
30SEP2003 Improvements relating to Angular Rate Sensor Devices The present
invention concerns improvements relating to angular rate sensor devices,
and  more particularly, though not exclusively, to angular. rate sensor
devices employing a 5 sensor having a planar structure vibrating resonator,
such as that used in micro-machined  Vibrating Structure Gyroscopes (VSGs),
and associated control electronics. Micro-machined Vibrating Structure
Gyroscopes, namely VSGs formed in a single  crystal silicon substrate using
lithographic techniques,. provide a source of compact, low to cost rate
sensors which can be supplied in large quantities. This affordability has
generated new high-volume markets particularly in automotive application
areas. There  are currently numerous devices under development employing a
variety of sensor-chip  designs fabricated using different materials and
processes. The complete device consists  of the sensor chip and associated
control electronics in appropriate packaging. For high 15 volume
applications the control electronics will typically be implemented as a
discrete  ASIC (Application Specific Integrated Circuit). In this intensely
competitive market there is inevitably a continual drive towards lower
cost and improved performance. One of the perceived routes towards these
goals is 20 through integration of the electronics directly onto the sensor
chip. It is considered that  integration of the control circuitry could
provide significant performance benefits  particularly for devices
employing capacitive sensing. For example, locating the pick-off  amplifier
circuitry close to the sense electrode is beneficial for minimisation of
parasitic  coupling from stray drive voltages and for reducing stray
capacitances. In addition, 25 fabricating the control electronics directly
on the sensor chip may also reduce the overall  device component count by
negating the requirement for a separate ASIC or discrete  electronics. This
can advantageously reduce the overall device size and potentially reduce
the unit cost. 30 The feasibility of on-chip electronics integration is
critically dependent upon the sensor  design and fabrication method.
Fabrication of the electronics and sensor on the same  piece of Silicon
requires that the processes for producing these two elements are mutually 1



3 0 S EP 2003 compatible. This is not always readily achieved without
significant modification to one or  other of the process routes, which.may
have a detrimental affect on the overall wafer  yield. Some compromise in
the device design may also be required to accommodate these  changes which
also typically has an adverse effect on performance. 5 These problems have
mitigated against the commercial development of such on-chip  electronic
integrated planar resonator devices fabricated from silicon and at present
such  devices are not available commercially. A detailed explanation of why
such difficulties in  integration exist is now provided with reference to a
prior art sensor described in our co- 1o pending patent application GB
9817347.9. Sensors employing planar ring structures, such as that described
in GB 9817347.9,  typically use the Cos20 and Sin20 vibration mode pair as
shown in Figures I a and lb in  which vibration of the structure is shown
about primary axes P and secondary axes S. One 15 of these modes (Figure
la) is excited as the carrier mode. When the structure is rotated  about an
axis normal to the plane of the ring Coriolis forces couple energy into the
response mode (Figure lb). If the carrier and response mode frequencies are
precisely  matched then the amplitude of the response mode motion is
amplified by the Q of the  structure. This gives an enhanced sensitivity
and such devices are capable of high  20 performance. One of the critical
parameters determining the device performance is the difference  frequency
between the two modes and its stability over the operating temperature
range.  In order to achieve this frequency matching it is essential that
the material properties are 25 such that the resonance parameters for the
two modes are precisely matched. When  fabricating such resonator
structures from crystalline Silicon, it is presently understood  that this
requirement can only be met by using [111] Silicon wafers, namely Silicon
wafers cut parallel to the [111] principal crystal plane. For this crystal
orientation the  critical material parameters are radially isotropic.
However, this requirement is not 30 compatible with the fabrication of
standard electronic circuitry on the device layer Silicon.  Standard
CMOS/BiCMOS fabrication is typically performed on [100] Silicon wafer  



substrates. The techniques and processes employed at commercial foundries
are not  directly applicable to [111] cut Silicon wafers. 2 30SEP2003
Accordingly, it is an object of the present invention to overcome the above
described  problems that have to now mitigated against the commercial
development of improved  sensor devices fabricated from crystalline silicon
and incorporating electronic circuitry  intergrated onto the sensor chip. 5
A linear, non-ring structure semi conductor device is described in
US-A-5723790 for  measuring force components, acceleration and/or angular
rate, which is formed from a  single crystal semi conductor substrate such
as [100] orientated silicon. One or more  cantilever beams, each carrying
an inertial mass, are formed from the semi-conductor 1o substrate, angled
to the substrate surface and orientated in the [111] crystal plane for
proportionate movement in response to applied force. A rate sensor having a
ring shaped vibrating structure formed from crystalline silicon  which is
vibrated in a Cos20 carrier mode at a Cos20 frequency is described in  15
EP-A-0836073. In its broadest aspect, the present invention resides in the
appreciation that a sensor  comprising a resonator can be fabricated from
[100] crystalline Silicon thereby enabling  integration of the sensor and
associated control electronics. The inventor has established 20 that if the
resonator is arranged and operated in a specific way, as determined by
specific  analysis of possible vibration modes, it can operate in a similar
manner as if it were  formed in [I 11 ] crystalline Silicon. More
specifically, according to one aspect of the present invention there is
provided an  25 angular rate sensor device comprising a resonator having a
substantially planar structure drive means, sensing means and associated
electronic control means, the resonator, drive  means, sensing means and
control means being fabricated on the same sensor chip in a  layer of
silicon having a [100] principal crystal plane, wherein the resonator is
arranged to  be operated by the control means with a Sin30/Cos3O vibration
mode pair providing  



30 degenerate carrier and response parameters. 3 30SEP2003 Use of the
present invention now enables all of the abovementioned previously
unavailable advantages associated with integrating control electronics and
the sensor chip  itself to be attained. The Sin39/Cos3O vibration mode pair
providing degenerate carrier and response  5 parameters is most suitable
for providing a device incorporating a micro-machined VSG. The
substantially planar ring resonator structure has been found to be a high
performance  structure in relation to its weight for micro-machined VSGs.
1o Support means may be included for the resonator, which support means
comprises a  plurality of flexible support legs which allow relative
movement of the planar ring  structure resonator in the sensor device. More
specifically, the resonator may be provided  within a cavity in a
substrate, spaced apart from the substrate and suspended in the cavity  by
the support legs being provided from a central hub to the planar ring
structure  15 resonator. The number and location of the support legs are
preferably matched to a mode symmetry  of vibration mode pair. This
advantageously, prevents any preturbation of the dynamics of  the vibration
mode pair thereby preventing any frequency split. 20 The electronic control
means preferably comprises drive circuitry for use with the drive  means
and sensing circuitry for use with the sensing means but may also include
all  additional circuitry that would otherwise be provided on a separate
ASIC (Application  Specific Integrated Circuit) or discrete electronics.
The drive and sensing circuitry may be 25 provided around the periphery of
the resonator, in close proximity to the respective drive  means and
sensing means. Again this is another high performance structural
configuration  for a micro-machined VSG. This advantageously minimises any
stray parasitic  capacitance effects on the drive means and/or the sensing
means. 30 Preferably, the sensing circuitry comprises an electronic
amplifier for amplifying the size  of sensed signals. Providing the
amplifier in the layer of Silicon again provides a high  



performance structural configuration for a micro-machined VSG. 4 30SEP2003
The device may further comprise an electrical screening means provided at
least between  each of the drive and sensing means, the screening means
being electrically grounded to  electrically screen the drive and sensing
means from each other. This advantageously,  enables the construction of
the devices to be more compact without affecting the  5 performance of the
device. The present invention also extends to a silicon wafer comprising a
plurality of angular rate  devices as described above. io The present
invention enables a planar-ring rate sensor to be provided, fabricated from
[100] cut crystalline Silicon, with carrier and response mode resonance
parameters  precisely matched and which is capable of high performance. An
explanation of why the  present invention enables such integrated
electronics and sensor devices to be fabricated is  now described. 15
Crystalline Silicon has material properties that are well suited for use in
vibrating structure  gyroscope applications. Being a single crystal
material it has low fatigue and is extremely  strong. This makes it durable
and resilient and very robust when subjected to shock and  vibration. More
specifically, it has low internal losses (high Quality factor) and a high
20 Young's modulus, E. These parameters are also relatively stable over the
operating  temperature range of the device. However, they do exhibit a
pronounced anisotropy which  means that they will generally vary with
angular direction. This angular dependence is  shown in Figure 2 which
plots the variation in Young's modulus with angular direction  for the
three principal crystal planes [111, 100 and 110] shown by lines 2, 4 and 6
25 respectively. It is clear that Young's modulus value for the [111] plane
is independent of  angle which makes it ideally suited for use with planar
ring devices employing  Sin20/Cos29 resonance modes such as described in GB
9817347.9. The periodicity of the  angular variation for the other crystal
planes is such that a large frequency split is induced  between the two
modes making them inappropriate for gyroscope operation. 



30 The natural frequencies of the Sin n0/Cos n0 in plane flexural mode
pairs has been  analysed using Lagrange's equations. The effects of the
anisotropy may be accounted for  in the strain energy formulation. The
isotropic nature of the E variation for the [111] plane 5 30SEP2003 will
clearly not generate a frequency split for any mode order, n. For the [100]
plane, the  Sin nO/Cos n9 modes are split for n=2 and 4 but the n=3 modes
are degenerate. (Mode  orders above n=4 are generally less suitable for
gyroscope applications due to their  reduced amplitude and high frequency).
It is therefore possible to fabricate a planar ring 5 structure from [100]
Silicon which has the required material properties to match the modal
parameters by utilising the Sin30/Cos3O mode pair. Presently preferred
embodiments of the present invention will now be described with  reference
to the accompanying drawings. In the drawings: 10 Figures la and lb are
respective schematic representations of the vibration patterns of a  Cos 20
and Sin 20 vibration mode pair representing a carrier mode and a response
mode; Figure 2 is a graph showing the in plane angular variation of Young's
Modulus for each of  15 the three principal crystal planes [111, 100, 110]
for crystalline Silicon; Figure 3a and 3b are respective schematic
representations of the vibration patterns of a Sin  30 and Cos 30 vibration
mode pair representing a carrier mode and a response mode  according to an
embodiment of the present invention; 20 Figure 4 is a schematic plan view
from above of part of an angular rate sensor according  to an embodiment of
the present invention showing a resonator, a support structure and  drive
and pick-off transducers; and 25 Figure 5 is a schematic cross-sectional
view taken along the line AA in Figure 4. An angular rate sensor device
embodying the present invention is now described with  reference to Figures
3a, 3b, 4 and 5. The sensor device 10 comprises a micro-machined  vibrating
structure gyroscope and is arranged to operate with a Sin 30 and Cos 30 



30 vibration mode pair as has been described previously. More specifically,
the Cos30 carrier  and Sin30 response mode patterns are shown in Figures 3a
and 3b. The device 10 utilising these modes incorporates electrostatic
drive transducers and  capacitive forcing transducers similar to those
described in GB 9817347.9 The fabrication  6 30SEP2003 processes used to
produce this structure are essentially the same as those described in GB
9828478.9 and, accordingly, are not described hereinafter in any further
detail. The device 10 is formed from a layer 12 of [100] conductive Silicon
anodically bonded to  5 a glass substrate 14. The main components of the
device 10 are a ring structure resonator 16, six drive capacitor
transducers 18 and six pick-off capacitive transducers 20. The  resonator
16 and drive and pick-off capacitive transducers 18, 20 are formed by a
process  of Deep Reactive Ion Etching (DRIE) which forms trenches through
the Silicon layer 12.  The fabrication processes are fully compatible with
the fabrication of micro-electronics to (not shown) directly on the Silicon
device layer 12. The techniques involved in such  fabrication are well
known and are not described herein. Figure 4 is a schematic diagram, in
plan view, showing the design of the device 10 and  Figure 5 shows a
schematic cross-sectional view across the structure of the device 10. The
15 ring structure resonator 16 is supported centrally by means of compliant
legs 22. The legs  22 have the effect of spring masses acting on the ring
structure resonator 16 at the point of  attachment. A single support leg 22
in isolation will differentially perturb the dynamics of  the Sin30 and
Cos30 modes generating a frequency split. In order to ensure that the net
effect of the support legs 22 does not induce any splitting, the number and
location of the 20 support legs 22 are typically matched to the mode
symmetry. Conveniently, twelve  identical leg supports 12 are provided at
regular angular intervals of 30. These are  attached at one end to the
inside 24 of the ring structure resonator 16 and at the other end  to a
central support hub 26. The hub 26 is in turn rigidly attached to the
insulating glass  substrate 14. A cavity 28 is provided in the glass
substrate 14 under the rim of the ring 25 structure resonator 16 and
compliant leg structures 22 to allow free movement of the ring  structure
resonator 16. 



Twelve discrete curved plates 30 are provided around the outer
circumference of the ring  structure resonator rim such that each forms a
capacitor between the surface of a plate 30 30 facing the ring structure
resonator 16 and the outer circumferential surface of the ring  structure
resonator itself. The plates 30 are rigidly fixed to the glass substrate 14
and  are electrically isolated from the ring structure resonator 16. The
plates 30 are located at 7 30SEP2003 regular angular intervals of 30 around
the rim of the ring structure resonator 16 and each  subtends an angle of
25. Conveniently, three of the plates 30, located at 0, 120 and  240 to a
fixed reference axis R, are used as carrier drive elements 32. The carrier
mode  motion is detected using the plates 30 at 60, 180 and 300 to the
fixed reference axis R, 5 as pick-off transducers 34. Under rotation
Coriolis forces will couple energy into the  response mode. This motion is
detected by response mode pick-off transducers 36 located  at 30, 150 and
270 to the fixed reference axis R. To allow the device 10 to operate in a
force feedback mode response mode, drive elements 38 are located at 90, 210
and 330  to the fixed reference axis R. Electrical bond pads 40 are
provided on each. drive and  10 pick-off transducer 18, 20 to allow for
connection to control circuitry (not shown). In operation a drive voltage
is applied to the carrier drive elements 32 at the resonant  frequency. The
ring structure resonator 16 is maintained at a fixed offset voltage which
results in a developed force which is linear with the applied voltage for
small capacitor 15 gap displacements. Electrical connection to the ring
structure resonator 16 is made by  means of a bond pad 41 provided on' the
central hub 26 which connects through the  conductive silicon of the legs
22 to the ring structure resonator 16. The induced motion  causes a
variation in the capacitor gap separation of the carrier mode pick-off
transducers  34. This will generate a current across the gap which may be
amplified to give a signal 20 proportional to the motion. The rotation
induced motion at the response mode pick-off  transducers 36 is similarly
detected. In force feedback mode, a drive voltage is applied to  the
response mode drive transducers 38 to null this motion with the applied
drive voltage  being directly proportional to the rotation rate. Direct
capacitive coupling of the drive  signals onto the pick-off transducers 20,
34, 36 can give rise to spurious signal outputs 



25 which will appear as a bias output and degrade the device performance.
In order to  minimise this error, a screen layer 42 is provided which
surrounds the capacitor plates 30  on all sides except that facing the ring
structure resonator 16. This screen 42 is connected  to a ground potential
which enables the drive and pick-off transducers 18, 20 to be in  close
proximity to one another. 30 To reduce the effect of stray capacitance and
parasitic coupling, pick-off amplifiers (not  shown) providing sensing
circuitry are advantageously provided in close proximity to the 8 3 0 SEP M
discrete pick-off capacitor plates 20, 34, 36. The appropriate sensing
circuitry may be  fabricated on the Silicon screen layer 12 directly
adjacent to the individual sensing plates  20, 34, 36 with electrical
connections to the sensing plates made by means of wire bonds  (not shown)
to the bond pads 40 formed on the upper surface of the sensing plates 20, 3
)4, 5 36. The fabrication of the amplifier circuitry (not shown) will
require the device wafer, in  which a plurality of devices 10 are being
formed, to be subjected to the large number of  additional process steps.
It is therefore advantageous to fabricate as much of the io electronic
circuitry as possible on the device chip to reduce the requirement for
additional  external circuitry. This may advantageously include all
additional electronic control  circuitry including drive circuitry (not
shown) for generating required drive voltages and  the offset voltage
applied to the ring resonator 16. In this case, the drive circuitry would
be fabricated on the Silicon screen layer in close proximity to the
discrete drive element 15 plates 18, 32, 38 and would be electrically
connected to individual drive plates 18, 32, 38  by wire bonds (not shown)
to the bond pads 40 formed on the upper surface of the drive  plates 18,
32, 38. Having described particular preferred embodiments of the present
invention, it is to be  2o appreciated that the embodiments in question are
exemplary only and that variations and modifications such as will occur to
those possessed of the appropriate knowledge and  skills may be made
without departure from the spirit and scope of the invention as set  



forth in the appended claims. 9 30SEP2003 CLAIMS: 1. An angular rate sensor
device comprising a resonator (16), having a substantially  planar ring
structure drive means (18), sensing means (20) and associated electronic 5
control means, the resonator (16), drive means (18), sensing means (20) and
control  means being fabricated on the same sensor chip in a layer of
silicon having a [100]  principal crystal plane (12), wherein the resonator
(16) is arranged to be operated by  the control means with a Sin30/Cos3O
vibration mode pair providing degenerate  carrier and response parameters.
10 2. An angular rate sensor device as claimed in Claim 1, including
support means for the  resonator (16) which support means comprises a
plurality of flexible support legs  (22). 15 3. An angular rate sensor
device as claimed in Claim 2, wherein the number and  location of the
support legs (22) are matched to a mode symmetry of vibration mode  pair.
4. An angular rate sensor device as claimed in Claim 2 or Claim 3, wherein
the  20 resonator (16) is provided within a cavity (28) spaced apart from a
substrate (14) and suspended in the cavity (28) by the support legs (22)
provided from a central hub  (26) to the planar ring structure resonator
(16). 5. An angular rate sensor device as claimed in any preceding Claim,
wherein the  25 electronic control means comprises drive circuitry for use
with the drive means (18)  and sensing circuitry for use with the sensing
means (20). 6. An angular rate sensor device as claimed in Claim 5, wherein
the drive circuitry and  the sensing circuitry are each provided in close
proximity to the respective drive  30 means (18) and sensing means (20)
around the periphery of the resonator (16). 10 80SEP2003  



7. An angular rate sensor device as claimed in Claim 5 or Claim 6, wherein
the sensing circuitry comprises an amplifier for amplifying the size of
sensed signals. 8. An angular rate sensor device as claimed in any
preceding claim, wherein the drive  5 means comprises three carrier-mode
drive elements (32) provided at 0, 120, 240 to a fixed reference axis (R)
and the sensing means comprises three carrier-mode  sensing elements (34)
provided at 600,1800, 300 to the fixed reference axis (R). 9. An angular
rate sensor device as claimed in Claim 8, wherein the drive means  10
comprises three response-mode drive elements (38) provided at 90, 210, 330
to the fixed reference axis (R) and the sensing means comprises three
response-mode  sensing elements (36) provided at 30, 150, 270 to the fixed
reference axis (R). 10. An angular rate sensor device as claimed in any
preceding claim, further comprising  15 an electrical screening means (42)
provided at least between each of the drive and sensing means (18, 20), the
screening means (42) being electrically grounded to  electrically screen
the drive and sensing means (18, 20) from each other. 11. An angular rate
sensor device as claimed in any preceding claim, further comprising  20 a
base substrate (14) made from an electrically insulating material such as
glass. 12. An angular rate sensor device as claimed in any preceding claim,
wherein the  Sin 30/Cos 30 vibration mode pair has modal parameters which
include the Young's  Modulus of the crystalline silicon for the vibration
mode pair. 25 13. An angular rate sensor device as claimed in any preceding
claim, wherein the  resonator (16) comprises a micro-machined vibrating
structure gyroscope. 14. A silicon wafer comprising a plurality of angular
rate devices as claimed in any  30 preceding claim. 11 


