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(54) Coaxial gyro accelerometer in a semiconductor substrate

(57) A coaxial gyro accelerometer device in a semi-
conductor substrate for simultaneously sensing coaxial
linear and rotational forces. An exemplary device in-
cludes a resonating cantilever beam within a substrate
and a package having a resonating cavity. The package
supports the substrate while allowing the beam to reso-
nate. The substrate also includes a piezoresistor driver,
a piezoresistor sensor, and a semiconductor interfero-
metric optical gyro. The piezoresistor driver and sensor
are incorporated within the beam. The driver electrother-

mally resonates the beam. The sensor piezoresistively
senses a signal that relates to an acceleration force out-
of-plane of the beam. A waveguide of the semiconductor
interferometric optical gyro is incorporated in the sub-
strate around the beam. The gyro senses rotational mo-
tion about the axis that is the same as the acceleration
vector (out-of-plane of the beam). The gyro also includes
a laser source and a light detector. The beam is formed
contiguously from the semiconductor substrate.
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Description

GOVERNMENT INTEREST

[0001] The invention described herein was made in the
performance of work under U.S. Government Contract
No. SC 00100000000145/US Navy N00030-05-C-0007.
The Government may have rights to portions of this in-
vention.

BACKGROUND OF THE INVENTION

[0002] A pendulating integrating gyroscopic acceler-
ometer (PIGA) is a type of accelerometer that can meas-
ure acceleration and simultaneously integrate this accel-
eration against time to produce a speed measure, as
well. The PIGA’s main use is in inertial navigation sys-
tems (INS) for guidance of aircraft and most particularly
for ballistic missile guidance. It is valued for its extremely
high sensitivity and accuracy in conjunction with opera-
tion over a wide acceleration range. The PIGA is still con-
sidered the premier instrument for strategic-grade mis-
sile guidance, though systems based on MEMS technol-
ogy are attractive for lower performance requirements.
[0003] However, the PIGA has significant size and
weight that make it non-optimum in many applications.
Also, the PIGA is a mechanical mechanism requiring
high-precision machining tolerances and, thus, is very
expensive to manufacture.

SUMMARY OF THE INVENTION

[0004] The present invention provides an integrated
interferometric gyroscope and accelerometer device for
simultaneously sensing coaxial linear and rotational forc-
es. An exemplary device includes a resonating cantilever
(RC) beam within a substrate, a sensor package having
a cavity for the RC beam, a piezoresistor driver, a pie-
zoresistor sensor, and a semiconductor interferometric
optical gyro. The piezoresistor driver and sensor are in-
corporated within the RC beam. The driver electrother-
mally resonates the RC beam. The sensor piezoresitively
senses a signal that relates to an acceleration force out-
of-plane of the RC beam. A waveguide of the semicon-
ductor interferometric optical gyro is incorporated in the
substrate around the RC beam. The gyro senses rota-
tional motion about the axis that is the same as the ac-
celeration vector (out-of-plane of the RC beam). The gyro
also includes a laser source and a light detector. The RC
beam is formed from the semiconductor substrate. The
gyro includes a spiraled waveguide that is coaxial with a
center of gravity (CG) point of the corresponding RC
beam. Each determined center point is the point at which
the z-axis passes through the respective RC beam.
[0005] In one aspect of the invention, the semiconduc-
tor substrate is a single silicon substrate.
[0006] In another aspect of the invention, the light
source and light detector (laser diodes) include a P-N

junction formed within a layer of the substrate.
[0007] In still another aspect of the invention, the inter-
ferometric optical gyro further includes interface electron-
ics formed in or on the substrate.
[0008] In yet another aspect of the invention, the device
includes a sensor package lid that is hermetically sealed
with the sensor package.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Preferred and alternative embodiments of the
present invention are described in detail below with ref-
erence to the following drawings:
[0010] FIGURE 1 is a cross-sectional view of an ex-
emplary device formed in accordance with an embodi-
ment of the present invention;
[0011] FIGURE 2 is a top view of the device shown in
FIGURE 1;
[0012] FIGURE 3 is a cross-sectional view of an ex-
emplary device formed in accordance with another em-
bodiment of the present invention;
[0013] FIGURE 4 is a top view of the device shown in
FIGURE 3; and
[0014] FIGURE 5 is a perspective view of a three-axis
gyro/accelerometer system formed in accordance with
an embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0015] The present invention is a gyro and accelerom-
eter integrated into a single semiconductor substrate that
is combinable into a three-axis gyroscope/accelerome-
ter. As such, the single semiconductor substrate has the
ability to simultaneously sense linear and rotational forc-
es.
[0016] As shown in FIGURES 1 and 2, an exemplary
integrated gyro accelerometer device 20 includes a sem-
iconductor substrate layer 32 that includes a semicon-
ductor interferometric fiber-optic gyro (IFOG) 26 and a
cantilever strain-resistive beam 21. The cantilever strain-
resistive beam 21 includes a resonating component 36.
The cantilever strain-resistive beam 21 is driven electro-
thermally to resonate by means of an implanted piezore-
sistor driver 36-1. Change in beam resonance (i.e., ac-
celeration along the z-axis) is sensed piezoresistively by
an implanted piezoresistor sensor 36-2. The piezoresis-
tor implants (36-1, 36-2) are electrically coupled to a pi-
ezoresistor electronic component 36-3. In one embodi-
ment the piezoresistor electronic component 36-3 is also
located on the cantilever strain-resistive beam 21.
[0017] The piezoresistor electronic component 36-3 in-
cludes an oscillator circuit (not shown) for driving the pi-
ezoresistor driver 36-1 and a feedback circuit (not shown)
for receiving signals from the piezoresistor sensor 36-2.
The piezoresistor electronic component 36-3 is connect-
ed to the piezoresistor elements (36-1, 36-2) via surface
metal traces (not shown). Other surface metal traces (not
shown) connect the piezoresistor electronic component
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36-3 with one or more substrate die pads (not shown).
One or more bond wires 58 are attached to the substrate
die pads and to sensor package lead frame (not shown).
[0018] In one embodiment, the resonating cantilever
(RC) beam 21 is formed from a semiconductor material,
such as silicon, gallium-arsenide, or comparable mate-
rial, with a thickness/width/length to allow it to resonate,
based on a mass-spring configuration. Force due to ac-
celeration is transformed into a load that acts axially (z-
axis) on the RC beam 21. The magnitude of the accel-
eration is related to the change in the RC beam’s reso-
nant frequency, which is sensed based on the frequency
of the signal sent to the driver 36-1 and received by the
sensor 36-2. The vector component of acceleration is
perpendicular to the RC beam 21. A DC voltage is applied
with a superimposed sinusoidal signal to the piezoresis-
tor driver 36-1, thus producing cyclic heating and cooling
of the driver 36-1, which causes the RC beam 21 to de-
flect and oscillate. The piezoresistor sensor 36-2 detects
change in frequency of the RC beam 21. The resonating
frequency change in the RC beam 21 is due to the load
generated by the acceleration component along the z-
axis. Acceleration sensor resolution is a function of the
RC beam material/thickness/width/length.
[0019] The RC beam 21 is created from the semicon-
ductor substrate 32 using one of the following exemplary
methods: laser cut; plasma etch; water jet machined; or
other comparable methods (see 54-2). The substrate 32
is attached to a sensor package base 22 having a reso-
nating cavity 54-1. The resonating cavity 54-1 is located
below the RC beam 21, thus allowing the RC beam 21
to flex along the z-axis.
[0020] The IFOG 26 includes an optical waveguide
50-1 that is incorporated on the substrate 32 surrounding
the resonating cantilever component 36 with a ω rota-
tional component wrapped around the vector of acceler-
ation (i.e., around the z-axis). The optical waveguide 50-1
is formed into the substrate 32 in a spiral along the X-Y
plane or vertically in the Z plane (see 50-2 in FIGURES
3 and 4). The IFOG 26 also includes a light source (laser
diode) 42, a light detector (photo diode) 44, and IFOG
interface electronics 40 (i.e., integrated optics chip
(IOC)). The light source (laser diode) 42 and the light
detector (photo diode) 44 are in optical communication
with the optical waveguide 50-1 formed in the semicon-
ductor substrate. The light source (laser diode) 42, the
light detector (photo diode) 44, and/or the IFOG interface
electronics 40 are in signal communication with the bond
wires 58 via surface metal traces (not shown). The one
or more bond wires 58 are attached to the substrate die
pads and to sensor package lead frame (not shown). The
IFOG 26 senses a rotational force about an axis (z-axis)
that passes through the center of the optical waveguide
50-1 in accordance with known gyro principles.
[0021] An example of the resonating cantilever beam
accelerometer with implanted piezoresistor elements
(36) is shown and described in U.S. Patent No.
3,614,677, the contents of which are hereby incorporated

by reference.
[0022] An example of the semiconductor IFOG 26 is
shown and described in U.S. Patent Application No.
2008/0013094 filed July 14, 2006 (now abandoned), the
contents of which are hereby incorporated by reference.
[0023] An example a semiconductor IFOG and accel-
erometer located on a resonating beam, as shown and
described in U.S. Patent No. 7,929,143, the contents of
which are hereby incorporated by reference.
[0024] The components on the substrate 32 may be
covered by a passivation layer, such as glass, for pro-
tecting the components. The components may be placed
on the substrate 32 or created in the substrate 32.
[0025] A sensor package lid 23 is hermetically attached
to the sensor package base 22 using a hermetic seal,
thus encasing the RC beam 21. The resonating cavity
54-1 and the space encapsulated between the sensor
package base 22 and a hermetically sealed cover 23 has
a vacuum and/or is backfilled with an inert gas.
[0026] FIGURE 5 illustrates a three-accelerometer,
three-gyro system 80. The system 80 includes three in-
tegrated gyro accelerometers 82, 84, and 86 attached in
an orthogonal relationship to a base. At time of construc-
tion of each of the separate integrated gyro accelerom-
eters 82, 84, and 86, the precise center location of the
IFOG (i.e., the center of the spiraled waveguide 50-1) is
determined. The center of the spiraled waveguide 50-1
is coaxial with the center of gravity (CG) point of the cor-
responding RC beam 21. Each determined center point
is the point at which the z-axis passes through the re-
spective beams. When attached to form the device 80
as shown in FIGURE 5, those known z-axis points are
used to properly orient/attach the gyro accelerometers
82, 84, and 86 relative to one another about the base.
[0027] While the preferred embodiment of the inven-
tion has been illustrated and described, as noted above,
many changes can be made without departing from the
spirit and scope of the invention. Accordingly, the scope
of the invention is not limited by the disclosure of the
preferred embodiment. Instead, the invention should be
determined entirely by reference to the claims that follow.

Claims

1. An integrated interferometric gyroscope and accel-
erometer device, the device comprising:

a substrate comprising:

a resonating cantilever beam; and
an area that surrounds the resonating can-
tilever beam;

a package comprising a resonating cavity collo-
cated along an acceleration
axis direction with the resonating cantilever
beam;
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a driver incorporated within the resonating can-
tilever beam, the driver
configured to electrothermally resonate the res-
onating cantilever beam;
a sensor incorporated within the resonating can-
tilever beam, the sensor
configured to sense a signal that relates to an
acceleration force out-of-plane of the resonating
cantilever beam; and
a semiconductor interferometric optical gyro
comprising an optical
waveguide surrounding the resonating cantilev-
er beam on the area of the substrate, the gyro
being incorporated to sense rotational motion
about an axis approximately equivalent to a vec-
tor corresponding to an acceleration force.

2. The device of Claim 1, wherein the gyro further com-
prises a light source and a light detector.

3. The device of Claim 2, wherein the light detector is
a photo diode.

4. A method for sensing a rotational force and an ac-
celeration force, the method comprising:

electrothermally resonating a resonating canti-
lever beam flexible from a
substrate that surrounds the resonating canti-
lever beam;
sensing a signal that relates to an acceleration
force out-of-plane of the
resonating cantilever beam; and
sensing rotational motion of the resonating can-
tilever beam about an axis
approximately equivalent to a vector corre-
sponding to the acceleration force,
wherein sensing rotational motion comprises
using a semiconductor
interferometric optical gyro having a waveguide
incorporated in the substrate around the reso-
nating cantilever beam.

5. The method of Claim 4, wherein the gyro further com-
prises a light source and a light detector.

6. The method of Claim 4, wherein the resonating can-
tilever beam is formed from the same contiguous
substrate material.

7. The method of Claim 6, wherein the substrate is a
single silicon substrate;
and
the light source is formed within a layer of the sub-
strate.

8. The method of Claim 7, wherein the interferometric
optical gyro further comprises interface electronics

located at least one of on or in the substrate.

9. The method of Claim 4, further comprising hermeti-
cally sealing the resonated cantilever beam within
the sensor package.

10. The method of Claim 4, wherein electrothermally res-
onating the resonating cantilever beam is performed
by a piezoresistor driver and sensing the signal that
relates to an acceleration force is performed by a
piezoresistor sensor.
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