and the glass cover 2', by which a positional displacement of the weéight

12" against the frame 11' is allowed. When this acceleration sensor
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receives acceleration, the positional displacement of the weight 12° oceurs.
At this time, strains caused in the beams 13' by the positional
displacement of the weight 12' change electrical resistivity of the resistor

elements R formed on the beams 13'. According to the changes in

electrical resistivity, the acceleration can be detected in three different
directions from each other by 90 degrees, i.e., X, Y and Z axis directions.

By the way, in the conventional semiconductor multi-exial
acceleration sensor, a wiring for electrically connecting the resistor
element R on the respective beam 13" with a pad 16 formed on the freme
11" Is provided by a metal layer 17. In this case, a bimetal structure is
formed on the beam 13' by the metal layer 17 and the semiconductor
material such as silicon of the beam 13'. For example, wheh a
temperature of the acceleration sensor increases according to changes In
ambient temperature, a thermal stress derived from a difference of thermal
expansion coefficient between the metal layer and silicon occurs in the
beam 13’, so that the detection accuracy of acceleration may lower due to
the influence of the thermal stress. In particular, when the beam 13’ ;has
a relatively large size in the length direction to improve the deteetion
accuracy of acceleration, the influence of the thermal stress caused by the
formation of the bimetal structure on the detection accuracyg of
acceleration markedly increases. Thus, there is a problem that the
formation of the metal layer 17 on the beam 13' leads to a deterioration of
the detection accuracy of the acceleration sensor.

In addition, this kind of acceleration sensor has a plurality of briﬁdge
circuits, each of which is obtained by making an electrical conneétion
among four resistor elements. In this case, as a temperature
dependency of an offset voltage (i.e., a voltage output from the sensor in
an acceleration free state) of the bridge circuit increases, Operattenal
reliability of the acceleration sensor lowers. Therefore, it is desired to
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reduce the offset voitage of the bridge circuit over a relatively wide working

temperature range, e.g.,, —40°C to 80°C. However, when the wiring for
making the electrical connection between the resistor element R and the
pad 16 is provided by the metal layer 17, there is another problem that a

fluctuation width of the offset voltage increases due to thermal hysteresis.

SUMMARY OF THE INVENTION

Therefore, in consideration of the above, a primary object of the
present invention iIs to provide a semiconductor acceleration sensor, which
has the capability of preventing a situation that detection accuracy of
acceleration déteriorates due to undesirable thermal stress induced in a

semiconductor acceleration sensor using metal-layer wiring.

According to an aspect of the invention there is provided a semiconductor
acceleration sensor comprising: a sensor body comprising at least one
semiconductor material and having a frame, a weight, at least one pair of beams,
and a plurality of resistor elements, the weight being supported in the frame via
the beams, and at least one resistor element formed on each of the beams,
' thereby detecting acceleration according to piezoelectric effect of the resistor
elements, wherein the semiconductor material includes doped semiconductor
portions of the semiconductor material formed in a top surface of each of the

beams as a wiring for electrically connecting with the resistor elements to

terminals.

According to the present invention, since a difference in thermal
expansion coefficient between the doped semiconductor layer and the
semiconductor material of the beam is very small, it is possible to
remarkably reduce the influence of undesirable thermal stress caused in
the beam by the difference in thermal expansion coefficient on the
detection accuracy of acceleration, as compared with the case that the
acceleration sensor has a bimetal structure formed by the semiconductor
material of the beam and a metal layer wiring formed on the beam.

It is preferred that each of the beams has a plurality of wirings,
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which substantially extend in a length direction of the beam such thati the
wirings are spaced away from each other in a width direction of the beam
by a required distance, and wherein all of the wirings are provided by
doped semiconductor layers. In particular, it is preferred that theitop
surface of each of the beams has only a wiring(s) provided by the doped
semiconductor layer. It is also preferred that a total area of the wirings
formed in the top surface of each of the beams by the dogped
semiconductor layers is larger than the total area of wiring free regionﬁs of
the top surface thereof.

It is preferred that at least one pair of beams are two pairs of
beams, one pair of which extends in an orthogonal direction to the other
pair thereof, so that the semiconductor acceleration sensor has ‘the
capability of detecting acceleration in plural directions according to the
piezoelectric effect of the resistor element. In this case, it is possible to
provide the acceleration sensor as a semiconductor mulﬁ-—éxial
acceleration sensor. :

As a preferréd arrangement of the resistor elements to detect the
acceleration in two directions different from each other by 90 degrees, a
pair of resistor elements are positioned on each of the beams ing the
vicinity of one end of the beam adjacent to the weight, so that the
semiconductor acceleration sensor has a pair of bridge circuitsi for
detecting the acceleration in the two directions, which are formed by use
of the resistor elements. Alternatively, as another preferred arrangement
of the resistor elements to detect the acceleration in three directions
different from each other by 90 degrees, three resistor elements are
positioned on each of the beams such that two of them are positicned in
the vicinity of one end of the beam adjacent to the weight, and the
remaining one of them is positioned in the vicinity of the opposite enéd of

the beam, so that the semiconductor acceleration sensor has three bridge
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circuits for detecting the acceleration in the three directions, which%are
formed by use of the resistor elements.

It is also preferred that at least one of resistor element and the
wiring of the doped semiconductor layer formed on each of the pair of
beams have electrical resistances determined such that a total amount of
heat generated by the at least one resistor element and the wiring of the
doped semiconductor layer on one of the pair of beams are substanfiaiiy
equal to the amount of heat generated by them on the other beam. In
this case, it is possible to minimize a fluctuation of the offset voltage, which
Is caused by heat generation at the beam, with respect to each of the
bridge circuiis. :

It is preferred that the wiring of the doped semiconductor layegr on
one of the pair of beams has substantially the same pattern as the wiring
of the doped semiconductor layer on the other beam. In this case, Since
an amount of stress induced in one of the pair of beams is substanfially
equal to the amount of stress induced in the other beam, it is possibfe to
further reduce the offset voltage. :

It is preferred that the weight has a first wiring of a ddped
semiconductor layer formed in a top surface thereof and a second wiring
of a metal layer formed on the top surface, and wherein an insulating iayer
Is provided at an intersection of the first and second wirings to electriCaIIy
insulate the first wiring from the second wiring. In this case, it is possible
to improve a degree of freedom of wiring design and facilitate downsiZing
the acceleration sensor. '

It is preferred that each of the beams has a thermal oxide layer
formed on the top surface thereof such that a thickness of the thermal
oxide layer on the doped semiconductor layer is smaller than the thickhess
of the thermal oxide layer on a wiring free region of the top surface of the

beam. In this case, when such an insulating film for protection having a
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low thermal conductivity such as silicon oxide is formed on the entire top

surface of the beam, it is possible to efficiently release the heat generated
by the doped semiconductor layer 15 from the beam 13 through the
thinned silicon oxide layer, and therefore prevent the occurrence of a

deformation or warpage of the beam.

It is preferred that first and second regions are defined on the top
surface of each of the beams at both sides of a center line extending in the
length direction of the beam through a center of a width of the beam, and
wherein wiring patterns formed in the first and second regions by the
doped semiconductor layers are symmetric with respect to the center line.
In this case, since an amount of stress induced in the first region of the
beam is substantially equal to the amount of stress induced in the second
region of the beam, it is possible to prevent a situation that the beam is
twisted, and the weight is inclined regardiess of the presence or absence

of acceleration. As a result, it is possible to further reduce the offset

voltage of the acceleration sensor.

According to an aspect of the invention there is provided an acceleration
sensor comprising: é sensor body comprising at least one semiconductor
material and having a frame portion defining an inside space, a plurality of beam
portions extending from the frame portion toward the inside space, and a weight
portion suspended in the inside space via the plurality of beam portions; and a
plurality of resistor elements positioned on the plurality of beam portions,
respectively, each of the resistor elements being positioned to detect
acceleration due to piezoelectric effect; wherein the beam portions of the sensor
body have a plurality of doped semiconductor portions of the semiconductor

material patterned to electrically connect the resistor elements to respective

terminals.
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These and still other objects and advantages of the present
invention will become more apparent from detail description of preferred

embodiments explained below, referring to the attached drawings.

BRIEF EXPLANATION OF THE ATTACHED DRAWINGS
FIG. 1 is a perspective view of a semiconductor multi-axial acceleration

sensor, from which a part of a frame was removed, according to a first
embodiment of the present invention;

FIG. 2 is a top view of the acceleration sensor;

FIG. 3 is schematic plan view showing positions of resistor elements of the
acceleration sensor; |

FIG. 4 1s a circuit diagram of bridge circuits of the acceleration sensor;

FIG. 5 i1s a circuit diagram for explaining an operation of the acceleration
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Sensor;

FIG. 6 shows an example of a wiring layout of the acceleration sensor;;
FIG. 7 is a schematic cross-sectional view illustrating a positibnal
displacement of a weight of the acceleration sensor;
FIG. 8 I1s a schematic cross-sectional view illustrating another positiOnaI
displacement of the weight of the acceleration sensor; ;
FIG. 9 is a flat view of a semiconductor multi-axial acceleration sehsor
according to a second embodiment of the present invention; '
FIG. 10 is a flat view of a semiconductor multi-axial acceleration sensor
according to a third embodiment of the present invention:; _
FIG. 11 is a flat view of a semiconductor multi-axial acceleration sehsor
according to a fourth embodiment of the present invention; '
FIG. 12 is a schematic cross-sectional view of a beam with doped

semiconductor layers:

FIGS.13A to 13F show a method of forming the doped semiconductor
layers of FIG. 12 in the beam: '

FIG. 14 is a schematic cross-sectional view of another beam with doped
semiconductor layers:

FIGS.15A to 15F show a method of forming the doped semiconductor
layers of FIG. 14 in the beam; and

FIG. 16 is a perspective view of a conventional semiconductor multi-axial

acceleration sensor, from which parts of a weight and a frame were
removed.

DETAIL DESCRIPTION OF THE PREFERRED EMBODIMENTS OF THE
INVENTION '

According to the following preferred embodiments, semicondubtor
acceleration sensors of the present invention are explained in detail. -

However, needless to say, the present invention is not limited to these}
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embodiments.
(First Embodiment)

In a semiconductor multi-axial acceleration sensor of ?this
embodiment, as shown in FIG. 1, a sensor body 1 is formed by use of a
SOl substrate 100 having an embedded oxide layer 102 such as silicon
oxide as an intermediate layer, and fixed to a glass cover 2 by anodic
bonding. The SOl substrate 100 is composed of a base substrate 101 of
silicon, an n-type silicon layer (silicon active layer) 103 having a smaller
thickness than the base substrate, and the embedded oxide layer 102
provided therebetween as an insulating layer. It is preferred that a
thickness of the base substrate 101 is in a range of 400 fo 600 ;pm,
thickness of the embedded oxide film 102 is in a range of 0.3 to 1.5§|.|.m,
and the thickness of the silicon layer 103 is in a range of 4 to 6 um.

As shown in FIGS. 1 and 3, this sensor body 1 has a rectangular
frame 11, a weight 12, and two pairs of beams 13 each having a smaller
thickness than the frame. The weight 12 is supported in the frame 11 via
those beams 13. The rectangular frame 11, weight 12 and the beam§s 13
are integrally molded by the SOI substrate. In addition, the sensor body
1 is formed such that a thickness of the base substrate 101 of the weight
12 is smaller than the thickness of the base substrate of the framé 1.
Therefore, when the bottom surface of the rectangular frame 11 is fixéd to
the glass cover 2, the weight 12 is spaced away from the glass cover?by a
required distance. Thus, by the formation of clearances between the
frame 11 and the weight 12, and between the glass cover 2 and the weight
12, the weight 12 is allowed to make a positional displacement when the
acceleration sensor receives acceleration.

 The weight 12 is formed with a center weight 12a of a rectangular
solid having a substantially square top, to each side of which one er§1d of
each of the beams 13 is connected, and four sub weights 12b projebting
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from four corners of the center weight 12a.  Each of the sub weights 12b
Is of a rectangular solid having a substantially square top, and spaced
from the frame 11 and the beams 13 by a slit 14 except that a corner of the
sub weight 12b is connected to the corner of the center weight ?l2a.
Each of the beams 13 is composed of the n-type silicon layer 103 and an
Insulating layer (not shown) of silicon oxide formed on the n-type silgicon
layer. One pair of the beams 13 extends in an orthogonal direction to the
other pair of the beams.

In this embodiment, a Z-axis is defined in a thickness directidn of
the sensor body 1. Y and X axes different from each other by 90 degrees
are defined on a horizontal top plane of the sensor body 1, as shown in
FIG. 2. Therefore, to support the weight 12, one pair of the beams
extends in the X-axis direction, and the other pair of the beams extends in
the Y-axis direction. .

On one (left beams shown in FIG. 2 or 3) of the beams 13
extending In the X-axis direction, resistor elements R1x, R3xf are
positioned In the vicinity of the center weight 12a, and a resistor element
R4z is positioned in the vicinity of the frame 11. Similarly, on the other
one (right beam shown in FIG. 2 or 3) of the beams 13 extending in the X-
axis direction, resistor elements R2x, R4x are positioned in the vicinity of
the center weight 12a, and a resistor element R2z is positioned in the
vicinity of the frame 11. These four resistor elements (R1x, R2x, R3x,
R4x) are used to detect the acceleration in the X-axis direction, and
arranged such that a length direction of each of the resistor elements is in
agreement with the extending direction of the beam 13. |In addition,
these resistor elements are electrically connected to form a bridge circuit
shown at the left side of FIG. 4. Thus, it is preferred that the resistor
elements (R1x, R2x, R3x, R4x) are formed on required regions of the

beams 13, at each of which a maximum stress are generated when the
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acceleration sensor receives acceleration in the X-axis direction.

On one (upper beams shown in FIG. 2 or 3) of the beams 13
extending in the Y-axis direction, resistor elements R1y, R3y gare
positioned In the vicinity of the center weight 12a, and a resistor element
R1z is positioned in the vicinity of the frame 11. Similarly, on the other
one (lower beam shown in FIG. 2 or 3) of the beams 13 extending in the
Y-axis direction, resistor elements R2y, R4y are positioned in the vicinity
of the center weight 12a, and a resistor element R3z is positioned in the
vicinity of the frame 11. These four resistor elements (R1y, R2y, R3y,
R4y) are used to detect the acceleration in the Y-axis direction, and
arranged such that a length direction of each of the resistor elements IS In
agreement with the extending direction of the beam 13. In addi?tion,
these resistor elements are electrically connected to form a bridge circuit
shown at the center of FIG. 4. Thus, it is preferred that the resistor
elements (R1y, R2y, R3y, R4y) are formed on required regions of the
beams 13, at each of which a maximum stress are generated when the
acceleration sensor receives acceleration in the Y-axis direction.

On the other hand, the four resistor elements (R1z, R2z, R3z, R4z)
are positioned in the vicinity of the frame 11 on the beams 13 such that a
length direction of each of the resistor elements (R1z, R3z) is in
agreement with the extending direction of the corresponding beam,} le.,
the Y-axis direction, and a width direction of each of the resistor e|er‘rients
(R2z, R4z) is in agreement with the extending direction of the
corresponding beam, i.e., the X-axis direction. These resistor elements
(R1z, R2z, R3z, R4z) are used to detect the acceleration in the Z-axis
direction. In addition, these resistor elements are electrically connécted
to form a bridge circuit shown at the right side of FIG. 4. Thus,? it is
preterred that the resistor elements (R1z, R2z, R3z, R4z) are formed on
required regions of the beams 13, at each of which a maximum stress are
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generated when the acceleration sensor receives acceleration in the Z-

axis direction. .
The electrical resistivity of the resistor element (R1x~R4x, R1y~

R4y, R1z~R4z) changes in accordance with strain induced in the beam

13 by a positional displacement of the weight 12 against the frame 11
when the acceleration sensor receives acceleration. In addition, éac_h of
the resistor elements is electrically connected to a pad formed at a
required position on the frame 11. In this embodiment, ali of wirings
electrically connected to the resistor elements on the beams 13 are
formed by doped semiconductor layers 15 formed in top surfaces of the
beams 13 at a required depth.

In this case, since a difference of thermal expansion coeﬁiéient
between the doped semiconductor layer 15 and the semiconductor
material of the beam 13 is very small, it is possible to remarkably reduce
the Influence of undesirable thermal stress caused in the beam by the
difference of thermal expansion coefﬂcnent on the detection accuracy of
acceleration, as compared with the case that the acceleration sensor has
a bimetal structure formed by the semiconductor material of the beam' and
a metal layer wiring formed on the beam. It is preferred that a depth of
the doped semiconductor layer 15 from the top surface of each of the
oeams 13 is substantially half of a thickness of the beam, and a doping
concentration of the doped semiconductor layer is within a range of
10"%cm’® to 10%/cm®. As the doping concentration increases. the
electrical resistivity of the doped semiconductor layer becomes smaller to
thereby reduce the amount of heat generation and electric power
consumption of the sensor body 1.

When forming the wiring(s) of the doped semiconductor layer 15, it
is preferred that the resistor element(s) and the wiring(s) of the dpped

semiconductor layer formed on each pair of the beams have electrical
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resistances determined such that a total amount of heat generated by the
resistor element(s) and the wiring(s) of the doped semiconductor layer on
one of the pair of beams are substantially equal to the total amount of heat
generated by them on the other beam.

That is, since a part of electric power supplied to the sensor body 1
is lost as Joule heat when electric current flows in the wiring, a
temperature of the doped semiconductor layer 15 in the beam 13
Increases. When an insulating film for protection such as silicon oxide is
formed on the top surface of the beam, there is a fear that a radiation of
heat generated by the doped semiconductor layer 15 from the beam 13 is
interfered with the insulating film having a low thermal conductivity, soéthat
a deformation or warpage of the beam 13 occurs. In this case. it is
preferred a thermal oxide film is formed as the insulating film on thé top
surface of each of the beams such that a first thickness of the insuléting
film on the doped semiconductor layer 15 is smaller than a sec:ond
thickness of the insulating film on a wiring free region of the top surface of
the beam 13. As an example, the first thickness is approximately 4000 A,
and the second thickness is approximately 7000 A. _

For example, the thermal oxide film having the first and second
thicknesses can be obtained on the beam by the following method. T hat
IS, a silicon oxide film formed on the entire top surface of the SOI subsgtrate
100 is patterned, so that exposed surfaces of the beams are used as
wiring regions for forming the doped semiconductor layers 15. After the
doped semiconductor layers are formed by use of the patterned silicon
oxide film as a mask, an additional silicon oxide film is formed on the éntire
surface of the SOI substrate with the doped semiconductor layer and the
patterned insulating film by thermal oxidation. The doped semiconductor
layer 15 and the resistor element can be formed by ion implantation of a
p-type impurity such as boron. Alternatively, after a predeposition of the
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p-type impurity, a dnive-in step may be performed. In this embodiment,
since the silicon fayer 103 is made of the n-type semiconductor mate;frial,
the conductivity type of the resistor element and the doped semiconductor
layer is p-type. On the contrary, when the silicon layer 103 is made of a
p-type semiconductor material, the conductivity type of the resistor
element and the doped semiconductor layer is n-type.

By the way, when most of wirings connected to the resistor
elements positioned around the center weight 12a are formed on the
frame 11, there may be an inconvenience that nonuniformity of wiring
resistance in the bridge circuit increases due to an extended length of the
wirings, and also the sensor body 1 increases in size. The occurren¢e of
such an inconvenience will increase as larger the number of the bridge
circuits and/or longer the beam length. In such a case, itis preferredﬁthat
at least a part of the wirings for the resistor elements positioned ardund
the center weight 12a are formed on the center weight 12a.

For example, when two wirings cross each other on the center
weight 12a, it is preferred that one of the wirings is formed by the dOped
semiconductor layer 15 and the other one is formed by a metal layer 17,
and an insulating layer such as an silicon oxide film formed on the silicon
layer 103 is provided at the intersection of these two wirings to electribally
insulate the doped semiconductor layer 15 from the metal Iayer,i 17.
Alternatively, a multilayer of the silicon oxide film and a silicon nitride film
may be used as the insulating film.

In FIG. 2, the numeral 20 designates a contact portion, at which the
doped semiconductor layer 15 is electrically connected with the metal
layer 17.  That is, a contact hole is formed in the insulating film, one end
of the metal layer wiring is embedded in the contact hole to obtain the
electrical connection between the doped semiconductor layer 15 and the
metal layer 17. Each of the doped semiconductor layers 15 formed in the
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center weight 12a i1s of an L-shape configuration. The dojped
semiconductor layers 15 are formed in the center weight 12a so as not to
cross each other. Most of the wirings on the frame 11 can be formed by
the metal layer (not shown). '

As described above, since the semiconductor multi-axial
acceleration sensor has the two or three bridge circuits, a total number of
pads formed on the frame 11 increases. This may narrows a degree of
freedom of wiring design, and enlarges the size of the sensor body 1. in
this embodiment, as shown in FiG. 4, only two pads are used as common
input terminals for the three bridge circuits to reduce the total number of
the pads formed on the frame 11.  In other words, the three bridge circuits
are connected in parallel. As a result, the total number of the pads to be
formed on the frame 11 in this embodiment is eight. :

In FIG. 4, "X1" and "X2" designate two output terminals of§ the
bridge circuit used to detect the acceleration in the X-axis direction. "Y1"
and "Y2" designate two output terminals of the bridge circuit used to detect
the acceleration in the Y-axis direction. "Z1" and "Z2" designate two
output terminals of the bridge circuit used to detect the acceleration in the
Z-axis direction. "VDD" and "GND" designate the commonly ihput
terminals for the three bridge circuits. The pads and the wirings formed
on the frame 11 are not shown in FIG. 2. '

The pad to be connected with the resistor element through the
wiring Is indicated by the arrow in FIG. 2. For example, the reSistor
element "R1x" formed on the beam 13 is connected to the paad ?(not
shown) corresponding to the output terminal "X1" through the wiring of the
doped semiconductor layer 15 formed in the beam 13. An external power
supply (not shown) is connected between the input terminals "VDD" and
"GND". The input terminal "VDD" is connected to a high-voltage sic}e of
the power supply, and the input terminal "GND" is connected to a low-
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voltage side of the power supply (i.e., ground side). Thus, by using the
pad arrangement described above, it is possible to reduce the total
number of the pads to be formed on the frame 11, increase the degree of
freedom of wiring design, and readily downside the sensor body 1, as
compared with the case of forming the pads for input terminals every
bridge circuit on the frame 11. '

By the way, in the acceleration sensor of this embodiment with the
doped semiconductor layer 15 formed as the wiring on each of the béams
13, the electrical resistance of the wiring extending between the reéistor
elements increases due to a relatively large specific resistance of the
doped semiconductor layer, so that there is a tendency that the offset
voltage Is enlarged as the length of the wiring extending between the
resistor elements becomes longer. For example, in the bridge circuit

shown In FIG. 5, the offset voltage is a voltage "v"(=v1—v2) output from

the acceleration sensor when the acceleration sensor does not receive
acceleration. '

In this embodiment, to reduce the offset voltage, the electrical
resistance of each of the wirings is adequately determined according to
the following manner. That is, as shown in FIG. 6, a resistance vaiue (r1)
of the wiring extending between the resistor element R1 and the ifnput

terminal "GND" is equal to the resistance value (r2) of the wiring extending

between the resistor element R2 and the input terminal "GND". A
resistance value (r3) of the wiring extending between the resistor element
R1 and the output terminal "V1" is equal to the resistance value (r4) of the
wiring extending between the resistor element R2 and the output terminal
"V2".  Aresistance value (r5) of the wiring extending between the resistor
elements R1 and R4 is equal to the resistance value (ré) of the Wiring
extending between the resistor elements R2 and R3. A resistance v@alue

(r7) of the wiring extending between the resistor element R3 and the i@nput
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terminal "VDD" is equal to the\resistance value (r8) of the wiring extenﬁding
between the resistor element R4 and the input terminal "VDD". Thus, itis
preferred to use a wiring layout suitable for reducing the offset voltage, i.e.,
thermal hysteresis within a working temperature of the acceleration
Sensor. |

In this embodiment, with respect to the bridge circuit for detecting
the acceleration in the X-axis direction, electrical resistances of the
resistor elements (R1x to R4x) and the wirings of the related doped
semiconductor layer are determined such that a total amount of heat
generated by the resistor elements (R1x, R3x) and the wiring of the doped
semiconductor fayer 15 on one of the pair of beams is substantially equal
to the amount of heat generated by the resistor elements (R2x, R4x)§and

the wiring of the doped semiconductor layer on the other beam. Similarly,

with respect to the bridge circuit for detecting the acceleration in the Y-axis

direction, electrical resistances of the resistor elements (R1y to R4y) and
the wirings of related the doped semiconductor layer 15 are determined
such that a total amount of heat generated by the resistor elements (R1y,
R3y) and the wiring of the doped semiconductor layer on one of the pair of
beams is substantially equal to the amount of heat generated by-' the
resistor elements (R2y, R4y) and the wiring of the doped semiconductor
layer on the other beam. _
Moreover, with respect to the bridge circuit for detecting: the
acceleration in the Z-axis direction, electrical resistances of the resistor
elements (R1z to R4z) and the wirings of the related doped semiconductor
layer 15 are determined such that a total amount of heat generated by the
resistor element R1z and the wiring of the doped semiconductor layer on
one of the pair of beams is substantially equal to the amount of heat
generated by the resistor element R3z and the wiring of the ddpe'd

semiconductor layer on the other beam, and a total amount of heat
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geherated by the resistor element R2z and the wiring of the deed
semiconductor layer on one of another pair of beams is substantially equal
to the amount of heat generated by the resistor element R4z and the
wiring of the doped semiconductor layer on the other beam. By using the
above-described wiring design, it is possible to reduce the offset vol@tage
with respect to each of the bridge circuits. it is preferred thaf the
electrical resistance of the doped semiconductor layer 15 connected to
one end of each of the resistor elements (R1z {0 R4z) is substantially
equal to the electrical resistance of the doped semiconductor Iayeir 15
connected to the opposite end of each of the resistor elements (R1z to
R4z). :

Next, the principle of detecting acceleration of the semiconductor
multi-axial acceleration sensor of the present invention is briefly eXplaihed, |
referring to FIGS. 5 and 7. When the bridge circuit of FIG. 5 is regarded
as the bridge circuit for detecting the acceleration in the X-axis .direciion,
the resistor elements (R1 to R4) respectively correspond to the resistor
elements (R1x to R4x), and the output terminals "V1" and V2’
respectively correspond to the output terminals "X1" and "X2". _

As an example, when the acceleration sensor receives an external
force (i.e., acceleration) including an acceleration component in the X-axis
direction, a positional displacement of the weight 12 against the frame 11
happens, as shown in FIG. 7. Deformations of the beams 13 are caused
by the positional displacement of the weight 12 to change the electrical
resistances of the resistor elements (R1 to R4) formed on the beams 13.
In FIG. 7, the arrow "B" shows a direction of the positional displacemeht of
the weight 12. In this case, the resistor elements (R1, R3) receive tensile
stresses, and the resistor elements (R2, R4) receive compression
stresses. In FIG. 7, the mark "+" designates that the resistor eleﬁnent

formed at the region corresponding to the mark receives the tensile str@ess,
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and the mark "—" designates that the resistor element formed af the

region corresponding to the mark receives the compression stress.

in general, when the resistor element receives the tensile stf'ess,
the electrical resistance (electrical resistivity) increases. On the confrary,
when the resistor element receives the compression stress, the electrical
resistance decreases. Therefore, in the above case, the elecfrical
resistances of the resistor elements (R1, R3) increase, and the electrical
resistances of the resistor elements (R2, R4) decrease, so that a voltage
difference is generated between the output terminals (V4, V2). When
voltage values of the output terminals "V1" and "V2" are respectively
represented as "v1" and "v2", a output voltage "v" of the bridge circuit is
equal to "v1"—"v2". Thus, the acceleration component of the X-axis
direction can be determined by detecting the changes in electrical
resistance of the resistor elements (R1 to R4). When the accelerétion
sensor receives the accéleration only in the X-axis direction, no voltage
difference is generated between the output terminals (V1, V2) with regard
to each of the bridge circuits for detecting the acceleration components in
the Y- and Z-axis directions. Since the principle of detecting acceleration
in a case that the acceleration sensor receives an external force (i.e.,
acceleration) including an acceleration component in the Y-axis direction
s substantially equal to the above-described case of receiving the
acceleration component in the X-axis direction, the duplicate explanation
will be omitted. :

On the other hand, when the bridge circuit of FIG. 5 is regarded as
the bridge circuit for detecting the acceleration in the Z-axis direction, the
resistor elements (R1, R2, R3, R4) respectively correspond to the resistor
elements (R4z, R1z, R2z, R3z), and the output terminals "V1" and "V2"
respectively correspond to the output terminals "Z21" and "Z2".

When the acceleration sensor receives an external force (i.e.,
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acceleration) including an acceleration component in the Z-axis direction,
a positional displacement of the weight 12 against the frame 11 happens,
as shown in FIG. 8. Deformations of the beams 13 are caused by the
positional displacement of the weight 12 to change the electrical
resistances of the resistor elements (R1 to R4) formed on the beamsﬁ In
FIG. 8, the arrow "C" shows a direction of the positional displacement of
the weight 12. In this case, all of the resistor elements (R1 to R4) receive
the tensile stresses. However, since electric current flows in each of the
resistor elements (R1z, R3z) along the length direction of the beam 13,
and electric current flows in each of the resistor elements (R2z, R4z) along
the width direction of the beam 13, a voltage difference is generated
between the output terminals (V1, V2). When voltage values of the
output terminals "V1" and "V2" are respectively represented as "v1" and
"v2", a output voltage "v" of the bridge circuit is equal to "v1"—"v2". Thus,
the acceleration component of the Z-axis direction can be determined by
detecting the changes in electrical resistance of the resistor elements (R1
to R4).

The weight 12 integrally formed with the frame 11 of the
acceleration sensor of the present invention can be manufactured by the
following method. That is, a first etching step Is performed vertically from
the bottom side of the SOI substrate 100 by use of a dry etching apparatus
of inductively coupled plasma type to remove regions corresponding to the
slits 14 and the beams 13 from the SOI substrate until the etching reaches
the embedded oxide film 102. Then, a second etching step is performed
vertically from the top side of the SOl substrate 100 by means of dry
etching or wet etching to remove regions of corresponding to the slits 14
from the SOI substrate 100 until the etching reaches the embedded oxide
film 102.  Next, a third etching step is performed to remove  the
embedded oxide film 102 of the regions of corresponding to the sits 14
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and the beams 13 from the SOI substrate by means of dry etching or wet
etching.
According to this method, each of the beams 13 is composed of

the silicon layer 103 and the insulating layer formed thereon, and? the

embedded oxide layer 102 can be used as an etching stopper in the first

and second etching steps. Therefore, it is possible to readily control the
thickness of the beam 13 with accuracy during the etching step, and
improve the production yields. As a result, a cost reduction can be
achieved.

In addition, as compared with the case of forming the weight 12 by
anisotropic etching using an alkali solution such as KOH, it is possible to
reduce the clearance between the weight 12 and frame 11, downsize the

sensor body 1, and thereby provide the acceleration sensor having a

refined structure of the present invention.

(Second Embodiment) ‘

A semiconductor multi-axial acceleration sensor of this
embodiment is substantially the same as that of the first embodiment
except for the following features. Therefore, no duplicate expianation S
deemed to be necessary. '

The acceleration sensor of this embodiment 'has a wiring iaﬁyout
different from the first embodiment. That is, as shown in FIG. 9 with
respect to pair of beams 13 extending in the X-axis direction, wiring
patterns of doped semiconductor layers 15 formed on one of the beams
13 and the wiring patterns of the doped semiconductor layers 15 formed
on the other beam 13 are symmetric with respect to a vertical center line
extending in the Y-axis direction through a center of width of each of the
beams. Similarly, with respect to pair of beams 13 extending in the Y-{axis

direction, wiring patterns of doped semiconductor layers 15 formed on%one
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of the beams 13 and the wiring patterns of the doped semiconductor
layers 15 formed on the other beam 13 are symmetric with respect%to a
horizontal center line extending in the X-axis direction through a centér of
width of each of the beams. According to the acceleration sensor having
the above features, it is possible o further reduce the offset voltage output
from each of the bridge circuits. :

In this embodiment, each of the doped semiconductor layers 15 is
formed on the beam 13 to have a relative large width under a condition
that an interval between adqjacent wirings of the doped semiconductor
layers 15 Is sufficient to maintain the electrical insulation therebetween.
That is, a total area of the wirings formed in the top surface of each of the
beams 13 by the doped semiconductor layers 15 Is larger than the total
area of wiring free regions of the top surface thereof. In this case, Since
the thermal oxide film can be readily formed on each of the beams éuch
that a thickness of the thermal oxide layer on the doped semicond@ctor
layer 15 is smaller than the thickness of the thermal oxide layer on the

wiring free region, it is effective to achieve an improvement of heat
radiation performance of the beams 13. '

(Third Embodiment)

A semiconductor multi-axial acceleration sensor of Ethis
embodiment (s substantially the same as that of the second embodiment
except for the following features. Therefore, no duplicate explanation is
deemed to be necessary.

The acceleration sensor of this embodiment has a wiring Iayout
different from the second embodiment. That is, as shown in FIG. 10, with
respect to pair of beams 13 extending in the X-axis direction, wiring
patterns of doped semiconductor layers 15 formed on one of the beéms

13 and the wiring patterns of the doped semiconductor layers 15 forfned
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on the other beam 13 are rotationally symmetric with respect to a center
point of the top surface of the center weight 12a by 180 degrees.
Similarly, with respect to pair of beams 13 extending in the Y-axis diredtion,
wiring patterns of doped semiconductor layers 15 formed on one of the
beams 13 and the wiring patterns of the doped semiconductor iayers 15
formed on the other beam 13 are rotationally symmetric with respect:to a
center point of the top surface of the center weight 12a by 180 degrees.
According to the acceleration sensor having the above features, 5it S
possible to further reduce the offset voltage output from each of the bridge
circuits and improve heat radiation performance of the beams 13.

(Fourth Embodiment)
A semiconductor multi-axial acceleration sensor of this

embodiment is substantially the same as that of the first embodiment

- except for the following features. Therefore, no duplicate explanation is

deemed to be necessary.

The acceleration sensor of this embodiment has a wiring layout
different from the second embodiment. That is, as shown inFG. 11, first
and second regions are defined on the top surface of each of the beams
13 at both sides of a center line extending in the length direction of the
beam through a center of a width of the beam, and the wiring patterns
formed in the first and second regions by the doped semiconductor layers
15 are symmetric with respect to the center line.

For example, as shown in FIG. 12, there is a case that the doped
semiconductor layer 16 formed on the first region (left side of FIG. 12) of
the beam 13 and the doped semiconductor layer formed on the seéond
region (right side of FIG. 12) of the beam 13 are not symmetric WEth
respect to the center line M1. In this case, the doped Saemiconductor

layer 15 of the first region has a larger width than the ddped



10

15

20

25

CA 02431625 2003-06-10

23

semiconductor layer of the second region, and is formed. close td the
center line M1.
Referring to FIG. 13A to FIG. 13F, a method of forming the beam 13
shown in FIG. 12 is briefly explained. As the SOI substrate 100%, for
example, it is possible to use a SOI wafer composed of the base subsirate
101 having the thickness of 400 um, the embedded oxide film 102 héving
the thickness of 0.5 um, and the silicon layer 103 having the thickness of 5
Him. ‘
First, a silicon oxide film 18a having a first thickness (e.g., 6000 A)
Is formed on a top surface of the SOl wafer by pyrogenic oxidatioh, as
shown in FIG. 13A. Then, as shown in FIG. 13B, a patterned resist Iéayer
19 is formed on the silicon oxide film 18a by use of a photolithography
technigue. After a hydrofluoric-acid etching of a part of the silicon oxide
film 18a is performed by using the resist layer 19 as the mask, the resist
layer is removed, as shown in FIG. 13C. Next, as shown in FIG. 13D a
p-type impurity 15a (e.g., boron) is diffused into the silicon layer 103 in a
diffusion furnace by use of the patterned silicon oxide film 18a as the mask
to obtain a doped semiconductor layer 15. In addition, as shown in FIG.
13E, an additional silicon oxide film having a second thickness (e.g.,
4000A) is formed on the exposed surface of silicon layer 103 and the
patterned silicon oxide film 18a by thermal oxidation.
Thus, the insulating film 18 is provided with the silicon oxide film
18a having the first thickness and the additional silicon oxide film having
the second thickness subsequently formed. A thickness of this insulating
film 18 is approximately 7000 A. On the other hand, the additional silicon
oxide film formed on the exposed surface of silicon layer 103, i.e., the
doped semiconductor layer 15 by the thermal oxidation has a thickness of
approximately 4000 A. As process conditions for the above-described
diffusion step, for example, the diffusion temperature is 1100 °C, and the



10

15

20

- 25

CA 02431625 2003-06-10

24

diffusion time is 30 minutes. A mixture gas of steam and oxygen is filled
In the diffusion furnace. :

After a contact hole is formed in the insulating film 18, and a
required wiring of a metal layer is formed on the insulating film, the beam
13 shown in FIG. 13F can be obtained by performing an étching step
vertically from the bottom side of the SOI substrate 100 by use of a dry
etching apparatus of inductively coupled plasma type to remove a region
corresponding to the beam 13 from the SOI substrate until the et¢hing
reaches the embedded oxide film 102, and then a subsequent etching
step to remove the embedded oxide film 102 of the region of
corresponding to the beam 13 from the SOl substrate by means of dry
etching or wet etching. '

In the thus obtained beam 13 shown in FIG. 12 the insulating films

18 formed on the first and second region of the beam 13 are not

’ symmetric with respect to the center line M1. Due to differences in an

amount of stress of the insulating film 18 and the amount of stress indUced
in the doped semiconductor layer 15 by crystal distortions betweeﬁ the
first and second regions of the beam 13, two different stresses shown by
the arrows "D1" and "D2" in FIG. 12 occurs in the beam 13, so that there is
a fear that the beam 13 is twisted, and the weight 12 is inclined regardless
of the presence or absence of acceleration. In addition. when the
acceleration sensor with the cover 2 and the sensor body 1 having the
beams described above is adhered to a package having a thermal
expansion coefficient different from silicon by die bonding with use of an
adhesive such as a silicone resin or an epoxy resin, undesirable stress is
transferred from the package to the beam at an elevated temperature, so
that there is a fear that the inclination of the weight 12 further increases to

cause a larger fluctuation of the offset voltage.

As described above, in the semiconductor multi-axial acceleration
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sensor of this embodiment, the doped semiconductor layer 15 and the
Insulating layer 18 formed on the first region (left side of FIG. 14) of the
peam 13 and the doped semiconductor layer and the insulating layer 18
formed on the second region (right side of FIG. 14) of the same beam 13
are symmetric with respect {o the center line M1.

That is, as shown in FIG. 14, the doped semiconductor layer 15 of
the first region has the same width and thickness as the dbped
semiconductor layer of the second region. The doped semicondUctor
layers 15 on the first and second regions are spaced from the centek line
M1 by an equal distance. In addition, the doped semiconductor layer 15
formed on the center line M1 are equally divided into the first and second
regions by the center line.

In the doped semiconductor layer 15 formed by doping the impurity
Into the silicon layer 103, an internal stress is caused by crystal lattice
distortions. When a depth of the doped semiconductor layer 15 from the
top surface of the beam 13 is relatively small, a difference in internal stress
between the doped semiconductor layer 13 at the vicinity of the top
surface of the beam and the silicon layer 103 positioned at the vicinity of
the bottom surface of the beam 13 increases, so that a resultant strain
(stress) may wield an undesirable influence over the detection act:uraCy of
acceleration. In the present embodiment, stress relaxation is achieved
by determining the depth of the doped semiconductor layer 15 so as to be
substantially half of a thickness of the beam 13. When the doped
semiconductor layer 156 is formed to have a sufficient depth from the top
surface of the beam 13, it is also possible to achieve a reduction in wiring
resistance. , :

As shown in FIG. 15A to FIG. 15F, the beam 13 shown in FG 14
can be formed according to a substantially same method explained above
referring to FIGS.13A to 13F. The use of the thus obtained beam 13
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shown In FIG. 14 provides one of effective methods of preventirig a
situation that the beam is twisted, and the weight is inclined regardleSs of
the presence or absence of acceleration, and a situation that the
fluctuation of the offset voltage is increased over the working temperature
range of the acceleration sensor by undesirable stress transferred from
the package to the beam. As a result, it is possible to achieve furfther
Improvements of detection accuracy of acceleration and operational
reliability of the semiconductor multi-axial acceleration sensor according to
the present invention.

In the above embodiments, the SOl wafer was used to form the
sensor body 1. Alternatively, an epitaxial wafer such as silicon wafer may
be used for the sensor body 1. In addition, Pyrex® was used as the
cover 2 in the above embodiments. However, the cover material is not
limited to it. It is possible to use the cover 2 made of a material, to which
the sensor body 1 can be fixed by anodic bonding or eutectic bonding.
For example, the cover 2 may be made of silicon. '

In the above embodiments, the semiconductor multi-axial
acceleration sensors for detecting acceleration in three axial directions
(l.e., X-, Y-, and Z-axes) were explained. However, needless to say, the
technical thought of the present invention is available in a semiconductor

multi-axial acceleration sensor for detecting acceleration in only two axial
directions.
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- The embodiments of the invention in which an exclusive property or

privilege is claimed are defined as follows:

1. A semiconductor acceleration sensor comprising:
a sensor body comprising at least one semiconductor material and having

a frame, a weight, at least one pair of beams, and a plurality of resistor elements.
sald weight being supported in said frame via said beams, and at least one
resistor element formed on each of said beams, thereby detecting acceleration
according to piezoelectric effect of said resistor elements, wherein said
semiconductor material includes doped semiconductor portions of said
semiconductor material formed in a top surface of each of said beams as a

wiring for electrically connecting with said resistor elements to terminals.

2. The semiconductor acceleration sensor as set forth in claim 1, wherein
said at least one pair of beams are two pairs of beams, one pair of which
extends in an orthogonal direction to the other pair thereof, so that the
semiconductor acceleration sensor has the capability of detecting

acceleration in plural directions according to the piezoelectric effect of said
resistor element.

3. The semiconductor acceleration sensor as set forth in claim 2, wherein
said at least one resistor element formed on each of saild beams are a pair
of resistor elements positioned at the vicinity of one end of said beam
adjacent to said weight, and wherein the semiconductor acceleration
sensor has a pair of bridge circuits for detecting the acceleration in two
directions different from each other by 90 degrees, which are formed by
use of said resistor elements.
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4. The semiconductor acceleration sensor as set forth in claim 1, wherein
said at least one resistor element formed on each of said beams are three
resistor elements, two of which are positioned at the vicinity of one end of
sald beam adjacent to said weight, and the remaining one of which is
positioned at the vicinity of the opposite end of saild beam, and wherein
the semiconductor acceleration sensor has three bridge circuits for
detecting the acceleration in three directions different from each other by

90 degrees, which are formed by use of said resistor elements.

5. The semiconductor acceleration sensor as set forth in claim 1, wherein
sald at least one of resistor element and the wiring of said doped
semiconductor layer formed on each of said pair of beams have electrical
resistances determined such that a total amount of heat generated by said
at least one resistor element and the wiring of said doped semiconductor
layer on one of said pair of beams are substantially equal to the amount of

heat generated by them on the other one of said pair of beams.

6. The semiconductor acceleration sensor as set forth in claim 1, wherein
the wiring of said doped semiconductor layer on one of said pair of beams

has substantially the same pattern as the wiring of said doped
semiconductor layer on the other beam.

7. The semiconductor acceleration sensor as set forth in claim 1, wherein
said weight has a first wiring of a doped semiconductor layer formed in a
top surface thereof and a second wiring of a metal layer formed on the top

surface, and wherein an insulating layer is provided at an intersection of
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the first and second wirings to electrically insulate the first wiring from the

second wirng.

8 The semiconductor acceleration sensor as set forth in claim 1, wherelin
each of said beams has a plurality of wirings, which substantially extend in
a length direction of said beam such that the wirings are spaced away
from each other in a width direction of said beam by a required distance,

and wherein all of the wirings are provided by doped semiconductor

layers.

9. The semiconductor acceleration sensor as set forth in claim 8, wherein
a total area of the wirings formed in the top surface of each of said beams

by said doped semiconductor layers is larger than the total area of wiring

free regions of the top surface thereof.

10. The semiconductor acceleration sensor as set forth in claim 1, wherein
a depth of said doped semiconductor layer from the top surface of each of
sald beams is substantially half of a thickness of said beam:.

11. The semiconductor acceleration sensor as set forth in claim 1, wherein

a doping concentration of said do'ped semiconductor layer is within a
range of 10'%/cm?® to 10%'/cm3.



CA 02431625 2006-07-21

30

12. The semiconductor acceleration sensor as set forth in claim 1, wherein
each of said beams has a thermal oxide layer formed on the top surface

thereof such that a thickness of said thermal oxide layer on said dopead

> semiconductor layer is smaller than the thickness of said thermal oxide
layer on a wiring free region of the top suirface of said beam.
0 13. The semiconductor acceleration sensor as set forth in claim 1, wherein

the top surface of each of said beams has only a wiring(s) provided by

sald doped semiconductor layer.

15 14. The semiconductor acceleration sensor as set forth in claim 8, wherein
first and second regions are defined on the top surface of each of said
beams at both sides of é center line extending in the length direction of
sald beam through a center of a width of said beam, and wherein wiring
patterns formed in the first and second regions by said doped

20 semiconductor layers are symmetric with respect to the center line.

15. An acceleration sensor comprising:

25 a sensor body comprising at least one semiconductor material and having
a frame portion defining an inside space, a plurality of beam portions extending
from the frame portion toward the inside space, and a weight portion suspended
in the inside space via the plurality of beam portions; and

a plurality of resistor elements positioned on the plurality of beam portions,

30 respectively, each of the resistor elements being positioned to detect

acceleration due to piezoelectric effect;
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wherein the beam portions of the sensor body have a plurality of doped

semiconductor portions of said semiconductor material patterned to electrically

connect the resistor elements to respective terminals.

16. The acceleration sensor as set forth in claim 15, wherein said semiconductor

material comprises a plurality of semiconductor layers.

17. The acceleration sensor as set forth in claim 15, wherein said terminals

Includes contact portions positioned on said beam portions.
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