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Keksintd koskee mikroelektromekaanista resonaattoria, joka kasittda tukirakenteen (60), 19/\.}_'
resonaattorielementin (61), joka on ripustettu tukirakenteeseen (60), ja toimilaitteen

resonaattorielementin (61) virittdmiseksi resonanssimoodiin. Keksinnén mukaisesti J N
resonaattorielementti kasittda monikollisen mééaran vierekkaisia alielementteja (11A-11C), 1348
joista kullakin on pituus ja leveys ja pituus-leveysaspektisuhde, joka on suurempi kuin 1, ja _.\ I 14AB
jotka on sovitettu resonoimaan pituuslaajenevassa, torsio- tai taipuvassa 1228
resonanssimoodissa. Lisdksi kukin alielementeisté (11A-11C) on kytketty ainakin yhteen 138C A -T~— 18
muuhun alielementtiin yhdella tai useammilla liitdntédelementeilla (12AB/14AB, —.\ 4~ 148c
12BC/14BC), jotka on kytketty alielementtien mainittujen resonanssimoodien 128¢ ¥
ei-solmukohtiin resonaattorielementin (61) virittdmiseksi yhteiseen resonanssimoodiin. w L ~-—11C
The invention concerns a microelectromechanical resonator comprising a support structure 1 _LJ

B

(60), a resonator element (61) suspended to the support structure (60), and an actuator for _
exciting the resonator element (61) to a resonance mode. According to the invention, the

resonator element comprises a plurality of adjacent sub-elements (11A-11C) each having

a length and a width and a length-to-width aspect ratio of higher than 1 and being adapted

to a resonate in a length-extensional, torsional or flexural resonance mode. Further, each

of the subelements (11A-11C) is coupled to at least one other sub-element by one or more

connection elements (12AB/14AB, 12BC/14BC) coupled to non-nodal points of the of said

resonance modes of the sub-elements for exciting the resonator element (61) into a

collective resonance mode.
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Coupled MEMS Resonator

Field of the Invention

The invention relates to microelectromechanical (MEMS) resonators. In particular, the

invention relates to length-extensional, torsional or flexural mode resonators.

Background of the Invention

Electromechanical resistance, also known as equivalent series resistance (ESR) is an
important performance parameter of a resonator. Compared with traditional quartz
crystals, ESR tends to be high in particular in piezoelectrically actuated beam resonators,
such as length-extensional (LE) resonators, since the fundamental LE mode can exist in a
beam resonator only when the length-to-width aspect ratio is higher than 1, i.e. in a beam
that is longer than the width of the beam, and Nth overtone LE mode can exist in a beam
resonator whose length-to-width aspect ratio is higher than N. Since the ESR of an LE
modes decreases when the width of the beam increases, wider beams would be preferred
to get lower ESR. However, the binding of the existence of the LE mode to the aspect

ratio sets a lower limit for ESR.

An additional task in MEMS resonator design is to make the frequency of the resonator
insensitive to temperature changes, i.e. temperature compensation. Beam resonators
fabricated in a single-crystal silicon can, in general, be temperature-compensated with
strong enough doping of the silicon crystal, shaping and aligning the beam suitably with
respect to the crystal direction of the underlying silicon crystal, and choosing their
resonance mode suitably. Temperature compensation by doping is more extensively
discussed e.g. in WO 2012/110708 A1.

Beams can oscillate e.g. in a length-extensional (LE) resonance mode, in which the
movement occurs mainly in the length-direction of the beam. LE mode has the desired
property of having a zero or positive first order temperature coefficient of frequency (TCF),
when the resonator beam is directed along the [100] crystalline direction and when doped
with a n-type dopant with high enough doping concentration. Positive TCF of silicon allows

for use of additional materials that have negative TCFs, which may be needed for
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piezoelectric actuation purposes, for example, and thus the overall TCF of a composite LE

mode resonator can be made zero.

Instead of an LE mode, beam resonators can be excited into flexural or torsional modes.
However, similar problems relating to the ESR and temperature compensation are faced

with these modes.

Particular challenges are faced when one wishes to have simultaneously low ESR and
low temperature dependency. Some piezoelectrically actuated resonators with length-to-
width aspect ratio smaller than 1, i.e., relatively wide beams, can support resonance
modes which have relatively low ESR levels comparable to quartz crystals at the same
frequency. For example, Ho et al, "HIGH-ORDER COMPOSITE BULK ACOUSTIC
RESONATORS", MEMS 2007, Kobe, Japan, 21-25 January 2007 and Kuypers J., High
Frequency Oscillators for Mobile Devices, in H. Bhugra, G. Piazza (eds.), Piezoelectric
MEMS Resonators, Microsystems and Nanosystems, DOI 10.1007/978-3-319-28688-
4 15, pp 335-385 show that such resonator designs with low ESR can be implemented,
when the beam is aligned with [110] direction of the underlying silicon crystal. These
resonance modes, however, have higher temperature dependency than e.g. LE modes

and thus they are less usable in piezoelectrically actuated resonators.

Further challenges relating to MEMS resonator design include keeping the quality factor of
the resonator as high as possible and the footprint of the resonator as small as possible in

order to save manufacturing costs.

Thus, there is a need for improved resonators that have the advantageous properties of
beams and still have low ESR, and in particular resonators that can be additionally

temperature-compensated.

Summary of the Invention

It is an aim of the invention to overcome the problems discussed above. A particular aim

is to provide a beam-like resonator whose electromechanical resistance can be kept low.

An additional aim is to achieve a resonator with low dependency of frequency on

temperature.

Further aims include providing low-ESR resonators that have high quality factor (Q-value)

and/or small footprint.
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The invention is based on coupling a plurality of beam-shaped sub-elements to each other
using one or more connection elements coupled to non-nodal points thereof, allowing
them to resonate in a collective mode. Thus, the whole resonator can be excited as a
single resonator, but its shape and orientation limitations are relieved because of the

division to sub-elements.
In particular, the invention is characterized by what is stated in the independent claims.

According to one aspect, there is provided a microelectromechanical resonator comprising
a support structure, a resonator element suspended to the support structure and an
actuator for exciting the resonator element to a resonance mode. The resonator element
comprises a plurality of adjacent sub-elements each having a length and a width and
length-to-width aspect ratio of higher than 1 (i.e. being a beam element). The sub-
elements are adapted to a resonate in a length-extensional, torsional or flexural
resonance mode, in the same or two or more different overtones thereof. Further, each of
the sub-elements is coupled to at least one other sub-element by one or more connection
elements coupled to non-nodal points of the of the resonance mode of the sub-elements

for exciting the resonator element into a collective resonance mode.

The invention offers significant benefits. First, by forming the resonator element from
coupled sub-elements which are capable of resonating in one of the specified modes, the
area, in particular width, of the resonator element can be increased for decreasing the
ESR while maintaining the benefits of these modes. It has been found that coupling of the
sub-elements in the present way is sufficiently strong so that all of the sub-elements
resonate in a collective resonance mode. Consequently, frequency splitting and

appearance of multiple resonance modes is avoided.

Importantly, the invention is compatible with doping-based (intrinsic) temperature
compensation. This means that by aligning the resonator element on a silicon wafer
suitably with respect to crystal direction thereof, the temperature dependency of the

frequency, i.e. absolute value of the TCF, of the resonator is reduced.

The abovementioned benefits are particularly important in the case of piezoelectric
actuation, using which there is the general need of reducing the ESR. Further,
piezoelectric actuator material layers arranged of the silicon body of the resonator element
has an effect on the TCF, whereby TCF "overcompensation" of the silicon body is

beneficial.
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Further benefits of the invention include the possibility to modify the resonator envelope
geometry for making space for different anchoring schemes (in particular central
anchoring for minimizing losses) and/or electrical interconnection schemes (in particular
for minimizing the area of the resonator component). These schemes as discussed in

detail later.

Thus, the invention overcomes limitations of the prior art in a practical way and allows for

new types of resonators to be realized.
The dependent claims are directed to selected embodiments of the invention.

In general, embodiments of the invention allow for both rectangular and non-rectangular
resonator shapes and also voided resonator shapes with decreased ESR and optional
simultaneous temperature compensation. Non-rectangular and/or voided shapes allow for

e.g. high quality factor anchoring and overall component footprint optimization.

In typical embodiments, irrespective of the shape of the whole element, the sub-elements
have a rectangular shape and are arranged at a distance from each other in their width

and/or length direction, separated by the connection elements.

In some embodiments, at least two of the sub-elements have a length-to-width aspect
ratio of more than 2 and are adapted to resonate in an overtone resonance mode having
an order number of 2 or higher. In some embodiments, the aspect ratio is more than 3,

such as more than 5 and the order number 3 or more, such as 5 or more.

In some embodiments, at least two of the sub-elements are coupled to each other in the
width direction thereof, whereby the connection elements comprise at least two essentially
rigid connection elements abutting an elongated trench that remains between the sub-
elements and extends in the length direction thereof. In some embodiments, there is
provided a plurality of trenches defined by the connection elements in the length direction
between at least some sub-elements, the number of trenches corresponding to the order

number of the overtone mode the sub-elements are adapted to resonate in.

The trenches in the resonator element allow the element to shrink and expand in the
transverse direction in addition to the longitudinal shrinkage and expansion also when the
element as a whole has low aspect ratio. The sub-elements as such cannot support e.g.
an LE mode if the aspect ratio is too low, but in the present way the whole element can

support a collective LE mode. This is because the connection elements ensure that the
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resonator element behaves like a single element, i.e. a like a beam with low effective

aspect ratio, which in turn decreases the ESR of the resonator.

In some embodiments, at least two of the sub-elements are coupled to each other in the
length direction thereof, whereby the connection elements comprise at least one flexible
connection element which spans a gap between the sub-elements. The flexible

connection element may have a C-, S-, T-, tilted-I, or meander-shape, for example.

In some embodiments, each sub-element is adapted to resonate in a length-extensional
resonance mode. Alternatively, the resonance mode may be torsional or flexural, such as

an in-plane flexural resonance mode.

In typical embodiments, the connection elements are passive elements formed of a single
silicon crystal body, preferably a doped silicon crystal body, together with the sub-
elements. This means that the connection elements do not act as actuators, like in some
known array resonators, but as passive couplers that ensure that the sub-elements share
the same frequency and fundamental mode shape and therefore contribute to the

collective mode.

In some embodiments, the actuator is a piezoelectric thin film actuator arranged on top of

the resonator element, preferably distributed on top of all sub-elements thereof.

In some embodiments, the resonator element comprises at least 3, for example 3 - 50,
typically 5 - 24, such sub-elements coupled either side-by-side, end-to-end, or both, with

the connection elements.

In some embodiments, at least some of the sub-elements are formed of one or more
fundamental elements having a length-to-width aspect ratio of higher than 1 and abutting
each other along the length dimension perpendicular to the width dimension, whereby
each of the fundamental elements supports a fundamental resonance mode, which
together define a collective resonance mode of the sub-element and further for the whole
resonator element. The fundamental elements are arranged in a rectangular array
configuration, wherein each fundamental element occupies a single array position. In
some embodiments, at least one array position of the array configuration is free from
fundamental elements. In alternative embodiments each array position is occupied by

exactly one fundamental element.
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Thus, the resonating fundamental elements together define a collective resonance mode
in each sub-element and the coupling of the sub-elements ensures a collective resonance
mode of the entire resonator element. Due to the array configuration, the collective
resonance is not destroyed by removal of one or more sections each corresponding to
one or more adjacent fundamental elements. Thus, desired properties of the resonator are

maintained while new design possibilities are made available.

In some embodiments, the resonator element comprises a doped silicon crystal body
whose [100] crystal direction is oriented along the length direction of the resonator
element or deviates less than 25 degrees, in particular less than 15 degrees, therefrom.
This allows for temperature compensation of the element together with low ESR through
widening of the resonator element. In some embodiments, the silicon body is doped to an

average impurity concentration of at least 2*10'° cm™, such as at least 10%° cm.

In some embodiments, each of the sub-elements has a length-to-width aspect ratio of N or

more, where N is the order number of the resonance mode of the sub-element.

In some embodiments, the whole resonator element has an effective length-to-width

aspect ratio of less than 2, in particular less than 1.

In some embodiments, all sub-elements of the resonator element have substantially the
same width. Further, in some embodiments they have substantially the same length. On
the other hand, in some embodiments at least some of the sub-elements have different
lengths and are adapted to resonate different but mutually collective overtone resonance
modes. Thus, the sub-elements support a different collective overtone of a single
fundamental mode. This allows for shaping the envelope geometry of the resonator for

various purposes, as will be discussed later.

In some embodiments, the resonator element comprises a plurality of adjacent sub-
elements that are adapted to support at least third, such as at least fifth overtone mode of

the fundamental mode. This allows for high frequency together with low ESR.

In some embodiments, the resonator element is suspended to the support structure from
nodal points of the resonance mode of the sub-elements on opposite lateral sides of the
resonator element in the width direction thereof. Alternatively or in addition to that, the
resonator element may be suspended to the support structure from nodal points between
two sub-elements, preferably symmetrically both in the width and length direction of the

resonator element. The two sub-elements need not be, and typically neither are,
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(and intervening trench) widths.

Next, embodiments of the invention and advantages thereof are discussed in more detail

with reference to the attached drawings.

Brief Description of the Drawings

Figs. 1 - S illustrate top views of fully occupied resonator array configurations formed of

fundamental elements.
Fig. 6 shows a top view of a resonator element suspended to a support structure.

Figs. 7A, 7B and 7C illustrate a single beam resonator, a beam extended in the width
direction in a traditional way, and a resonator element according to the present invention,

respectively.

Fig. 8A shows a top view of one resonator configuration designed for the second-order LE

mode.
Fig. 8B shows a mode shape graph of a section of a resonator element of Fig. 8A.

Fig. 9A shows a top view of one resonator configuration designed for the fundamental

(first-order) LE mode.
Fig. 9B shows a mode shape graph of a section of a resonator element of Fig. 9A.

Fig. 10 shows a graph of modal frequencies as a function of beam aspect ratio (width to

length) for a plurality of modal orders.

Fig. 11 shows a top view of an exemplary high-order (9th overtone) mode resonator

element configuration.

Fig. 12 shows a top view of a voided, centrally anchored variation of the configuration of
Fig. 11.

Fig. 13 shows a non-rectangular variation of the configuration of Fig. 11.

Figs. 14A - D show further examples of centrally anchored voided, split and non-

rectangular resonator elements.
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Fig. 15A shows a measured wide-frequency range admittance graph of a piezoelectrically

coupled 2nd overtone mode resonator of Fig. 8A.

Fig. 15B shows a detail of the admittance graph of the main resonances of Fig. 15A.
Fig. 15C shows a measured frequency-vs-temperature curve of the resonator of Fig. 8A.
Fig. 16A shows a top view of a multiple-branch width-coupled resonator plate.

Fig. 16B shows a top view of a longitudinally coupled resonator plate.

Figs. 17A-E illustrate different possible flexible connection element geometries between

longitudinally coupled sub-elements.
Figs. 18A-C illustrate examples of different longitudinal coupling positions.

Figs. 19A-D illustrate further examples of flexible connection elements for longitudinal

coupling.

Detailed Description of Embodiments

Definitions

"Nodal point" herein means a point at the oscillation mode shape, which has average
amplitude of oscillation that is less than 20% of the maximum amplitude of the oscillation

mode shape.

"Non-nodal point" (or "point displaced from a nodal point") means a point at the oscillation
mode shape, which has average amplitude of oscillation that is 20% or more of the

maximum amplitude of the oscillation mode shape.

The terms "length" and "longitudinal" are herein used in particular to refer to the in-plane
direction parallel to the main expansion direction the LE mode, the torsional axis of a
torsional mode or the axis perpendicular to the main flexural displacement of a flexural

mode. "Width" and "transverse" refer to the in-plane direction orthogonal to that direction.

Aspect ratio refers to the ratio of in-plane dimensions of an element or sub-element.
"Effective aspect ratio” refers to the aspect ratio of the whole resonator element
comprising a plurality of sub-elements, in contrast to the aspect ratio(s) of the individual

sub-elements (beams) thereof.
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"Trench" refers to an empty space inside the resonator element that allows neighboring
sub-elements to move with respect to each other and thus the desired mode to arise in a
sub-element. An "elongated" trench is a trench having an aspect ratio of 3 or more, such
as 5 or more, and even 10 or more, depending on the mode the element is adapt to

support.

"Connection element" is any member mechanically connecting two sub-elements located
at a distance from each other to each other. A connection element may couple sub-
elements in the width direction, whereby it limits a trench or, alternatively, a void or cove
within the resonator element at a longitudinal end thereof. In this case, the element is
typically an essentially rigid element. Alternatively, it may couple sub-elements in the
length direction, whereby it is typically a flexible element, such as a C- or S-shaped
element capable of elastically deforming during resonation. Typically, the connection
elements are part of the single-crystal structure of the resonator element, generated by
patterning the outer shape of resonator element and the trenches therein by known

MEMS microfabrication methods.

"Fundamental (resonance) mode" refers to the first order resonance mode (also "first

overtone™"). A higher overtone mode is formed of several fundamental modes.

"Fundamental element" is a rectangular in-plane portion of a resonator that carries a
fundamental resonance mode. Fundamental elements can be in the longitudinal direction
seamlessly connected in end-to-end configuration (i.e. "virtual" elements of a beam
defined by the mode shape excited therein) or separated by a gap and connected by
flexible connection elements. A higher overtone mode of order N can be thought as

fundamental modes arising in N longitudinally end-to-end -coupled fundamental elements.

"Collective resonance mode" refers to a compound resonance mode in which all
fundamental elements of a particular entity concermned resonate in the same fundamental
resonance mode and have essentially the same frequency and the same or 180 degrees
shifted phase. In the collective resonance mode of the whole resonator element each of
the sub-elements that form the resonator element carries either a first-order length-
extensional, torsional or flexural resonance mode or a higher overtone mode thereof. In
this case, the resonator element is dividable into typically equally-sized fundamental

elements each supporting the same fundamental mode.
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In typical embodiments, all fundamental elements of the resonator are arranged in a
rectangular array configuration. An "occupied" array position contains a fundamental

element. An "unoccupied" array position is empty of resonating material.

"Voided" resonator element shape means a shape in which at least one array position
within the resonator element is unoccupied. A void may serve as an anchoring and/or
electric contacting region. The desired resonance mode -enabling gaps (trenches)

between the sub-elements are not considered as voids in the present context.

Rectangular resonator element is an element whose all peripheral fundamental element
array positions are occupied. A non-rectangular element has at least one peripheral array

position unoccupied.

"Integer fraction", when the lengths of the sub-elements are concerned, means a fraction
N/M, where both N and M are positive integers and N < M. For example, a third overtone
sub-element in embodiments of the present invention is shorter than a fifth overtone sub-

element by integer fraction of 3/5.

Length-extensional (LE) bulk acoustic wave modes of different orders in beam elements
are known in the art. In such modes, the element (sub-element) contracts and expands
mainly along a single axis, with one or more node points on that axis. In a symmetric
element, and in the typical case where both longitudinal ends of the element are free (not
anchored to the support structure), the nodal points are symmetrically located along the
length of the element. Similarly, torsional and in-plane flexural and out-of-plane flexural

mode shapes are known in the art.

"Temperature-compensated" element herein means that the elastic properties of the
element that are relevant for the mechanical movement the element is adapted to undergo
have, with the present doping level, smaller dependency on temperature than without
such doping in at least some temperature range. Typically, temperature compensation is a
result of selection of material properties, geometric properties, crystal-orientation -related
properties and mode shape. The doping concentration can be 2*10'"° cm™ or more, such
as 10%° cm™ or more. The doping agent may be either an n- or p-type doping agent, such
as phosphorus or boron. Temperature compensation herein covers also so-called
"overcompensation”, i.e. making the TCF of the element as such positive so that when a
piezoelectric transducer layer, and/or some other layers are, coupled with the element, the

total TCF of the resonator is smaller than without doping.
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Description of selected embodiments

In general, the resonator elements herein discussed may comprises a plurality of sub-
elements with aspect ratios of more than 1, in particular more than N, where N is the

overtone number of the collective mode excited therein (i.e. mode order).

The number of sub-elements in the resonator element can be two or more, such as 2 - 50,
in the width direction of the resonator element, and one or more, typically 1 - 8, such as 2

- 8 in the length direction.

The number of fundamental elements in the length direction, corresponding to the mode

order number excited in a sub-element, can be e.g. 1 - 20, for example 2 - 12.

For achieving low ESR, the effective length-to-width aspect ratio of the resonator element

is typically less than 2. In some embodiments, the aspect ratio is less than 1.

More detailed embodiments of the invention are below described mainly with reference to
the length-extensional mode, for which also experimental data is presented to illustrate
feasibility and benefits of the invention, but the same principles can be applied to torsional

and flexural modes too.

In some embodiments thereof, the invention provides a length-extensional mode
resonator, comprising a support structure and a silicon resonator element suspended to
the support structure at nodal points thereof, the resonator element having a length and
width. The resonator element further comprises at least two sub-elements partially
separated from each other by intermediate zones, each of the intermediate zones
comprising at least one elongated trench and at least two connection elements abutting
the trench and mechanically coupling the sub-elements to each other an non-nodal points
thereof. This ensures strong coupling of the sub-elements and therefore behavior of the
whole element as a single element with a well-defined resonance mode and resonance
frequency. The actuator is adapted to excite the resonator element into a length-
extensional resonance mode parallel to the longitudinal direction of the at least one

elongated trench.

In some embodiments, the resonator element comprises a body of doped silicon. Further,
the [100] crystal direction of the silicon body can be oriented along the length-extensional

direction of the resonator element, or it deviates less than 25 degrees, in particular less
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than 15 degrees, therefrom. This, together with doping of the silicon body of the resonator
to an average impurity concentration of at least 2*10'° cm™, such as at least 10%° cm™,
allows for temperature compensation of the resonator simultaneously to achieving low
ESR.

In some embodiments, the resonator element is divided into to three or more sub-
elements side by side along the width thereof. This way, the ESR of the resonator can be
kept low while maintaining the ability to support LE mode and possibility for efficient

temperature compensation.

In some embodiments, there are at least two trenches and three connection elements in
at least one intermediate zone, preferably all intermediate zones. This can be used to

manufacture e.g. resonator elements dedicated to a specific higher-order LE overtone.

The aspect ratio of sub-elements is typically chosen to be in the range 2:1 ... 10:1 to keep
the number of sub-elements relatively low and the relative area occupied by the trenches
low and to obtain maximal benefit of the invention. However, the invention works with

higher aspect ratio sub-elements, too.

Fig. 1 shows a resonator element supporting oscillation in the first and higher order LE
modes (overtones). The element comprises three sub-elements 11A, 11B, 11C, which are
placed side by side along the width direction. Adjacent sub-elements 11A/11B, 11B/11C
are coupled to each other by two connection elements 12AB/14AB, 12BC/14BC, located
between the sub-elements at or close to the longitudinal ends of the sub-elements.
Between the connection elements 12AB/14AB, 12BC, 14BC, there remains a trench
13AB, 13BC, which allows the sub-elements to 11A, 11B, 11C to expand in the width
direction during the LE mode oscillation. The linear sequence of connection elements
12AB, 14AB and trench 13AB defines a first intermediate zone and the sequence of

connection elements 12BC, 14BC and trench 13BC defines a second intermediate zone.

If each sub-element of Fig. 1 is driven into the first-order mode, i.e. the fundamental
mode, the resonator element forms a fully occupied rectangular 3x1 fundamental mode

array.

It should be noted that the connection elements 12AB/14AB, 12BC/14BC are not located
at the nodal points of LE oscillation modes, but at non-nodal points at or close to the
oscillating ends of the sub-elements, which makes the whole element a set of strongly

coupled resonators, which are capable of resonating in a collective LE mode.
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The element is suspended from the midpoints of the longitudinal outer edges of the
element using anchors 19A, 19B. The number of anchors may be more than two. In a
typical configuration, the anchors are located at or symmetrically with respect to the

transverse mid-axis of the element.

Fig. 2 shows an embodiment which is suitable for second order LE mode oscillation.
There are three connection elements 22AB/24AB/26AB, 22BC/24BC/26BC and two
trenches 23AB/25AB, 23BC/25BC between each of the sub-elements 21A, 21B, 21C. This
configuration allows expansion of the sub-elements in the width direction in the second LE
mode, and also other even higher order modes. The resonator element of Fig. 2 forms a

rectangular 3x2 fundamental mode array.

Each of the sub-elements has a width W and length L, which may be but need not be the
same between different elements. It should also be noted that the connection elements
need not be located at the same positions between each sub-element pair and/or the sub-
elements and/or trenches need not be perfectly rectangular, but some or all of them can
have for example a tapering shape. These variations allow for example for adjusting the
TCF of the resonator element, because the aspect ratio of the individual beams affect the
TCF of each individual beam and thus the TCF of the full resonator element. In addition,
adjustment of the dimensions and shape of the beams as well as the locations,
dimensions and number of the connection elements provides additional degrees of
freedom, which can be used for setting the frequencies of the parasitic modes to optimal

frequencies, where their harmful effects can be minimized.

Fig. 3 shows an example where there are four sub-elements 31A-D separated by non-
similar intermediate zones. Between each two sidemost sub-elements 31A/31B, 31C/31D,
there are two trenches 33AB/35AB, 33CD/35CD and three connection elements
32AB/34AB/36AB, 32CD/34CD/36CD, whereas between the middlemost sub-elements
31B/31C, there is a single trench 33BC and two connection elements 32BC/34BC. Other
configurations are naturally possible t0o. The resonator element of Fig. 3 forms a

(modified) rectangular 4x2 fundamental mode array.

Fig. 4 shows an embodiment with three sub-elements 41A, 41B, 41C interleaved by
intermediate zones 48AB, 48BC each having four connection elements and three
trenches positioned symmetrically along the length of the sub-elements. The resonator

element of Fig. 4 forms a rectangular 3x3 fundamental mode array.
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Fig. 5 shows a variation with five sub-elements 51A-E separated by intermediate zones
58AB-DE of the kind discussed with reference to Fig. 2. The total width W;of the element
is in this example larger than its length, which equals to the length L of the sub-elements.

The resonator element of Fig. 5 forms a rectangular 5x2 fundamental mode array.

In a typical implementation, at least one trench between each pair of sub-elements is

centered at a nodal point of the LE mode.

For the element being able to support the LE mode, the total length of the trench(es) at
each intermediate zone between the sub-elements should be a significant portion of the
total length L of the element. In some embodiments, this portion is 50% or more, such as

75% or more. In some embodiments, the portion is 30% or more.

In typical configurations, the trench width is 10 um or less, and preferably as narrow as

possible with the fabrication method used so as to minimize the area of the trenches.

In some embodiments, the trenches and connection elements are dimensioned and
positioned such that frequency splitting and appearance of plurality of simultaneous
resonance modes is avoided. Herein, the principles of A. Jaakkola, et al, “Experimental
study of the effects of size variations on piezoelectrically transduced MEMS resonators”,
Proc. IEEE International Frequency Control Symposium, 2010, pp. 410—414,
http://dx.doi.org/10.1109/FREQ.2010.5556299 can be followed.

In some examples, the resonance mode is the fundamental mode and the aspect ratio is 2
- 4. It may be for example 2.6 - 3.4. In some examples, the resonance mode is a second
order mode or higher and the aspect ratio is 3 - 10. It may be for example 4.0 - 8.0 fora

second order mode.

Fig. 6 illustrates a suspended resonator element. The support structure 60 is separated
from the resonator element 61 by a gap at all locations except for the anchors 69 at nodal
points on the outer longitudinal sides of the sidemost sub-elements. This allows the

resonator element 61 to oscillate freely in the LE mode as discussed above.

In each of the embodiments discussed above, at least one, typically more than one,
connection element of each sub-element, is located at a non-nodal point of resonance
mode the element is adapted to resonate in. This ensures that the sub-elements are

coupled and oscillate in tandem.
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Finally, Figs. 7A - 7C illustrate the difference of the present resonator with respect to
conventional resonators. Fig. 7A shows a single high aspect-ratio beam having two free
ends. Fig. 7B shows a beam extended in the width direction, making it if fact a rectangular
plate. Such resonator has lower ESR and can be used in the [110] direction but does not
work in the LE mode when aligned in the [100] crystal direction and therefore cannot be
temperature-compensated therein. Fig. 7C shows a resonator element according to an
embodiment of the present invention. This approach works even if the sides of the
element were aligned in the [100] crystal direction and has the same low ESR as the plate
of Fig. 7B in the [110] direction.

Fig. 8A illustrates a resonator, which is able to support a 2" LE overtone resonance
mode. The resonator element thereof is formed of a plurality (here 11) sub-elements each
separated from neighboring sub-elements by two elongated trenches arranges one after
another and connected to neighboring sub-elements by three connection elements. When
the dimensioning of the resonator plate shown is 326 um x 180 um, the resonance
frequency is close to 40 MHz. The resonator element of Fig. 8A forms a rectangular 11x2

fundamental mode array.

Fig. 8B illustrates the LE mode resonance mode shape of the geometry of Fig. 8A,

simulated with FEM software. Due to symmetry, only half of the whole resonator is shown.
The shades of grey indicate the total displacement at each location. As can be seen, each
sub-element resonates in the same collective mode. In the 2nd (and other even orders of
resonance), the mode shape is not symmetric, but one end of the sub-elements contracts

while the other expands.

Fig. 9A lllustrates another resonator, which is able to support the fundamental LE
resonance mode. When the dimensioning of the resonator plate is 300 pm x 180 um, the
resonance frequency is close to 20 MHz. The resonator element of Fig. 8A forms a

rectangular 5x1 fundamental mode array.

Fig. 9B illustrates the LE mode resonance mode shape of the south-east symmetric

quarter of the geometry of Fig. 9A, simulated with FEM software.

Fig. 10 illustrates a plot of modal frequencies of a beam (here corresponds to a sub-
element) whose width-to-length aspect ratio is varied from near zero (very thin beam) to 1.

The dashed lines indicate the fundamental LE mode (LE1) and the overtone modes LE2
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... LE4. Along the LEx modal branches the LEx mode in the direction defined by

parameter L exists only at the dashed regions.

Fig. 11 shows an example of a high (9th) overtone length-extensional resonator element
comprising a plurality (19) sub-elements 111A stacked in the width direction and anchored
with anchor elements 119 from nodal points at opposite longitudinal sides thereof. For
example, to form a resonator oscillating approximately at 120MHz, the dimensions of the

element can be set to 225 pm x 170 pym.

Fig. 12 shows a configuration otherwise similar to that of Fig. 11, but now anchoring has
been done using anchor elements 129 at the center of the resonator by providing a void
118 therein, i.e. "removing" some of the central fundamental elements of the sub-
elements (in this case 5x3 fundamental elements). Consequently, the resulting structure
comprises two types of sub-elements 121A, 121B having different lengths. The length of
the shorter sub-element 121B is an integer fraction of the length of the longer element
121A. It has been shown that the collective resonance mode properties of the plate are

maintained even though the envelope geometry has been modified.

In general, the present resonator design allows for removing of desired fundamental
elements (preferably symmetrically) without losing the desired (collective) mode
characteristics of the compound resonator. This has the advantage that LE resonance
mode character is maintained even though there is a void in the center. Central anchoring,
for its part, is beneficial from the point of view of minimizing packaging stresses which
may affect the resonator element. Central anchoring is beneficial also from the point of
view of low acoustic losses, whereby the Q-value of the resonator is increased. Losses

are reduced due to the highly symmetry of the structure that the invention allows.

Fig. 13 shows an example of a non-rectangular geometry, where fundamental elements
are left out at corners of the resonator plate. Also in this case, the resulting structure
comprises two types of sub-elements 131A, 131B having different lengths. In this case
too, the collective resonance mode properties of the plate are maintained even though the
envelope geometry has been modified. The freed zones 113 can be used for electrical

interconnects and/or vias of the component, for example.

Thus, voided and/or non-rectangular resonator elements, as exemplified in Figs. 12 and
13 are beneficial because the footprint of the resonator component can be minimized,

taking into account that in common dicing processes, a wafer containing a plurality of
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components is cut into rectangular sections each containing a single component. The
areas freed from the resonator area can be used for anchoring or internal or external
connection purposes, only to mention some potential needs. The embodiments of Fig. 12
and Fig. 13 can also be combined to provide a voided and non-rectangular resonator

element.

The resonator elements of Fig. 11-13 form a rectangular 19x11 fundamental mode arrays.
The array positions of Fig. 11 are fully occupied but there are unoccupied array positions
in Fig. 12 and 13.

Fig. 14A shows an embodiment which is similar to that of Fig. 12, but now adapted for
smaller frequency (overtone 3). The void 148A herein is produced by "removing" all
fundamental elements of one sub-element, and using longer connection elements 147A at
the longitudinal ends of the void 148A. Central anchoring with anchor elements 149A is

achieved.

Fig. 14B shows further variation, in which the longer coupling elements 147A of Fig. 14A
are omitted, making the resonator in fact a double-element resonator, each single element
being of the presently discussed kind. This is a simple geometry to process, since
anchoring to surrounding substrate does not require to for structural contact to the
backside or top wafer as the design of Fig. 14A. In order for a collective mode to exist
between the two elements of the resonator, the anchoring need to be implemented such
that they are not too weakly coupled with each other (which would be likely to produce two

different peaks due to manufacturing imperfections).

Figs. 14C and 14D show further embodiments which combine the benefits of Fig. 14A and
14B and provide both central anchoring, easy electric access to actuator and overcome
the potential problem of weak coupling. The configuration of Fig. 14C couples the left and
right side so that one compound mode exists, using one longer connection element 147C
and supports structure 148C extending to the central anchoring zone and anchor
elements 149C on the opposite side of the element. The embodiment of Fig. 14D is
similar to that of Fig. 14C, but here the sufficient coupling is achieved, and also ensured,
with one full fundamental element -containing sub-element 141D, which has an integer

fraction length of the other sub-elements 141C.

The resonator elements of Figs. 14A-D form a rectangular 11x3 fundamental mode

arrays, with 3 unoccupied array positions in Figs. 14A-C and 2 unoccupied array positions



20185112 PrH 14 -01- 2019

10

15

20

25

30

18

in Fig. 14D. (Depending on coupling strength, the embodiment of Fig. 14B can also be

seen as two 5x1 arrays).

Generally speaking, in some embodiments, like those of Figs. 12, 13 and 14D, there are
at least two different types of sub-elements, the first type having a first length and the
second type having a second length which amounts to an integer fraction of the length of
the first type for exciting the sub-elements of different types into different overtone modes

of a collective fundamental resonance mode.

In some examples, like those of Figs. 12 and 14D, at least one sub-element of the second
(shorter) type is positioned between two sub-elements of the first (longer) type. This
leaves space for central anchoring, for example, in which case the resonator element is
suspended to the support structure from the two sub-elements of the first type on opposite

sides of the sub-element of the second type.

In some examples, like that of Fig. 12, the resonator element comprises a void defined by
two or more of the sub-elements of the second type and the two sub-elements of the first
type, the support structure being at least partly arranged in the void, and the resonator
element is suspended to the support structure within the void. Thus, the resonator

element is centrally anchored, surrounding the anchor position in the lateral plane.

In some embodiments, like that shown in Fig. 14D, the resonator element comprises a
cove (i.e. lateral recess) defined by one or more of the sub-elements of the second type
and the two sub-elements of the first type, the support structure being at least partly
arranged to extend within the cove, and the resonator element is suspended to the

support structure within the cove.

By means of both void and cove configurations central anchoring can be achieved, which
can be used to minimize losses of the resonator. The void configuration has the benefit
that fully symmetric resonator can be achieved, whereas the cove configuration allows for
more simple electric access to the surface of the resonator which typically contains the
piezoelectric actuation layers. By means of the cove configuration, through-silicon vias in
the wafer can be entirely avoided. In the void configuration, a through-silicon via can be

arranged in the wafer to the region of the void.

Fig. 15A shows a measured wide-frequency range admittance graph of of piezoelectrically
coupled 2nd overtone mode resonator corresponding to that of Fig. 8A, when fabricated

on a wafer with Si/AIN/Mo materials stack with thicknesses of 28/1/0.3 ym. One can
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deduce that the main mode at 42MHz is excited cleanly. That is, there are only few
parasitic resonance modes, at 18MHz for example, and they are coupled much more

weakly than the main mode.

Fig. 15B shows a detail of the admittance plot of the main resonances of the design of Fig.
15A (labeled as "11 beams", and corresponding plots of the main resonances of otherwise
similar resonators as that of Fig. 15A but with smaller number of coupled beam elements
(labeled as "7 beams" and "3 beams", respectively. Resonator quality factor Q, shunt
capacitance Cq and equivalent series resistance R1 (= ESR), obtained through fits to the
measurement results, are shown for all three cases. The figure illustrates how the ESR is
decreased when the resonator width, proportional to the number of coupled beam

elements, is increased.

Fig. 15C shows the measured frequency-vs-temperature curve of the resonator of Fig.
15A (labeled as "stacked LE beams overtone 2") and the same characteristic of a mixed
WE-Lame mode resonator similar to that discussed in WO 2018/002439 A1, when both
are fabricated on same wafer with n-type doping of 7*10'%cm-3. It can be seen that the
linear temperature coefficient TCF1 of the first resonator is approximately 4 units higher
than the same parameter of the latter resonator. Thus, there is higher overcompensation,

which has the benefit that one can use for example to use thicker AIN layer for
piezoelectric actuation purposes to achieve a temperature compensated design.

Fig. 16A shows resonator element configuration having four branches of side-by-side
coupled short sub-elements anchored to a central support element at nodal points. Each
branch element is a 6x1 fundamental mode array resonator element having non-nodal

internal couplings between sub-elements thereof.

In one variation (not shown in detail) of Fig. 16A, to ensure collective resonance between
the branches, the central element is a resonating sub-element and coupling of the
branches to the central sub-element may also be at non-nodal points, whereby a 13x2

fundamental mode array is formed.

Fig. 16B shows a top view of a longitudinally coupled resonator plate comprising three
rows of 11 columns fundamental-mode sub-elements. Each row is coupled to another row
using flexible longitudinal connection elements at both ends thereof. Each row is internally
coupled using rigid connection elements, as discussed above. An 11x3 fundamental

element array is formed.
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Figs. 17A-E illustrate different possible flexible connection element geometries between
longitudinally coupled sub-elements. A side-connectable shape "C"-shape used also in
the configuration of Fig. 16B is shown in Fig. 17A. End-connectable shapes are shown in
Figs. 17B-17E. These show an end-connectable C-shape of Fig. 17B, S-shapes of Figs.
17C and 17D, and a tilted I-shape of 17E. One appreciates, that other flexible shapes and

variations of the illustrated ones are possible too.

Figs. 18A-C schematically illustrate examples of different longitudinal coupling options on
the resonator plate level. As can be seen longitudinal coupling can be arranged directly
between the longitudinal elements at any, preferably symmetrical configuration using e.g.

the elements of Fig. 17B-E (connection elements not shown in detail in Figs. 18A-C).

Instead of or in addition to end-to-end connection of sub-elements in the same column, as
shown in the above-discussed examples, one can connect sub-elements of different
columns using longer elements extending over column boundaries in the width direction

(not shown).

Figs. 19A-D show further examples of flexible connection elements each having at least

one T-branch.
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Claims
1. A microelectromechanical resonator, comprising

— asupport structure (60),
— aresonator element (61) suspended to the support structure (60),

— an actuator for exciting the resonator element (61) to a resonance mode,

characterized in that

— the resonator element comprises a plurality of adjacent sub-elements (11A-11C)
each having a length and a width and a length-to-width aspect ratio of higher than
1 and being adapted to a resonate in a length-extensional, torsional or flexural
resonance mode,

— each of the sub-elements (11A-11C) is coupled to at least one other sub-element
by one or more connection elements (12AB/14AB, 12BC/14BC) coupled to non-
nodal points of said resonance modes of the sub-elements for exciting the

resonator element (61) into a collective resonance mode.

2. The resonator according to claim 1, wherein at least two of the sub-elements (11A-11C)
are coupled to each other in the width direction thereof, whereby said connection
elements (12AB/14AB, 12BC/14BC) comprise at least two essentially rigid connection
elements abutting an elongated trench (13AB, 13BC) that remains between the sub-

elements and extends in the length direction thereof.

3. The resonator according to claim 1 or 2, wherein at least two of the sub-elements (11A-
11C) have a length-to-width aspect ratio of more than 2 and are adapted to resonate in an
overtone resonance mode having an order number of 2 or higher.

4. The resonator according to claim 3, wherein said sub-elements (11A-11C) adapted to
resonate in an overtone resonance mode having an order number of 2 or higher are
separated in the width direction thereof by a plurality of elongated trenches (13AB, 13BC)
defined by said connection elements (12AB/14AB, 12BC/14BC) in the length direction, the
number of trenches being the same or higher than the order number of the overtone mode

the sub-elements are adapted to resonate in.

5. The resonator according to any of the preceding claims, wherein at least two of the sub-
elements (11A-11C) are coupled to each other in the length direction thereof by a flexible

connection element which spans a gap between the sub-elements.
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6. The resonator according to any of the preceding claims, wherein each sub-element

(11A-11C) is adapted to resonate in an in-plane length-extensional resonance mode.

7. The resonator according to any of the claims 1 - 5, wherein each sub-element (11A-
11C) is adapted to resonate in a torsional resonance mode or a flexural resonance mode,

such as an in-plane flexural resonance mode.

8. The resonator according to any of the preceding claims, wherein each of the sub-
elements (11A-11C) has a rectangular shape and the sub-elements are arranged at a
distance from each other in their width and/or length direction, separated by said
connection elements (12AB/14AB, 12BC/14BC).

9. The resonator according to any of the preceding claims, wherein said connection
elements (12AB/14AB, 12BC/14BC) are passive elements formed of a single doped
silicon crystal body together with the sub-elements (11A-11C).

10. The resonator according to any of the preceding claims, wherein said actuator is a
piezoelectric actuator arranged on top of the resonator element (61), preferably distributed

on top of all sub-elements (11A-11C) thereof.

11. The resonator according to any of the preceding claims, comprising at least 3, such as
3 - 50 such sub-elements (11A-11C).

12. The resonator according to any of the preceding claims, comprising at least two sub-
elements (11A-11C) coupled to each other in the width direction thereof and at least two

sub-elements coupled to each other in the length direction thereof.

13. The resonator according to any of the preceding claims, wherein each of the sub-
elements (11A-11C) has a length-to-width aspect ratio of N or more, wherein the N is the

order number of the resonance mode of the sub-elements.

14. The resonator according to any of the preceding claims, wherein whole resonator

element (61) has an effective length-to-width aspect ratio of less than 1.

15. The resonator according to any of the preceding claims, wherein all sub-elements
(11A-11C) of the resonator element (61) have substantially the same width and/or

substantially the same length.
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16. The resonator according to any of the preceding claims, wherein at least some of the
sub-elements (121A-121B, 131A-131B) have different lengths and are adapted to

resonate collectively in different overtone resonance modes.

17. The resonator according to any of the preceding claims, wherein at least two of the
sub-elements have a length-to-width aspect ratio of more than 3, in particular more than 5,
and are adapted to resonate in an overtone resonance mode having an order number of 3

or higher, in particular 5 or higher, respectively.

18. The resonator according to any of the preceding claims, wherein the resonator
element (61) comprises a body of silicon doped to an average impurity concentration of at

least 2*10"°cm3, such as at least 10%° cm3.

19. The resonator according to any of the preceding claims, wherein the resonator
element (61) comprises a silicon crystal body whose [100] crystal direction is oriented
along the length direction of the resonator element or deviates less than 25 degrees, in

particular less than 15 degrees, therefrom.

20. The resonator according to any of the preceding claims, wherein the resonator
element (61) is suspended to the support structure (60) from nodal points of the
resonance mode of the sub-elements on opposite lateral sides of the resonator element in

the width direction thereof.

21. The resonator according to any of the preceding claims, wherein the resonator
element (61) is suspended to the support structure (60) between two sub-elements from
nodal points of the resonance mode of the sub-elements between two sub-elements,

preferably symmetrically both in the width and length direction of the resonator element.
22. The resonator according to any of the preceding claims, wherein

— atleast some of the sub-elements (11A-11C) are formed of one or more
fundamental elements having a length-to-width aspect ratio of higher than 1 and
abutting each other along the length dimension perpendicular to a width
dimension, whereby each of the fundamental elements supports a fundamental
resonance mode, which together define a collective resonance mode of the sub-
element (11A-11C) and further a collective resonance mode of the whole

resonator element (61),
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— the fundamental elements are arranged in a rectangular array configuration,

wherein each fundamental element occupies a single array position.

23. The resonator according to claim 22, wherein at least one array position of the array

configuration is free from said fundamental elements.

24. The resonator according to claim 22, wherein each array position is occupied by one

fundamental element.
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Patenttivaatimukset
1. Mikroelektromekaaninen resonaattori, joka kasittaa

— tukirakenteen (60),
— resonaattorielementin (61), joka on ripustettu tukirakenteeseen (60),

— toimilaitteen resonaattorielementin (61) virittdmiseksi resonanssimoodiin,
tunnettu siita, ettd

— resonaattorielementti kasittdd monikollisen méarén vierekkaisia alielementteja
(11A-11C), joista kullakin on pituus ja leveys ja pituus-leveysaspektisuhde, joka
on suurempi kuin 1, ja jotka on sovitettu resonoimaan pituuslaajenevassa, torsio-
tai taipuvassa resonanssimoodissa,

— kukin alielementeistd (11A-11C) on kytketty ainakin yhteen muuhun alielementtiin
yhdelld tai useammilla litdnt&elementeilld (12AB/14AB, 12BC/14BC), jotka on
kytketty alielementtien mainittujen resonanssimoodien ei-solmukohtiin

resonaattorielementin (61) virittdmiseksi yhteiseen resonanssimoodiin.

2. Patenttivaatimuksen 1 mukainen resonaattori, jolloin ainakin kaksi alielementeista
(11A-11C) on kytketty toisiinsa leveyssuunnassaan, jolloin mainitut litdntédelementit
(12AB/14AB, 12BC/14BC) kéasittavat ainakin kaksi olennaisesti jaykkaa liitdntdelementtia,
jotka rajautuvat pitkdnomaiseen uraan (13AB, 13BC), joka jaa alielementtien valiin ja

jatkuu niiden pituussuunnassa.

3. Patenttivaatimuksen 1 tai 2 mukainen resonaattori, jolloin ainakin kahdella
alielementeistd (11A—-11C) on pituus-leveysaspektisuhde, joka on yli 2, ja ne on sovitettu
resonoimaan yliaaltoresonanssimoodissa, jonka kertaluku on vahintaan 2.

4. Patenttivaatimuksen 3 mukainen resonaattori, jolloin mainitut alielementit (11A-11C),
jotka on sovitettu resonoimaan yliaaltoresonanssimoodissa, jonka kertaluku on vahintaén
2, on erotettu leveyssuunnassaan monikollisella mé&aralla pitkdnomaisia uria (13AB,
13BC), jotka ovat pituussuunnassa mainittujen litdntédelementtien (12AB/14AB,
12BC/14BC) rajaamia, jolloin urien lukum&&ra on sama tai suurempi kuin sen

yliaaltomoodin kertaluku, jossa alielementit on sovitettu resonoimaan.

5. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin ainakin kaksi
alielementeistd (11A—-11C) on kytketty toisiinsa pituussuunnassaan joustavalla

litdntaelementilld, joka ulottuu alielementtien vélisen raon yli.



20185112 PrRH 24 -07- 2019

10

15

20

25

30

27

6. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin kukin alielementti
(11A-11C) on sovitettu resonoimaan tason sisdisessa pituuslaajenevassa

resonanssimoodissa.

7. Jonkin patenttivaatimuksista 1-5 mukainen resonaattori, jolloin kukin alielementti (11A—
11C) on sovitettu resonoimaan torsioresonanssimoodissa tai taipuvassa

resonanssimoodissa, kuten tason sisdisessa taipuvassa resonanssimoodissa.

8. Jonkin edeltdvistd patenttivaatimuksista mukainen resonaattori, jolloin kullakin
alielementeistd (11A—-11C) on suorakulmainen muoto ja alielementit on jérjestetty leveys-
jaftai pituussuunnassaan mainittujen liitdntdelementtien (12AB/14AB, 12BC/14BC)
erottamina etaélle toisistaan.

9. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin mainitut
litAntédelementit (12AB/14AB, 12BC/14BC) ovat passiivisia elementteja, jotka on
muodostettu yksittéisesta seostetusta piikidekappaleesta yhdessa alielementtien (11A—
11C) kanssa.

10. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin mainittu
toimilaite on pietsosahkoéinen toimilaite, joka on jarjestetty resonaattorielementin (61)

paalle, edullisesti jakautuneena sen kaikkien aliclementtien (11A-11C) paalle.

11. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, joka kasittda ainakin
3, kuten 3-50, tallaista alielementtid (11A-11C).

12. Jonkin edeltdvistd patenttivaatimuksista mukainen resonaattori, joka kasittda ainakin
kaksi alielementtid (11A-11C), jotka on kytketty toisiinsa leveyssuunnassaan, ja ainakin

kaksi alielementtid, jotka on kytketty toisiinsa pituussuunnassaan.

13. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin kullakin
alielementeistd (11A-11C) on pituus-leveysaspektisuhde, joka on vahintdan N, jolloin N

on alielementtien resonanssimoodin kertaluku.

14. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin koko
resonaattorielementilla (61) on tehollinen pituus-leveysaspektisuhde, joka on alle 1.

15. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin
resonaattoriclementin (61) kaikilla alielementeilld (11A-11C) on oleellisesti sama leveys

ja/tai oleellisesti sama pituus.
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16. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin ainakin joillakin
alielementeista (121A-121B, 131A—131B) on eri pituuksia ja ne on sovitettu resonoimaan

yhteisesti eri yliaaltoresonanssimoodeissa.

17. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin ainakin
kahdella alielementeisté on pituus-leveysaspektisuhde, joka on yli 3, erityisesti yli 5, ja ne
on sovitettu resonoimaan yliaaltoresonanssimoodissa, jonka kertaluku on vastaavasti

vahintdan 3, erityisesti vahintaan 5.

18. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin
resonaattorielementti (61) kasittéa piikappaleen, joka on seostettu keskiméaraiseen

epapuhtauspitoisuuteen, joka on vahintaan 2*10'° cm3, kuten vahintdan 10%° cm.

19. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin
resonaattorielementti (61) kasittda piikidekappaleen, jonka kidesuunta [100] on suunnattu
resonaattorielementin pituussuuntaa pitkin tai poikkeaa siita alle 25 astetta, erityisesti alle
15 astetta.

20. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin
resonaattorielementti (61) on ripustettu tukirakenteeseen (60) alielementtien
resonanssimoodin solmukohdista resonaattoriclementin vastakkaisilla lateraalisivuilla sen

leveyssuunnassa.

21. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin
resonaattorielementti (61) on ripustettu tukirakenteeseen (60) kahden alielementin véliin
kahden alielementin valisista alielementtien resonanssimoodin solmukohdista, edullisesti

symmetrisesti seka resonaattorielementin leveys- etté pituussuunnassa.
22. Jonkin edeltavistd patenttivaatimuksista mukainen resonaattori, jolloin

— ainakin jotkin alielementeistad (11A-11C) on muodostettu yhdesta tai useammista
peruselementeista, joilla on pituus-leveysaspektisuhde, joka on suurempi kuin 1, ja
jotka rajautuvat toisiinsa pituusulottuvuutta pitkin leveysulottuvuuteen néhden
kohtisuorassa, jolloin kukin peruselementeistd tukee perusresonanssimoodia, ja
jotka yhdessa maarittavat alielementin (11A-11C) yhteisen resonanssimoodin ja
edelleen koko resonaattorielementin (61) yhteisen resonanssimoodin,

— peruselementit on jarjestetty suorakulmaiseen ryhmékonfiguraatioon, jolloin kukin

peruselementti téyttdd yhden ryhmapaikan.
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23. Patenttivaatimuksen 22 mukainen resonaattori, jolloin ryhmékonfiguraation ainakin

yksi ryhmépaikka on ilman mainittuja peruselementteja.

24. Patenttivaatimuksen 22 mukainen resonaattori, jolloin kukin ryhméapaikka on yhden

peruselementin tayttadma.
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