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' MICRO-ELECTROMECHANICAL RESONATORS AND METHODS OF
' PROVIDING A REFERENCE FREQUENCY

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This applicatibn claims benefit of Singapore Patent Application number
2014011472 filed 11 Februafy 2014, which is incorporated in its entirety herein by
reference.

TECHNICAL FIELD

[0002] The present invention relates to micro-electromechanical resonators and methods

of providing a reference frequency.
‘BACKGROUND

[0003] A frequency reference oscillator is an important element in various timing and
communication devices, such as real time clocks, wireless communications, medical
‘equipment, environment monitoring applications, as well as consumer electronic products
such as mobile phones, personal computers and cameras.

[0004] Quartz crystal oscillators, which are commonly used as frequency reference

oscillators, are incompatible with integrated circuit fabrication. As a result, quaﬁz—baéed

reference oscillators require external circuitry to realize the oscillator, making such
oscillators large in size and cos;[ly to fabricate.

[0005] Micro-Electromechanical System (MEMS) resonators have emerged as an
_attractive alternative to quartz crystal rosc':illators. MEMS resonators can be designed into
| integrated circuits and fabricated together with an integrated circuit. Therefore, MEMS

resonators offer comparative advantages of decreased dimensions and lower fabrication

cost over 'qubartz crystal oscillators. So far, various types of silicon MEMS resonators
have been demonstréted. In pdrticﬁlar, a bulk-mode silicon MEMS resonator was
characterized to have a high quality factor, for example more than one million. However,

bulk-mode silicon MEMS resonators require high direct current (DC) bias voltage, which
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complicates the integrated circuit design as the voltage used in integrated circuits is well
below the required DC bias voltage. Further, the. bulk-mode silicon MEMS resonators
need to be operated in vacuum, thereby necessitating costly vacuum packaging. |
[0006] Therefore, there is a need for a new type of resonator thaf can be realized on an
integrated circuit and have a high quality factor, while avoiding the aforementioned

drawbacks.
SUMMARY

[0007] According to various embodiments, there may be provided a micro-
electromechanical resonator, including a substrate with a cavity therein; and a resonating
structure suspended over the cavity, the résonating structure having a first end anchored
to the substrate, wherein the resonating structure is configured to flex in a flexural mode
along a width direction of the resonating structure, wherein the width direction is defined
at least substantially perpendicular to a length direction of the resonating structure,
wherein the length direction is defined from the first end to a second end of the
resonating structure, wherein the second end opposes the first end. |

[0008] According to various embodiments, there may be provided a method of providing
a reference frequency, the method including providing a micro-electromechanical
resonator, the micro-electromechanical resonator including a substrate with a cavity
therein, and a resonating structure suspended over the cavity, the resonating structure
having a first end anchored to the substrate; and controlling the resonating structure to
flex in a flexural mode along a width direction of the resonating structure, wherein the
width direction is defined at least substantially berpendicular to a length direction of the
resonating structure, wherein the length direction is defined from the first end to a second

end of the resonating structure, wherein the second end opposes the first end.
BRIEF DESCRIPTION OF THE DRAWINGS

[0009] In the drawings,- like reference characters generally refer to the same parts

throughout the different views. The drawings are not necessarily to scale, emphasis
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instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodimehts are described with reference to the following -
~ drawings, in which: _

[0010] FIG. 1A shows a _cdnceptual diagram of a MEMS resonator in accordance to
various embodiments.

[0011] FIG. 1B shows a conceptual diagram of a MEMS resonator in accordance.to
various embodiments. |

[0012] FIG. 1C shows a flow diagram of a method of providing a referencé frequency, in
accordance to various embodiments. |

[0013] FIG. 2 shows a top view of a MEMS résonator in accordance to various
embodiments.

[0014] FIG. 3 shows a lengthwise cross-sectional view of the MEMS resonator of FIG. 2.
[0015] FIG. 4A shows a widthwise cross-sectional view of the MEMS: resonator of
FIG. 2. o i

[0016] FIG. 4B shows an instantaneous widthwise cross-sectional view of the MEMS
resonator of FIG. 2, when the MEMS resonator is operating in a width flexural movde.
[0017] FIGS. 5A to 5D show top views of various MEMS resonators in accordanc_e tb
various embodiments.

[0018] FIGS. 6A to 6E show top views of varidus MEMS resonators in accordance to
various embodiments. | 7 7

[0019] FIG. 7 shows a lengthwise cross-sectional view of a MEMS resonator in
accordance to various embodiments. _

[0020] FIG. 8 shows a widthwise cross-sectional view of the MEMS resonator of FIG. 7,
[0021] FIG. 9 shows a lengthwise crossesec:-tional/_ view of a MEMS resonator in
accordance to various embodiments. o |

[0022] FIG. 10 shows a widthwise cross-sectional view of the MEMS resonator of
FIG. 9. | |

[0023] FIG. 11 shows a perspective view of a MEMS resonator in aiccordancg to various
embodiments. - _

[0024] FIG. 12 shows a perspective view of a MEMS resonator in accordance to various

embodiments.
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[0025] FIG. 13 shows a perspective view of a-MEMS resonator according to various
embodiments.

[0026] FIG. 14 shows a lengthwise cross-sectional view of the MEMS resonator of
FIG. 13. _ |
' [0027] FIG. 15 shows a widthwise cross-sectional view of the MEMS resonator of
FIG. 13.

[0028] FIG. 16A shows a perspective view of a MEMS resonator according to various
embodiments, operating in a length flexural mode. )

[0029] FIG. 16B shows a perspective view of the MEMS resonator of FIG. 16A,
operating in a width flexural mode. '
[0030] FIG. 17A shows various flexural modes of a MEMS resonator according to
various embodiments.

[0031] FIG. 17B shows perspective views of the MEMS resonator of FIG. 17A,
operating in various flexural modes. ' ' |

[0032] FIG. 18 is a graph vshowing changes in harmonic displacement and phase in
response to changes in frequency for the MEMS resonator of FIG. 16B.

[0033] FIG. 19 is a graph showing changes in impedance and phase in response to
changes in frequency for the MEMS resonator of FIG. 16B.

[0034] FIG. 20 is a graph showing changes in resonant frequency in response to changes
in DC bias of the AC power supply, for the MEMS resonator of FIG. 16B:

[0035] FIG. 21 shows thé simulated thermoelastic dampihg energy density distribution of
the MEMS resonator of FIG. 16B.

[0036] FIG. 22 shows the simulated thermoelastic stress distribution of the MEMS
resonator of FIG. 16B. |

[0037] FIG. 23 is a graph showing changes in damping coefficient in response to changes
in gap size, for the MEMS resonator of FIG. 16B. |
[0038] FIG. 24 shows a graph of the frequency response of a MEMS resonator in
. vacuum, in accordance to various err;bodiments. o

[003_9] FIG. 25 shows a graph of the ffequenc’y-response of the MEMS resonator of
FIG. 24 in air. - |
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[0040] FIG. 26 shows a graph of the quality factor of the MEMS resonator of FIG. 24
plotted against pressure. ;
[0041] FIG. 27 shows a graph of the resonant frequency of the MEMS resonator of

FIG. 24 plotted against temperature.
DESCRIPTION

[0042] Embodiments debscribed below in context of the devices are analogously valid for
the respective methods, and vice versa. Furthermore, it will be understood that the
embodiments described below may be combined, for example, a part of one embodiment
may be combined with a part of another embodiment.
[0043] In this context, the resonator as described in this description may include a
memory which is for example used in the processing carried out in the resonator. A
“memory used in the embodiments may be a volatile memory, for example a DRAM
(Dynamic Random Access Memory) or a non-volatile memor_y,' for example a PROM
(Programmable Read Only Memory), an EPROM (Erasable PROM), EEPROM
(Electrically Erasable PROM), or a flash memory, e.g., a floating gate memory, a charge
trapping memory, an MRAM (Magnetoresistive Random Access Memory) or a PCRAM
(Phase Change Random Access Memory).’ |
~ [0044] In an embodiment, a "circuit" may be understood as any kind of g»logic
implementing entity, which may be special purpose circuitry or a processor executing
software stored in a memory, firmware, or any combination thereof. Thus, in an
embodiment, a "circuit" may be a hard-wired logic circuit or a programmable logic
circuit such as a programméble processor, é.g. a microprocessor (e.g. a Complex
Instruction Set Computer (CISC) processor or a Reduced Instruction Set Computer
(RISC) processor). A "circuit" may also be a procéssor'executing software, e.g. any kind
of computer program, e.g. a computer program using a virtual machine code such as e.g.
Java. Any other kind of implementation of the respective functions which will be
described in more detail below may also be understood as a "circuit" in accordanée with

an alternative émbodiment.
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[0045] A frequency reference oscillator is an important element in various timing and
communication devices, such as feal time clocks, wireless communications, medical
equipment, environment monitoring applications, as well as consumer electronic products
such as mobile phones, personal computers and cameras. Quartz crystal oscillators, which
are commonly used as frequency reference oscillators, are incompatible with integrated
' circuit fabrication. As-a result, quartz-based reference oscillators require external
circuitry to realize the oscillator, making such oscillators large in size and costly to
fabricate.

[0046] MEMS resonators have emerged as an attractive alternative to quartz crystal
oscillators. MEMS resonators can be designed into integrated cifcuits and fabricated
together with an integrated circuit. Therefore, MEMS resonators offer comparative
advantages of decreased dimensions and lower fabrication cost over quartz crystal
oscillators. So far, various types of silicon MEMS resonators have been demonstrated. In
particular, a bulk-mode silicon MEMS resonator was characterized to have a high quality
factor. However, bulk-mode silicon MEMS resonators require high direct current (DC)
bias voltage, which complicates the integrated circuit design as the voltage used in
integrated circuits is well below the required DC bias voltage. Further, the bulk-modé
silicon MEMS resonators need to beroperated in vacuum, thereby necessitating cosﬂy
vacuum packaging. Therefore, there is a need for a new type of resonator that can be
. realized on an integrated circuit. and have a high quality factor, while avoiding the
aforementioned drawbacks. ' '
[0047] The present disclosure relates to width-flexural mode micromechanical resonators
which operate in a flexural mode along the width of the resonator and can be optimized
as a functional element in oscillators for various frequency reference applications such as
timing and chemical sensing. -

[0048] The MEMS resonator is a width-flexural mode micromechaﬁical resonator having
a resonating structure which is of beam structure, with parts of its periphery attached and
fixed to at least one anchor and thus not able to move during operation. The resonating
structure may be excited to an out-of-plane vibration along a width of the resonator by an
actuation mechanism, whereby the resonant frequency of the resonator is mainly

~determined by the width and the thickness of the resonator. In such a configuration, the

-
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width-flexural Iﬂode resonator may have a high quality factor when operating in air due
toa i'éduced air damping coefﬁcient associated with the width flexural mode. Therefore,
| vacuum packaging may not be required for the MEMS resonator, unlike in the case of
other flexural mode resonators. By doing away with the need of vacuum packaging, the
fabrication coét and the size of the resonator can be reduced. Furthermore, DC bias is not
required for excitation of the resonator and this will ease the integréted circuit design
complexity. » |
[0049] FIG. 1A shows a MEMS resonator 100 in accordance to various embodiments.
The MEMS resonator 100 may include a substrate 102 with a cavity therein. The MEMS
resonator 100 may further include a resonating structure 106 having a first end anchored
to the substrate 102. The resonating structure 106 may be suspended over a cavity in the
substrate 102. The resonating structure 106 may be configured to flex in a flexural mode
along a width direction of the resonating structure 106. The width direction of the
resonating structure 106 may be defined at least substantially perpendicular to a length
direction of the resonating structure 106. The length direction may be deﬁned from the
ﬁrst énd to a second end of the resonating structure 106, wherein the second end opposes
the first end. _ |
[0050] FIG. 1B shows a MEMS resonator 130 in accordance to various embodiments.
The MEMS resonator 130 may include, similar to the MEMS resonator 100 of FIG. 1A, a
substrate 102 with a cavity therein. The MEMS resonator 130 may also include, similar
to the MEMS resonator 100 of FIG. 1A, a resonating structure 106 having a first end
anchored to the substrate 102. The resonating structure 106 may be suspended over a
cavity in the substrate 102. The resonating structure 106 may be configured to flex in a
ﬂexurai mode along a width direction of the resbnatihg structure 106. The width direction
of the resonating structufe 106 may be defined at least substanﬁally pcrpéndicular to a
length direction of the resonating structure 106. The length direction rhay be defined from
the first end to a second end of the resonating structure 106, wherein the second end
opposes the first end. The MEMS resonator 130 may further include a control circuit 132.
The control circuit 132 may be configured to apply an alternating current voltage to the
resonating structure 106 for generating an alternating electric field to inducebmecham'cal

deformation in the resonating structure 106.
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[0051] FIG. 1C shows a flow diagram 150 illustrating a method for ﬁroviding a reference
frequency according to various efnbodiments. In 152, a MEMS resonator including a
substrate with a cavity therein and a resonating structure having a first end anchored to
the substrate, }Ilay be provided. The resonating structure may be suspended over the
‘cavity in the substrate. The resonating structure may be configured to flex in a flexural
mode along a width direction. of the résdnating structure. The width direction of the
resonating structure may be defined at least substantially perpendicular to a length
direction of the resonating structure. The length direction may be defined from the first
end o a second end of the resonating structure, wherein the second end opposes the first
end. In 154, the resonating structure may be controlled to flex in a flexural mode along a

- width direction of the resonating structure. The width direction may be defined at least
substantially perpendicular to a length direction -of the resonating structure. The length
direction may be defined from the first end to a second end of the resonating structure,
wherein the second end opposes the first end. |

[0052] FIG. 2 shows a top view of a MEMS resonator 100 in accordance to Vérious
embodiments. The resonator 100 may include a substrate 102 and a resonating structure
106. The substrate 102 may have a cavity 104 formed within the substrate 102. The
resonating structure 106 may have a first end 106a anchored to the substrate 102 and the
remaining portion of the resonating structure 106 may be suspended over the cavity 104
in the substrate 102. The resonating structure 106 has a second end 106b, opposite of the
first end 1065. The resohatihg structure length may be defined from the first end 106a to
thé second end 106b of the resonating structure 106 and the resonating structure width
may be defined in a direction at least substantially perpendicular to the length direction. -
The resonating structure 106 may be conﬁguréd to flex in a width flexural mode. The

- length of the reSonatihg structure 106 may be longer than its width, but is preferably less
than twice the width. ' | ‘ '
[0053] The substrate 102 may be formed from any suitable material used for
semiconductor fabrication,‘ such as silicon or silicon-on-insulator. The cavity 104 may be
formed within the substrate 102 by conventional semiconductor manufacturing processes.
The cavity 104 may be a space defined within the substrate 102, surrounded by a pluralify _

of surfaces of the substrate 102.
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[0054] For the benefit of clarity, the plane in which the resonating structure 106 lies is
defined as the xy-plane while the direction perpendicular to the xy-plane is defined as the
z-axis. The directions of the x-axis and y-axis are illustrated in FIG. 2. The same
definitions of the x-axis, y—_aiis and z-axis will be used throughout the description.

[0055] The resonating structure 106 may be smaller than the cavity 104, as measured in
the xy-plane. The width and length of the resonating structure 106 are smaller than the
width and length of the cavity 104, respectively. The directions for measuring cavity
length and cavity width are at least substantially parallel to the directions for measuring
the resonator length and the resonator width, respectively. The resonating structure can
be very small in size, for example, at about 100um by 200um.

[0056] FIG. 3 shows a lengthwise cross-sectional view of the MEMS resonator 100 of
FIG. 2. As can be seen from FIG. 3, the substrate 102 may have a cavity 104 formed
therein. The resonating structure 106 may have at least one end anchored to the substrate
102 such that the at least one anchored end is not moveable. The resonating structure 106
may be coupled to a anchor block 208, which in turn, may be coupled to the substrate
102. The anchor block 208 anchors the at least one end of the resonating structure 106 to
~ the substrate 102. The remaining portion of the resonating structure 106 may bé
suspended over the éavity 104. The length of the resonating structure 106 may be defined
by the distance between the first end 106a and the second end 106b, in a direction
substantially p‘arallelvto the y-axis. The resonating structure length 109 is indicated in
FIG. 3. The anchor block 208 may be integral to the substrate 102, formed for example, |
through etching of the substrate 102. Alternatively, the anchor block 208 inay also be
formed from deposition of other materials on the substrate 102, or formed from a
combination of etching of the substrate 102 énd deposition of other materials on the
substrate 102. The cavity 104 is preferably at least 0.1 um in depth. The cavity depth is -
also kndwn as an air gap— size 107, which is a z-axis distance between the resonaﬁng
structure and the substrate.

[0057] FIG. 4A shows a widthwise cross-sectional view of the MEMS resonator 100 of
FIG. 2. The width of the resonating stmcturé 106 may be measured between twb sides of

the resonating structure 106¢c and 106d, in a direction substantially parallel to the x-axis
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and substantially perpendicular to the resonating structure length. The resonating
structure width 110 is indicated in FIG. 4A. ' A

[0058] FIG. 4B shows an instantaneous widthwise cross-sectional view of the resonator
100 of FIG. 2, when the resonator 100 is operating in its width-flexural mode. When the
resonatof 100 is operated, the resonating structure 106 flexes out of the xy-plane. In
flexing out of the xy-plane, the displacemeht of the resonating structure 106 may be in
the direction of the z-axis. The z-axis displacement shifts along the width of the
resonating structure, i.e. the x-axis, with respect to time. In other words, the flexural
vibrations of the resonating structure may be understood to be similar to a transverse
travelling wave, wherein the wave propagafes along the width direction, i.e. x-axis of the
resonating structure. o

[0059] The resonating structure 106 may be operated through an actuation mechanism.
The resonating structﬁr_e 106 may include- an actuation mechanism, for example,
~ piezoelectric actuation. As the resonating structure 106 may have a length which is
different from its width, the resonator 100 inherently may have different natural resonant
frequencies corresponding to a length flexural mode and a width flexural mode. When the
actuation mechanism supplies an actuating force to the resonating structure 106 with é
frequency that matches at‘ least one of the natural resonant frequencies of the resonator
100, the resonator 100 may be driven into a resonance condition with >simi1ar
characteristics as an electric resonant circuit. The frequency of the actuating force may be
' chosén to be substantially similar to the natural resonant frequency of the resonator 100
corresponding to the width flexural mode. The resonator functions as a highly selective
frequency filter, whereby it receives an actuating force having a frequency near to the
desired frequency and generates oscillations hax}ing a frequency substantially equal to the
desired frequency. Oscillations in the width flexural mode may experience lesser air
damping, as rcomparedr to the length flexural mode; thereby achieving a higher quality
factor for the resonator 100 even for operation in air. As such, the resonator cavity iO4
may not have to be hermetically sealed to achieve the desired high quality factor.

[0060] FIGS. 5A to 5D show top views of the resonating structure 106 in accordance to
various embodiments. The resonating structure 106 may be anchored to the substrate 102

in various ways. FIG. 5A shows that the resonating‘structure 106 may be anchored to the

10
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substrate 102 through the anchor block 208 at only a first end 106a. FIG. 5B shows that
the resonating structure 106 may be anchored to the anchor blocks 208 at both the first
end 106a and the second end 106b. FIG. 5C shows that the resonating structure 106 may
be coupled to a plurality of anchor beams 510 at only the first end 106a, for anchoring to
the anchor block 208. FIG. 5D shows that the resonating structure 106 may be coupled to
the plurality of anchor beams 510 at both the first end 106a and the.second end 106b, for
anchoring td the anchor blocks 208. o
[0061] FIGS. 6A to 6E show top views of the resonating structure 106 in accordance to
various embodiments. The resonating structure 106 may be a planar structure, similar to a
cantilever. The resonating structure 106 may have a top view shape of a polygon.
FIG. 6A shows the resonating structure 106 having a top view shape of a trapezoid. The
resonéting structure 106 with a trapezoidél shape may be able to suppress spurious
oscillations when the resonator 100 is resonating in the width-flexural mode. FIG. 6B
shows the resonating structure 106 having a top view shape of a rectangle. FIG. 6C
shows the resonating structure 106 haviﬁg a top view shape of a triangle. FIG. 6D shows
that the resonating structure 106 may have a top view shape of a combination of a
rectangle and a triangle. FIG. 6E shows that the resonating structure 106 may have a tob
view shape of a combination of a rectangle and a trapezbid.
[0062] FIG. 7 shows a lengthwise cross-section of a MEMS resonator 700, according to
various embodiments. The MEMS resonator 700 is similar to resonator 100, in that the
MEMS resonator 700 may include a substrate 102 with a cavity 104 therein and a
resonating structure 706 suspended over the cavity 104 with one end anchored to the
sﬁbstrate 102, wherein the resonating Structure 706 is configured to flex in a flexural
mode along a width direction of the resonatihg structure 706. Further to the MEMS
“resonator 100, the resonating structure 706 in MEMS resonator 700 may include a top
electrode layer 712a, a bottom electrode layer 712b and a piezoelectric layer 714
sandwiched between the pair of electrode layers. A support layer 716 may be optionally
added, above or underneath the piezoelectric layer 714. The anchor block 708 may have
the same composition as the resonating structure 706. v
[0063] FIG. 8 shows a widthwise crdss—section of the MEMS resonator 700 of FIG. 7.

The top electrode layer 712a may be positioned on top of and in contact with the

11
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piezoelectric layer 714 while the bottom electrode layer 712b may be positioned
underneath and in contact with the piezoelectric layer 714. To reduce the resonator
impedance, the pair of electrode layers 712a and 712b may be arranged to overlap at least
50% of a surface area of the resonating structure 706. |

[0064] The top electrode layer 712a and bottom electrode layer 712b may be coupled to a
power supply providing an alternating current (AC) voltage. The top electrode iayer 712a
and bottom electrode layer 712b may be coupled to power connectors 818a and 818b
respectively, for coupling to a power supply. The top electrode iayer 712a may be
patterned such that the top electrode layer 712a covers the rpiezoelectric layer 714
partially. The power connector 818a may be positioned over a top surface of an insulator
layer 820, for example, silicon dioxide, while also extending through the insulator layer
820 to come into contact with the top electrode layer 712a. The power connector 818b
may be positioned over the top surface of the insulator layer 820, at a position where
there is no underlying top electrode layer 712a, while also extendiﬁg through éhe insulator
820 and the piezoelectric layer 714 to come into contact with the bottom electrode layer
- 712b. 7

[0065] When an AC voltage is applied to the top electrode layer 712a and to the bottom
electrode layer 712b, a charge may accumulate on each of the electrode layers, building
up an electrostatic field in between the top electrode layer 712a and the bottom electrode
layer 712b. As the Voltage alternates between its polarities, an alternating electric field
méy be generated in between the ‘top electrode layer 712a and the bottom electrode layer
712b. The alternating electric ﬁeid may induce mechanical deformation in the
piezoelectric layer 714 and when the frequency of the alternating electric field matches
with the natural resonant frequency of the MEMS resonator 700, the MEMS resonator
700 may be driven into a resonance condition. A further DC b‘ias may be applied to the
resonator to change a stiffness or spring constant of the resonator, which in turn alters the
resonant freqﬁency of the resonator. Therefore, a magnitude of the DC bias may be varied
to tune the resonant frequency of the MEMS resonator 700.

[0066] The top electrode layer 712a and bottom eleétrode,layer 712b may be made from
metallic materiais. Materials for the electrode 1ayers may include, but are not limited to,

molybdenum (Mo), aluminum (Al), platinum (Pt), chromium (Cr), tungsten (W) and

N
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combinations thereof. Materials for the piezoelectric layer 714 may include but are not
limited to, aluminum nitride (AIN), zinc oxide (ZnO), lead zirconium titanate (PZT),
gallium nitride (GaN), quartz and combinations or alloys thereof. The optional support
layer 716 may provide tensile strength and high quality factor to the resonating structure
706. As the resonant frequency of the resonator is related to a thickness of the resonating
structure, the support layer thickness may be selected to achieve the "desired resonant
frequency. Materials for the support layer 716 may include, but are not limited to, silicon,
aluminum nitride or their combination thereof.

[0067] FIG. 9 shows a lengthwise cross-section of a MEMS resonator 900 in accordance
to various embodiments. The MEMS resonator 900 may include a substrate 102 with a
cavity 104 formed therein and a resonating structure 906. The resonating structufe 906
may be similar to the resonating structure 706 of FIG. 7 and FIG. 8, but further including
at least one temperature compensation of frequency layer formed from a material that has
a positive temperature coefficient of frequency (TCEF). ~FIG. 9 shows the MEMS
resonator 900 may include a first temperature compensation of frequency layer 920a and
a second temperature compensation of frequency layer 920b. The first temperature
compensation of frequency layer 920a is positioned over the top electrode layer 7712271
. while the second temperature campensation of frequency layer 920b is positioned
underneath the support layer 716.

[0068] Any one of the first temperature compensation of frequency layer 920a and the
second terriperature of frequency layer 920b may be less than 4um in thickness. Each of
the first temperature ‘co‘mpensatio»n‘of frequency layer 920a and the second temp_erature of
frequency layer 920b may also be less than 2um in thickness. The first and second
temperature compensation of freqﬁency layere 920a and 920b may be formed from
silicon dioxide or other suitable materials with positive TCF values.

[0069] FIG. 10 shows a widthwise cross-section of the MEMS resonator 900 of FIG. 9.
The top electrode layer 712a and bottom electrode layer 712b may be coupled to power
connectors 818a and 818b respectively, for coupling to a power supply. The power
connector 818a may be positioned over a top surface of an insulator layer 820, while also
extending through the insulator layer- 820 to come into contact with the top electrode

layer 712a. The power connector 818b may be positioned over the top surface of the
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insulator layer 820, while also extending through the insulator 820, the top electrode
layer 712a and the piezoelectric layer 714 to come into contact with the bottom electrode |
layer 712b. The insulator layer 820 may extend into a portion of the top electrode layer
712a where the power connector 818b is positioned, so es to isolate the power connector
818b from the top- electrodelayer 712a. The insulator layer 826 may be formed from the
same material as the first temperature coinpensation of frequency layer 920a.

[0070] An ideal resonator should resonate at a constant frequeﬁcy regardless of
environmental conditions. In reality, most resonators have a negative temperature
coefficient of frequency (TCF), which ineans that resonant frequency of the resonator
increases with an increase in temﬁerature. The MEMS resonator 900 may achieve a
substantially constant resonant frequency throughout its operating temperature range, as
the at least one temperature compensation of frequency layer may offset the inherent
negative TCF value of the MEMS resonator. The operating temperature range of the
MEMS resohatovr“9(;)0 ~may be within -20°C to +120‘;C. '

[0071] FIG. 11 shows a perspective view of a MEMS resonator 1100 having a resonating
structure 106 of FIG. 5D, in accordance to various embodiments. The resonating
structure 106 has four anchor beams 510, for anehoring the resonating structure 106 te
the substrate. ' ‘

[0072] FIG. 12 shows a perspective view of a MEMS resonator 1110 with a resonating
structure 106 of FIG. 6A, in accordance to various embodiments. The resonaﬁng
structure 106 may have a top view shape of a trapezoid. The resonating structure 106 has’
a first end 106a and a second end 106b. The resonating structure 106 may be anchored to
the substrate at the first end 106a. The first end 106a may be wider than the second end
106b. | -

[0073] FIG. 13 shows a MEMS resonator 1300 in accordance to various embodiments.
The plane in which the resenating structure 1306 lies in may be defined as the xy-plane.
The directions of the x-axis and the y-axis are illustrated in FIG. 13. The MEMS
resonator 1300 may have a first power connector 818a and a second power connector
818b positioned away from the resonating structure 1306 ‘in the y-axis. A line A-A is
| parallel to the y-axis and bisects the MEMS resonator 1300 at it.s width. A line B-B is
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parallel to the x-axis and cuts across the MEMS resonator 1300 where the ﬁrst power
connector 818a and second power connector 818b lie. -

[0074] FIG. 14 provides a lengthwise cross-sectional view of the MEMS resonator 1300,
along the A-A line. The top electrode layer 712a may extend through the full lengtﬁ of
the resonating structure 1306, but may be shorter than the bottom electrode layer 712b
which may extend through the full length of the MEMS resonator 1300. The substrate
102 may lie above a further insulator layer 1324. The further insulator layer 1324 may
include insulator materials such as silicon dioxide.

[0075] FIG. 15 shows the widthwise cross-section of the resonator 1300, along the B-B
line, which is across a portion of the MEMS resonator that excludes the resonating
structure 1306. As shown in FIG. 15, the power connectors 818a and 818b are positioned
in the portion of the resonator that excludes the resonating structure 1306. The top
| electrode layer 712a may have a shorter width as compared to the bottom electrode layer

712b, such that the top electrode layer 712a may not come into contact with the power

- connector 818b.

[0076] According to various embodiments, more than one resonating structure may be
coupled to a single substrate with a single cavity or one resonating structure may bé
paired With more than a single cavity. k
[0077] In the following, a numerical simulation of a resonator according to various
embodiments will be described. A MEMS resonator according to various embodiments
-can be simulated and analyzed "using finite element method softWaré, with input
parameters provided for excitation voltage and tuning voltage. For the input parameters
of an excitation voltage of 1V AC having a frequency of 6.25 MHz and a tuning voltage
of OV to 20V DC bias, the simulated mode shapé is as shown in FIGS. 16A and 16B.
[0078] FIG. 16A shows a resonator 100 operating in a length ﬂéxural mode. The
résonating structure 106 may have a top view shape of a trapezoid. The resonaﬁng
structure 106 may have a first end 106a anchored to the substrate and a second end 106b
which may be freely mpveable, In the length flexural mode, the resonating structure 106
 may have a maximum'out-of-plane displacement occurring at the second end 106b.
[0079] FIG. 16B shows the resonator 1007 operating in-a width flexural mode. In the

width flexural mode, the maximum displacement occurs at the two non-parallel edges of
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the trapezoid, i.e. 106¢c and 106d and at positions near the anchor. The direction of the
rdisplacement is out of the resonator plane; whereas for the two parallel edgés? thé longer
edge 106a is anchored to the substrate, thus zero displacement is observed, while very
small or zero displacevment»is also observed on the shorter edge 106b. -

[0080] FIG. 17A shows - widthwise cross-sectional views of a resonating structure
according to various embodiments, operating at various resonant frequencies. 1710 is the
resonating structure 106 operating in the fundamental mode. 1720 is the resonating
structure 106 operating in the second overtone and 1730 is the resonating structure 106
operating in the third overtone. The resonating structure rﬁay operate at various width-
flexural resonant frequencies, inclﬁding the fundamental resonant frequency, as well as at
higher order overtones.

[0081] FIG. 17B shows perspecti?e views of the resonating structure of FIG. 17A
operating at various resonant frequencies. 1740 is the resonating structure 106 in a resting
Eposition. 1750 is the resonating structure 106 operating in the fundaméntal mode. 1760 is
the resonating structure 106 operating in the third overtone mode.

[0082] FIG. 18 shows a graph 1800 having a first vertical axis 1802, a second vertical
axis 1804 and a horizontal axis 1806. The first vertical axis 1802 indicates the
displacement magnitude; the second vertical axis 1804 indicates the phase while the
horizontal axis 1806 indicates the resonator operating frequency. The graph 1800
includes a continuous line 1808 representing the displacement and a broken line 1810
‘representing the phase. The gfaph 1800 shows a first peak 1812 occurring at about 6.26
MHz which is the width flexural mode-resonant freqliency; and a second peak 1814
occurring at about 6.45 MHz which is the length flexural mode resonant frequency. As
can be-seen from the graph 1800, the width flexural mode provides a much larger flexural
magnitude than the length ﬂéxural mode, |

[0083] FIG. 19 shows a graph 1900 having a first vertical axis 1902, a second vertical
axis 1904 and a horizontal axis 1906. The first vertical axis 1902 indicates motional
impedance, the second vertical axis 1904 indicates phase while the hoﬁzontal axis 1906
indicates freciuency. The graph 1900 includes a continuous line 1908 representing

motional impedance and a broken line 19107representing phase. The graph 1900 shows
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fhat at the width flexural mode resonant frequency of about 6.26 MHz, the motional
| impedance of the resonator dips to a minimum value 1912.

[0084] FIG. 20 shows a graph 2000, with a vertical axis 2002 and a horizontal axis 2004.

The vertical axis 2002 indicatés the resonant frequency While the horizontal axis 2004
| indicates the DC bias voltage. As can be seen from FIG. 20, the resonant frequency

decreases with an increase in the DC bias voltage. This DC bias dependency of the

resonant frequency can be used for frequency tuning of the resonator, i.e. the resonant
- frequency of the resonator can be tuned by adjusting the DC bias. |
[0085] FIG. 21 shows a simulated model 2100, of a resonator according to various
embodiments. The simulated model 2100 shows a simulated thermoelastic damping
energy density distribution écross the resonating structure. The resonating structure 106
has a centre portion 2102 which has a highést damping energy density while the resonator
edge 2104 has a lowest damping energy density. FIG. 22 shows a simulated model 2200,
of the resonator of FIG. 21. The simulated model 2200 shows a simulated thermoelastic
damping stress distribution across the resonating structure. The simulated model 2200
shows that the resonating structure 106 has a higher thermo-elastic damping stress
distribution as compared to the resonator edges 2204.
[0086] Air damping coefficient of the length-flexural mode and the width-flexural mode
of the trapezoidal-shape resonator under 1 atmospheric pressure can be calculated from
the simulation results, with the air damping coefficient for various gap sizes included.
FIG. 23 shows a graph 2300, having a vertical axis 2302 and a horizontal axis 2304. The
vertical axis 2302 indicates the damping coefficient of the resonator while the horizontal
axis 2304 indicates the gap size of the resonator. The triangular marker 2306 indicates
the plots for the damping coefficients at various gap sizes, when the resonator is
operating in the length flexural mode. The square marker 2308 indicates the plots for the
darhping coefficients at various gap sizes, when the resonator is operating in the width
flexural mode. From FIG. 23, it can be clearly seen that for each value of gap size, the air
damping coefficient of the width-flexural mode is almost one order less than that of the
length flexural mode of the trapezoidal-shape bmicromechanical resonator. As a result, the
resonator operating in its width-flexural mode will have a higher quality factor than the

resonator operating in its length flexural mode.
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[0087] The overall resonator Q factor can be calculated as follows without considering
other loss mechanisms such as material loss and surface acoustic wave loss:
' 1 1 1 1
= + +
QTaIal ans QTED Qanc )

[0088] Qgas represents the energy lost due to friction with air, Qrep represents the energy

loss due to thermoelastic damping, Qanc represents the energy lost through the anchors.
The combined effect of Qrep is measured in the simulation to be 1/1.18715E-4 = 8403, at
the width flexural resonant frequency of 6.25MHz, while Qanc is estirhated to be 12,000.
Using the above measurements, Qrowi is calculated to be about 5000 at 6.25MHz in a
vacuum. The measured Qrotaris around 4500 at 6.25 MHz in vacuum till 40Torr, and the
corresponding measured impedance in vacuum is around 600Q. In air, the measured
Qfotal is around 1100 at 6.25 MHz and the corresponding measured impedance in air is
around 2kQ.

[0089] The simulation results show that the resonator can achieve a much higher quality
factor by operating in its width-flexural mode, as compared to operating in its length
flexural mode. While both operation modes will be subjected to a substantial energy loss
due to air damping, the resonator is still able to achieve a high quality factor in air by
operating in its width-flexural mode. The resonator impedance in air is also reasonably
low at 2 k2. |

[0090] In the followiﬁg, a preliminary experiment and the resulting measurements 6f a
resonator aécording to various embodiments will be described.

[0091] A impedance analyzer can be used to characterize the fabricated device by
routputting the impedance and phase of the resonator. FIG. 24 shows the frequency
~ response of the resonator in a vacuum. The méasured impedance is plotted against the
‘operating frequency, as shown in graph 2400. The graph 2400 has a first vertical axis
2402 indicating motional impedance yélué in Ohms, a second vertical axis 2404
indicating phase and a horizontal axis 2406 indicating the resonator operating frequency.
The graph 2400 inclﬁdes a continuous line 2408 representing the impedance and a broken
line 2410 representing the phase. As shown in FIG. 24, the minimum impedance value
2412 occurs at the resonant frequency of about 6.343 MHz, sliéhtly higher than the

simulation value of 6.26MHz.
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The impedénce at the resonant frequency is about 680 €2, Based on the measuremenfraw
data, the impedance analyzer computes and displays the Q-factor of the resonator based
on a 3dB rule. The Q-factor of the resonator was determined to be ébout 4500. The phase
change near the resonance region is more than 150°, which eases the integrated circuit
requirement to build the»oscillator.

[0092] FIG. 25 shows a graph 2500, which shows the frequency response of the
resonator in air. The graph 2500 includes a first vertical axis 2502, a second vertical axis
2504 and a horizontal axis 2506. The first vertical axis 2502 indicates the impedance,
while the second vertical exis 2504 indicates the phase. The horizontal axis indicates the
resonator operating frequency. The graph 2500 includes a continuous line 2506
representing the insertion loss and a broken line 2508 representing the phase. When
operating in air, the resonant frequency remains relatively constant at 6.343MHz. The
impedance dips to a minimum 2512 of about 2kQ at the resonant frequency. Based on the
measurement raw data, the impedance analyzer computes the Q-factor of the resonator to
be about 1100. The drop in the quality factor indicates that air damping dominates the
energy loss mechanisms. The measured phase change near the resonance region reduces
to about 90°. _

[0093] Since quality factor is the performance parameter which is affected by the
pressure to the greatest extent among all other measured performance parameters of the
exemr;lary trapezoidal-shape width-flexural mode resonator, it is worth to study the effect
of the ambient pressure on the measured quality factor.

[0094] FIG. 26 shows a graph 2600, which depicts the experimentally measured quality
factor at various pressure levels. The graph 2600 includes a vertical axis 2602 and a
horizontal axis 2604. The vertical axis 2602. indicates the quality factor, while the
horizontal aXis 2604 indicates the air pressure. As shown in FIG. 26, the quality factor
can be maintained at about 4500 when pressure increases up to 7.5Torr (1000Pa); the
~ quality factor can still reach 3500 at a pressure level of 75Torr (10000Pa); and a quality
factor of more than 1000 can be obtained in air at atmospheric pressure.

[0095] The temperature coefficient of freqﬁency (TCF) of the exemplary trapezoidal-
shape width-flexural modef resonator is also characterized and the results are shown in

FIG: 27. FIG. 27 shows a graph’2_700, which depicts the effect of temperature on the
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resonant frequency of the resonator. The graph 2700 includes a vertical axis 2702 and a
horizontal axis 2704. The vertical axis 2702 indicates the resonant frequency, wl}ile the
horizoﬁtal axis 2704 indicates the temperature. From the data shown in FIG. 27, the
Qverall TCF is calculated to be 14.4ppm i.e. -0.18ppm/°C over temperature range 40°C
~120°C and 120ppm ie. 2ppm/°C over the temperature range -20°C ~40°C. The resonant
| frequency increases from -60°C~60°C and decreases from around 100°C~300°C with the
increasing temperature. The resonant frequency remains fairly constant in the
| temperaturé range of 60°C~100°C. The slightly negative TCF in the temperature region
of 40°C ~120°C can be compensated-by adding at least one temperature compensation of
frequency layer to the resonating structure.
[0096] While embodiments of the invention have been particularly shown and described
with reference to specific embbdiments, it should be understood by those skilled in the art
that various changeS‘ in form and detail may be made therein without departing from the
spirit and scope of the invention as defined by the a'ppendéd claims. The scope of the
invention is thus indicated by the appended claims and all changes which come within the
meaning and range of equivalency of the claims are therefore intended to be embraced. It
will be appreciated that common numerals, used in the relevant drawings, refer to

components that serve a similar or the same purpose.
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1. A micro-electromechanical resonator éomprising: :
a substrate with a cavity therein; and
a resonating structure suspended over the cavity, the resonating structure
having a first end anchored tt) the substrate,
wherein the resonating structure is configured to flex in a flexural mode
along a width direction of the resonating structure, wherein the width direction
is defined at least substantially perpendicular to a length direction of the
resonating structure, wherein the length direction is defined from the first eud to
| a second end of the resonating structure, wherein the set:ond end opposes the

first end.

2. The micro-electromechanical resonator as in claim 1, wherein the resonating

- structure is shaped substantially planar.

3. The micro-electromechanical resonator as in claim 1, wherein the resonating

structure is shaped substantially polygonal.

4. The micro-electromechanical resonator as in claim 3, wherein the resonating

structure is shaped substantially trapezoidal.

5. . The micro-electromechanical resonator as in claim 4, wherein the first end is

longer than the second end.

6. The micro- electromechamcal resonator as in claim 1, wherein the resonatmg

structure is anchored to the substrate at both the first end and the second end.

7. The micro-electromechanical resonator as in claim 1, wherein the resonating

structure has a length of less than twice of a maximum width.
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8. The micro-electromechanical resonator as in claim 1, wherein the resonating

structure comprises an actuation mechanism.

9. The micro-electromechanical resonator as in claim 1, wherein the resonating
stfucture comprises

a first electrode layer and a second electrode layer; and

a piezoelectric layer positioned between the first eléctrode layer and the

second electrode layer.

10.  The micro-electromechanical resonator as in claim 9, wherein the resonating
structure further comprises a support layer coupled to the piezoelectric layer, the support
layer comprising at least one selected from the group consisting of silicon, aluminum

nitride or their combination thereof.

11. The micro-electromechanical resonator as in claim 9, further comprising a-control
circuit, wherein the control circuit is configured to apply an altermating current voltage to
at least one of the first electrode layer and the second electrode layer, for generating an
alternating electric field across the piezoelectric layer to induce mechanical deformation

in the piezoelectric layer.

12.  The micro-electromechanical resonator as in claim 11, wherein the alternating
electric field alternates at an input frequency, wherein the input frequency is at least

substantially equal to a width flexural resonant frequency of the resonating structure.

13. The micro-electromechanical resy’o.nator as in claim 1, wherein a resonant
frequency of the resonator is tunable through an adjustment of a direct current voltage

bias.
14. The micro-electromechanical resonator as in claim 9, wherein at least one from

‘the group consisting of the first electrode layer and.the second electrode layer at least

overlaps a partial surface area of the piezoelectri¢ layer.‘ :
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15.  The micro-electromechanical resonator as in claim 14, wherein the partial surface

area of the piezoelectric layer is at least half of a surface area of the resonating structure.

16.  The micro-electromechanical resonator as in claim 9, wherein the resonating
structure further comprises a first temperature compensation of frequency layer, wherein
the first temperature compensation of frequency layer comprises a material with a

positive temperature coefficient of frequency.

17.  The micro-electromechanical resonator as in claim 16, wherein the first

temperature compensation of frequency layer comprises silicon dioxide.

18.  The micro-electromechanical resonator as in claim 16, wherein the resonating
structure further comprises a second temperature compensation of frequency layer,
wherein the second temperature compensation of frequency layer comprises a material

with a positive temperature coefficient of frequency.

19. The micro-electromechanical resonator as in claim 18, wherein the second

temperature compensation of frequency layer comprises silicon dioxide.

20. A method of providing a reference frequency, the method comprising:
providing a  micro-electromechanical = resonator, = the  micro-
electromechanical resonator comprising

a substrate with a cavity thérein, and »

a resonating structure suspended over the cavity, the resonating
-structure having a first end anchored to the substrate; and

controlling the resonating structure to flex in a flexural mode along a
width direction of the resonating ,structure, wherein the width direction is
" defined at least substantially perpendicular to a length direction of the

resonating structure, wherein the léngth direction is defined from the first end to
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a second end of the resonating structure, wherein the second end opposes the

- first end.
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