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FIG. 1

(57) Abstract: An embodiment includes an
oscillator comprising an amplifier formed
on a substrate; a multiple gate resonant
channel array, formed on the substrate, in-
cluding: (a) transistors including fins, each
of the fins having a channel between source
and drain nodes, coupled to common
source and drain contacts; and (b) common
first and second tri-gates coupled to each of
the fins and located between the source and
drain contacts; wherein the fins mechanic-
ally resonate at a first frequency when one
of the first and second tri-gates is periodic-
ally activated to produce periodic down-
ward forces on the fins. Other embodiments
include a non planar transistor with a chan-
nel between the source and drain nodes and
a tri-gate on the fin; wherein the fin mech-
anically resonates when the first tri-gate is
periodically activated to produce periodic
downward forces on the fin. Other embodi-
ments are described herein.
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MULTIGATE RESONANT CHANNEL TRANSISTOR

Technical Field

[0001] Embodiments of the invention are in the field of semiconductor devices
and, in particular, micro-electro-mechanical systems (MEMS).

Background
[0002] An oscillator may include an electric circuit that produces a periodically

varying output at a controlled frequency. Filters may be implemented in circuits that
selectively pass certain elements of a signal while eliminating other elements of the
signal. A resonator may include circuitry that exhibits resonant behavior (i.e.,
naturally oscillates at resonant frequencies with greater amplitude than at other non-
resonant frequencies). Oscillators, filters, resonators and the like may use quartz
crystal, inductors, and/or capacitors to generate or promote certain signal
frequencies.

Brief Description of the Drawings

[0003] Features and advantages of embodiments of the present invention will
become apparent from the appended claims, the following detailed description of
one or more example embodiments, and the corresponding figures, in which:

Figure 1 depicts a multigate resonant transistor in an embodiment of the

invention.

Figure 2 depicts a fin and gate in a resonant transistor in an embodiment
of the invention.

Figures 3(a)-(c) depict different boundary conditions for a multigate
resonant transistor in an embodiment of the invention.

Figure 4 depicts a multifin resonant array in an embodiment of the

invention.

.

Figure 5 depicts a multifin resonant array in an embodiment of the

invention.
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Figure 6 depicts a multifin resonant array in an oscillator in an embodiment

of the invention.

Figures 7a and 7b depict multigate resonators in oscillators in an

embodiment of the invention.

Figure 8 depicts multigate resonators in a multi-mode oscillator in an

embodiment of the invention.

Figure 9 depicts a system for use with embodiments of the invention.

Detailed Description

[0004] Reference will now be made to the drawings wherein like structures may
be provided with like suffix reference designations. In order to show the structures of
various embodiments more clearly, the drawings included herein are diagrammatic
representations of integrated circuit structures. Thus, the actual appearance of the
fabricated intégrated circuit structures, for example in a photomicrograph, may
appear different while still incorporating the claimed structures of the illustrated
embodiments. Moreover, the drawings may only show the structures useful to
understand the illustrated embodiments. Additional structures known in the art may
not have been included to maintain the clarity of the drawings. “An embodiment”,
“various embodiments” and the like indicate embodiment(s) so described may
include particular features, structures, or characteristics, but not every embodiment
necessarily includes the particular features, structures, or characteristics. Some
embodiments may have some, all, or none of the features described for other
embodiments. “First’, “second”, “third” and the like describe a common object and
indicate different instances of like objects are being referred to. Such adjectives do
not imply objects so described must be in a given sequence, either temporally,
spatially, in ranking, or in any other manner. “Connected” may indicate elements are
in direct physical or electrical contact with each other and “coupled” may indicate
elements co-operate or interact with each other, but they may or may not be in direct
physical or electrical contact. Also, while similar or same numbers may be used to
designate same or similar parts in different figures, doing so does not mean all

figures including similar or same numbers constitute a single or same embodiment.
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[0005] As mentioned above, conventional oscillators, filters, resonators and the
like may use quartz crystal, inductors, and/or capacitors to generate or promote
certain signal frequencies. Such components can be expensive, unstable, and/or
have too large of a footprint (making them less suitable for inclusion on, for example,
a “system on a chip” (SoC) that may include logic circuits as well).

[0006] An embodiment, however, provides a nonexpensive, stable, and small
resonant device suitable for monolithic integration in SoCs that also comprise
radiofrequency (RF) and/or wireless components such as oscillators, filters,
resonators, switches, and like. The embodiment includes a mechanically resonant
fin based field-effect transistor (finFET) formed with two gates. As the gates are
activated they place downward force on a bar/fin portion extending between them.
The bar may be located on resilient material, which may be included in a trench
below the fin. Accordingly, periodically exciting the gates will cause periodic
coulombic forces that drive the bar down into the resilient material in a periodic
fashion. Thus, periodically exciting the gates forms a resonant device, such as an
oscillator. This multigate mechanically resonant transistor is referred to herein as a
MGMRT. An embodiment enables MGMRTSs using a complementary metal-oxide—
semiconductor (CMOS) compatible tri-gate process. Embodiments with compact
scalable MGMRTs fabricated in CMOS enable a large range of RF low power mobile
and wireless components. The compact oscillators enabled by nano-mechanical
resonant devices enable non-Boolean architectures for specialized computing (e.g.,
pattern recognition applications that rely on resonance).

[0007] Thus, embodiments of CMOS based nano-mechanical resonant devices
described herein: (1) provide on chip resonant structures (while avoiding or limiting
use of inductors and capacitors), (2) enable circuits with a wide frequency operation
range (e.g., 1 GHz — 100 GHz and spanning several wireless bands), (3) reduce the
number of discrete components needed for wireless and RF applications, and/or (4)
enable on chip frequency sources for clocking and non-Boolean computing.

[0008] Other embodiments are described herein.
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[0009] Figure 1 depicts a MGMRT wherein periodically exciting the gates will
cause periodic coulombic forces that drive a portion of the fin down into the resilient
material in a periodic fashion. Thus, periodically exciting the gates may form a

resonant device, such as an oscillator.

[0010] In greater detail, Figure 1 includes an embodiment having'two finFETs
sharing a common channel section. The section of the channel between the gates
acts as a mechanically responsive device reacting to the dielectric force applied from
the tri-gate regions. The section of the channel acting as a mechanical resonator is
suspended (e.g., suspended over a trench created using a Si-SiGe selective etching
process or an oxide removal process).

[0011]  In even greater detail, Figure 1 includes a finFET formed around thin strip
103 of semiconductor material (referred to as the “fin”). Fin 103 is formed on layer
110. Layer 110 may be a substrate, oxide, and the like. Fin 103 may be formed
from the substrate. The transistor includes FET nodes: gate 101, gate dielectric 107,
source region 105, and drain region 104. Source 105 and drain 104 are highly doped
(with epitaxial growth in some embodiments). For simplicity the drain and source
contacts are not depicted. The conductive channel 106 of the device resides on the
outer sides of the fin beneath gate dielectric 107. Specifically, current runs along
both “sidewalls” of fin 103 as well as along the top side of fin 103. Because the
conductive channel essentially resides along the three different outer, planar regions
of fin 103, the particular finFET of Figure 1 is typically referred to as a “tri-gate”
finFET. Other types of finFETs exist (such as “double-gate” finFETs, which are
included in other embodiments and in which the conductive channel principally
resides only along both sidewalls of fin 103 and not along the top side of fin 103).

[0012] The embodiment of Figure 1 is different from conventional finFETs
because, for example, it includes additional gate 102. Conductive channel 106
resides at the interface between fin 103 and gates 101, 102 (or more precisely, the
insulation layers between the gates and the fins). However, channel 106 may also
be included along the fin between gates 101, 102. Channel 106 may be formed over
resilient portion 115. For example, portion 115 may be a trench formed (e.g., via
selective etching) beneath fin 103. Trench 115 may be empty (providing a space for
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which to deflect the fin) or may be filled with resilient material (providing dampening

or a trampoline effect for the fin).

[0013])  While channel 106 may be said to extend between gates 101, 102, this
does not pertain to inversion layers. There is no inversion layer (or FET channel in a
conventional meaning) in the fin between the gates 101 and 102 because there is no
gate present. The mid fin region may be properly doped and function as a simple
resistor or conductor (or “channel”), which connects the two inversion layers
underneath tri-gates 101 and 102. Thus, Figure 1 illustrates a series connection of 3
channels (inversion channel under gate 101, doped channel 106 (no gate control),
and another inversion channel under gate 102).

[0014]  The dual gate resonant channel device operates by the mechanical
excitation of the suspended channel (i.e., suspended because it extends over trench
115) due to the capacitive force applied by the gates (capacitive considering the

- metal gates (e.g., first capacitive plate), insulators between the gates and the fins,
and the fins (e.g., second capacitive gate)). The oscillation frequency and modes of
the channel are decided by the effective spring constant of the bar (which may be
based in part on what fin 103 is composed of), the effective mass of the bar, the
length of the bar between gates 101 and 102, and boundary conditions for
mechanical oscillation (e.g., whether the resonating bar is resonating below both

gates or just one gate).

[0015] Regarding processing the embodiment of Figure 1, the device includes a
single fin, dual gate resonant channel structure where a missing diffusion contact
allows for the formation of the resonant channel. In other words, a conventional
finFET may include contacts on either side of a tri-gate. However, the embodiment
of Figure 1 has no contact between gates 101, 102, thereby allowing the fin portion
between the gates to resonate. An alternative embodiment may be used where
epitaxial steps are blocked in the resonant channel region so that the channel was
still free (wholly or partially) to resonate. If buildup is allowed over the channel
region that buildup may be eventually removed or altered to so that the channel is
free (wholly or partially) to resonate.
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[0016]  Figure 2 better illustrates the capacitive/coulombic force (see arrows in
Figure 2). Tri-gate 201 covers insulator 207 and channel portion 206. Channel
portion 206 is suspended over trench 215, which is formed in layer 210 (e.g.,
substrate, oxide). The side walls of the fin are not parallel with each other. Further
tri-gate 201 includes a top but no bottom. Thus, tri-gate 201 is configured to
generated coulombic forces upon excitation of the gate and those forces will have a
net downward vector (see arrows in Figure 2). This downward force will
mechanically drive channel 206 downward into region 215. In other words, Figure 2
shows a cross section of a gate and asymmetric excitation force leading to a net
downward force at the ends of the channel.

[0017] in an embodiment, to excite the mechanical modes of the device the gates
of the device are biased at a nominal operating direct current (DC) voltage in
combination with a small alternating current (AC) signal. The applied time varying
voltage (DC + AC) on the gate capacitor produces a time varying force on the
channel material, which leads to resonance of the channel sectionffin.

[0018]  Figure 3(a) includes a biasing condition for a MGMRT. Gates 301, 302 are
formed over fin 303, which is formed over trench 315. Current |p flows from a drain
region, across a channel region, to a source region. When gate 302 is excited with
DC and AC signals, and gate 301 is excited with identical DC and AC signals, the fin
is deflected into portion 315 and out of portion 315 to generate out of plane vibration
or resonance. The oscillation frequéncy of the MGMRT spans from 1 GHz to 100s of
GHz based on the distance between the gates, control of the fin width, effective
mass of the fin, and the like. Embodiments include intragate distances of 10, 50,
100, 500, 750, 1000, and 10000 nm. Other embodiments are not so limited. The
fins come in varying widths such as 5, 10, 15, 20 nm or more and heights such as
30, 40, 50 nm or more. The electrical conditions of the gates can be used to change
the boundary conditions of the channel beam/bar.

[0019] Figure 3(b) includes a “freef/free” orientation or boundary condition where
the fin is free to deflect beneath each gate. Thus, gate 301 drives coulombic force
through insulator 307 to deflect fin 303 downwards into region 315. Gate 302 drives
coulombic force through insulator 308 to deflect fin 303 downwards into region 315.
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Embodiments include, for-example, intragate distances of 10 nm with a transverse
mode frequency of 215 GHz, 100 nm with a transverse mode frequency of 18.8 GHz,
and 1,000 nm with a transverse mode frequency of 378 MHz. Other embodiments

are not so limited.

[0020] Figure 3(c) includes a “free/clamped” or “freeffixed” orientation or
boundary condition where the fin deflects beneath gate 301 but not gate 302. Thus,
gate 301 drives coulombic force through an inéulator to. deflect fin 303 downwards
into region 315. However, gate 302 is not activated and thus does not drive
coulombic force through an insulator to deflect fin 303 downwards into region 315.

In other embodiments the bar in contact .with the gate 302 may not be situated over a
trench and consequently is “fixed”. Embodiments include, for example, intragate
distances of 10 nm with a transverse mode frequency of 105 GHz, 100 nm with a
transverse mode frequency of 5.15 GHz, and 1,000 nm with a transverse mode
frequency of 60.3 MHz. Other embodiments are not so limited.

[0021]  Figure 4 includes a MGMRT having an array of resonant channel
structures for enhanced operating currents. Multiple fins 403 (and multiple channels
406) share source contact 405 and drain contact 404 as well as gates 401, 402.
This array allows for higher drive currents and variation tolerance (e.g., one fin
resonating slightly out of tolerance is offset by many other fins that do resonate in
tolerance).

[0022]  Figure 5 includes a MGMRT with skipped diffusion contacts that form
mechanically resonant channels. More specifically, multiple fins (503) and gates
(501) are included among multiple devices (D1, D2, D3, D4). (For example, D1 is a
device having 2 gates located between a source and a drain.) The devices all share
a common fin region, a common source contact structure 505, and a common drain
contact structure 504. This sharing of parts allows for mechanical coupling of
resonating members. Thus, Figure 5 provides an array of coupled mechanical
oscillators/resonators that use shared fins for mechanically resonant channels.

[0023] Figure 6 includes an on chip RF oscillator based on a MGMRT. The
oscillator circuit SoC includes a resonant array similar to the embodiment shown in
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Figure 4. The array includes channels 606, which share common gates 601, 602,
drain contact 604, and source contact 605. Drain contact 604 couples to Vp(DC) and
source contact 605 couples to ground. Gates 601, 602 are both biased by Vg(DC),
which is modified by AC output from on chip trans-impedance amplifier 603.
Regarding AC output, v(t) is Zia*i(t), where Zy is the tfans-impedance amplifier
gain, and i(t) is the DC and AC current flowing along the channels. The final voltage

applied to the gates (sum of DC and AC inputs) isV,, +i, Z,,, sin(w,,.,t +¢), where iac

is the magnitude of the AC component of i(t), wmecn is the mechanical resonant
frequency, and ¢ is the phase shift.

[0024] Thus, the RF oscillator of Figure 6 includes a mechanical resonator in a
closed loop with an on-chip trans-impedance amplifier. The closed loop couples i(t)
from node 605 to amplifier 603. Regarding i(t), Ioc is static source-drain current due
to Vg and Vp (Voc = Znia * Inc) and iscis the magnitude of time-varying current due to
vibration/piezoresistive modulation of carrier mobility in the transistor. The frequency
of the oscillation is dictated by the mechanical resonance of the suspended channel
or bar section between the gates. The oscillation threshold is set by the mechanical
transfer gain of the device from the applied gate voltage to the modulated current in
the channel of the device. In an embodiment, the frequency of oscillation may be
determined by monitoring the change in current magnitude along the fin (where the
current magnitude changeé as carrier mobility changes due to periodic forces
(mechanical stress and strain) applied to the fin by gates).

[0025]  Figures 7(a)-(b) show embodiments of on-chip RF oscillator circuits
employing MGMRTSs such as the transistors of Figure 1, 4, and/or 5. Figure 7(a)
couples MGMRT 700 to trans-impedance amplifier 703, resistors 702, and
capacitors 701. The PMOS and NMOS transistors (both ON) constitute the on-chip
trans-impedance amplifier where Roy is the output resistance of the PMOS and
corresponds to Zya in Figure 6. The entire circuit of Figure 7(a) shares a single
monolithic substrate (i.e., SoC).

[0026]  Figure 7(b) couples MGMRT 700 to trans-impedance amplifier 703,
resistors 702, and capacitors 701. The circuit of Figure 7(b) shares a single
monolithic substrate (i.e., SoC). Figure 7(a) includes a 3 transistor embodiment with
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external bias voltages while Figure 7(b) includes a 6 transistor implementation with
an alternative biasing circuit (transistors 704).

[0027]  Thus, the embodiments of Figures 7(a)-(b) provide on-chip oscillators
employing MGMRT based oscillators. In an embodiment a piezo-resistively
modulated current through the MGMRT is amplified by the circuit and sets up a
voltage at the output node of the amplifier, which is then applied to the gate of the
MGMRT. A second transistor bridge (transistors 704 of Figure 7(b)) can be used to
setup the biasing conditions for the MGMRT.

[0028] Due to the high Q factor provided by mechanical oscillations, the
frequency content of the embodiments of Figures 7(a) and (b) are stable, have low
phase noise, and thereby obviate the need (wholly or partially) for expensive crystal
oscillators for RF circuits (e.g., oscillators, resonators, switches, filters) and/or high
speed input/output (I/0) systems. Such embodiments are suitable for, as an
example, devices requiring inexpensive, highly stable high frequency clock signals
that are formed using standard CMOS process. Embodiments, such as those of
Figures 7(a) and (b) may also be used in, for example, narrowband RF switches or
filters at high frequency.

[0029] Figure 8 includes a tunable/multi-mode oscillator with a select/switched
resonator feature. Different poly-pitch arrangements (all using the same process
technology) produce MGMRTSs (850, 851, 852) having different resonant bar lengths
(and different resonant frequencies). These MGMRTs may be combined together to
create configurable oscillators that oscillate at different frequencies, where the
oscillator of a non-desired frequency can be easily switched on or off via any of the
switches shown coupled to the drains of MGMRTs 850, 851, 852. By using different
combinations of MGMRTs 850, 851, 852, an embodiment provides frequency tuning
capabilities. Also, since the voltage scheme directly switches off the acoustic mode
sensing from the non-desired structure, the architecture also facilitates the reuse of
the same signal path for the amplifier.

[0030] While several embodiments addressed herein describe use of a trench,
such as portion 115 of Figure 1, other embodiments are not so limited. For example,
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the resonating bar (fin located between two force providing gates) may be resilient
itself and may have resiliency sufficient to provide resonance without any suspension
of the resonating bar. Furthermore, in another embodiment the resonating bar may
lie directly or indirectly on a layer that may itself have resiliency sufficient to provide
resonance without any (or little) suspension of the resonating bar.

[0031]  Furthermore, an embodiment provides a method of processing a MGMRT.
The method may include disposing a trench layer upon a semiconductor substrate;,
forming one or more trenches in the trench layer exposing the semiconductor
substrate; epitaxially growing a semiconductor material within the one or more |
trenches to fill the one or more trenches; and removing a portion of the trench layer
to expose the semiconductor material as one or more semiconductor fins.

[0032] The method may further include forming a gate dielectric layer over at
least a portion of the semiconducting fins; forming a first gate electrode over the gate
dielectric layer such that it straddles the semiconducting fin; forming a drain region in
the semicbnducting fin at a side of the first gate electrode; forming a second gate
electrode straddling the semiconducting fin over the gate dielectric layer; forming a
channel region in the semiconducting fin between the first gate electrode and the
second gate electrode; and forming a source region in the semiconducting fin at a
side of the second gate electrode such that the two gates are between the source
and drain regions.

[0033] The method may further include forming a trench beneath the channel
portion of the fin. The trench may be formed by selectively etching beneath the fin.
In other embodiments the trench may be etched from the underside of the substrate
and towards the fin. In other embodiments the trench is formed before the fin is
formed. The trench is filled with a temporary material that is later selectively etched
after the fin is formed. The temporarily filled trench may have a wider footprint such
that after the fin is formed the footprint of the fin does not completely obscure the
footprint of the trench.

[0034] Attimes, such as in Figure 2, the gate is symmetrically formed about the
fin and provides symmetrical sidewall forces. In other words, the coulombic forces
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applied to the side wall of the fin are symmetric because the gate is disposed
symmetrically along the sides of the fin. However, in other embodiments the gate
may not be so disposed and may instead be asymmetrically formed on the fin
sidewalls and consequently provide asymmetric forces that may cause the fin to
resonate in-plane, out-of-plane, or in a hybrid fashion between in-plane and out-of-
plane resonance. Furthermore, while the fin sidewalls are not parallel in Figure 2, in
other embodiments the fin sidewalls may be parallel (or more parallel than Figure 2)

and still provide a net downward fin resonance inducing force.

[0035] Embodiments may be used in many different types of systems. For
example, in one embodiment a communication device (e.g., cell phone, Smartphone,
netbook, notebook, personal computer, watch, and camera) can be arranged to
include various embodiments described herein. Referring now to Figure 9, shown is
a block diagram of a system in accordance with an embodiment of the present
invention. Multiprocessor system 700 is a point-to-point interconnect system, and
includes a first processor 770 and a second processor 780 coupled via a point-to-
point interconnect 750. Each of processors 770 and 780 may be multicore
processors including, for example, embedded non-volatile memory. Each of
processors 770 and 780 may include, for example, embedded oscillators such as
those described herein. First processor 770 may include a memory controller hub
(MCH) and point-to-point (P-P) interfaces. Similarly, second processor 780 may
include a MCH and P-P interfaces. The MCHs may couple the processors to
respective memories, namely memory 732 and memory 734, which may be portions
of main memory (e.g., a dynamic random access memory (DRAM)) locally attached
to the respective processors. First processor 770 and second processor 780 may be
coupled to a chipset 790 via P-P interconnects, respectively. Chipset 790 may
include P-P interfaces and oscillators, filters, switches, and resonators such as those
described herein. Furthermore, chipset 790 may be coupled to a first bus 799 via an
interface. Various input/output (I/0) devices 714 may be coupled to first bus 799,
along with a bus bridge 718, which couples first bus 716 to a second bus 720.
Various devices may be coupled to second bus 720 including, for example, a
keyboard/mouse 722, communication devices 797, and data storage unit 728 such
as a disk drive or other mass storage device, which may include code 730, in one



WO 2014/158180 PCT/US2013/034509

12

embodiment. Code may be included in one or more memories including memory
728, 732, 734, memory coupled to system 700 via a network, and the like. Further,
an audio /O 724 may be coupled to second bus 720.

[0036] The following examples pertain to further embodiments.

[0037] Example 1 includes a mechanical resonator comprising: a non planar
transistor including a fin that includes source and drain nodes, and a channel
between the source and drain nodes; a first nonplanar tri-gate on the fin between the
source and drain nodes; and first insulation included between the first tri-gate and
the fin; wherein the fin mechanically resonates when the first tri-gate is periodically
activated to produce periodic downward forces on the fin.

[0038] In Example 2, the subject matter of Example 1 can optionally include a
second nonplanar tri-gate on the fin between the source and drain nodes; and
second insulation included between the second tri-gate and the fin; wherein at least
a portion of the channel extends between the first and second tri-gates.

[0039] In Example 3, the subject matter of Exampleé 1-2 can optionally include
wherein the first tri-gate includes a top wall coupling together two sidewalls and the
two sidewalls are not parallel to each other.

[0040] In Example 4, the subject matter of Examples 1-3 can optionally include
wherein the channel is suspended.

[0041] In Example 5, the subject matter of Examples 1-4 can optionally include a
layer directly contacting the fin, wherein the channel is suspended over a trench
formed in the layer.

[0042] In Example 6, the subject matter of Examples 1-5 can optionally include
wherein the trench is at least partially filled with a resilient material.

[0043] In Example 7, the subject matter of Examples 1-6 can optionally include
wherein the trench is at least partially empty.

[0044] In Example 8, the subject matter of Examples 1-7 can optionally include
wherein the trench extends at least from the first tri-gate to the second tri-gate.
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[0045] In Example 9, the subject matter of Examples 1-8 can optionally include
wherein the fin mechanically resonates within the trench when the first and second
tri-gates are periodically activated to each produce periodic downward forces on the
fin.

[0046] In Example 10, the subject matter of Examples 1-9 can optionally include
wherein the fin mechanically resonates when the first and second tri-gates are
periodically activated to each produce periodic downward forces on the fin.

[0047) In Example 11, the subject matter of Examples 1-10 can optionally include
a component selected from the group comprising a filter, a resonator, and an
oscillator, wherein the component includes the transistor and does not include an
inductor.

[0048] In Example 12, the subject matter of Examples 1-11 can optionally include
wherein the periodic downward forces are dielectric forces.

[0049] In Example 13, the subject matter of Examples 1-12 can optionally include
wherein the fin mechanically resonates at a frequency dependent on a distance
extending from the first tri-gate to the second tri-gate.

[0050] In Example 14, the subject matter of Examples 1-13 can optionally include
wherein carrier mobility within the channel is based on the frequency.

[0051] In Example 15, the subject matter of Examples 1-14 can optionally include
wherein the fin mechanically resonates within a trench, formed below the fin, when
the first and second tri-gates are periodically activated to each produce periodic
downward forces on the fin.

- [0052] In Example 16, the subject matter of Examples 1-15 can optionally include
additional fins coupled to the first and second tri-gates; wherein the fin and the
additional fins all synchronously resonate together when the first and second tri-
gates are periodically activated to each produce periodic downward forces on the fin
and the additional fins.

[0053] In Example 17, the subject matter of Examples 1-16 can optionally include
an additional source node included in the fin and an additional channel between the
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additional source node and the drain node; a third nonplanar tri-gate on the fin
between the additional source node and the drain node; and a third insulation
included between the third tri-gate and the fin; wherein a mechanical resonator
includes the source and drain nodes and an additional mechanical resonator,
coupled to the mechanical resonator, includes the additional source node and the
drain node.

[0054] In Example 18, the subject matter of Examples 1-17 can optionally include
wherein the transistor is formed on a substrate that lies within a plane and the fin
resonates orthogonally to the plane.

[0055] Example 19 includes an oscillator comprising: an amplifier formed on a
monolithic substrate; a multiple gate resonant channel array, formed on the substrate
and coupled to the amplifier, including: (a) a plurality of transistors including a
plurality of fins, each of the fins having a channel between source and drain nodes,
coupled to common source and drain contacts; and (b) common first and second tri-
gates coupled to each of the fins and located between the source and drain contacts;
wherein the fins mechanically resonate at a first frequency when one of the first aﬁd
second tri-gates iIs periodically activated to produce periodic downward forces on the
fins.

[0056] In Example 20, the subject matter of Examples 19 can optionally include
wherein when the first and second gates couple to a DC source and the amplifier
supplies AC to the first and second gates, the fins resonate at a frequency that is
based on a distance that extends along the fins from the first gate to the second
gate.

[0057] In Example 21, the subject matter of Examples 19-20 can optionally
include no crystal oscillator or inductor.

[0058] In Example 22, the subject matter of Examples 19-21 can optionally
include an additional multiple gate resonant channel array, formed on the substrate
and coupled to the amplifier, including an additional plurality of fins that mechanically
resonate at a second frequency, unequal to the first frequency, when the one of the
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first and second tri-gates is periodically activated to produce the periodic downward
forces on the fins.

[0059] Example 23 includes a method comprising: forming a non planar transistor
including a fin that includes source and drain nodes, and a channel between the
source and drain nodes; and forming first and second tri-gates on the fin between
the source and drain nodes; wherein the fin mechanically resonates when the first tri-
gate is periodically activated to produce periodic downward forces on the fin.

[0060] In Example 24, the subject matter of Examples 23 can optionally include
forming the fin on a layer; and forming a trench in the layer and directly below the
channel.

[0061] In Example 25, the subject matter of Examples 23-24 can optionally
include forming a resilient material within the trench.

[0062] The foregoing description of the embodiments of the invention Has been
presented for the purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise forms disclosed. This description
and the claims following include terms, such as left, right, top, bottom, over, under,
upper, lower, first, second, etc. that are used for descriptive purposes only and are
not to be construed as limiting. For example, terms designating relative vertical
position refer to a situation where a device side (or active surface) of a substrate or
integrated circuit is the "top" surface of that substrate; the substrate may actually be
in any orientation so that a "top" side of a substrate may be lower than the "bottom"
side in a standard terrestrial frame of reference and still fall within the meaning of the
term "top." The term "on" as used herein (including in the claims) does not indicate
that a first layer "on" a second layer is directly on and in immediate contact with the
second layer unless such is specifically stated; there may be a third layer or other
structure between the first layer and the second layer on the first layer. The
embodiments of a device or article described herein can be manufactured, used, or
shipped in a number of positions and orientations. Persons skilled in the relevant art
can appreciate that many modifications and variations are possible in light of the

above teaching. Persons skilled in the art will recognize various equivalent
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combinations and substitutions for various components shown in the Figures. it is
therefore intended that the scope of the invention be limited not by this detailed
description, but rather by the claims appended hereto.
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What is claimed is:

1. A mechanical resonator comprising:

a non planar transistor including a fin that includes source and drain nodes,
and a channel between the source and drain nodes;

a first nonplanar tri-gate on the fin between the source and drain nodes; and

first insulation included between the first tri-gate and the fin;

wherein the fin mechanically resonates when the first tri-gate is periodically
activated to produce periodic downward forces on the fin.

2. The apparatus of claim 1 comprising:
a second nonplanar tri-gate on the fin between the source and drain nodes;

and
second insulation included between the second tri-gate and the fin;
wherein at least a portion of the channel extends between the first and second
tri-gates.
_ 3 The apparatus of claim 2, wherein the first tri-gate includes a top wall coupling

together two sidewalls and the two sidewalls are not parallel to each other.

4, The apparatus of claim 2, wherein the channel is suspended.

5. The apparatus of claim 2 comprising a layer directly contacting the fin,
wherein the channel is suspended over a trench formed in the layer.

6. The apparatus of claim 5, wherein the trench is at least partially filled with a

resilient material.

7. The apparatus of claim 5, wherein the trench is at least partially empty.

8. The apparatus of claim 5, wherein the trench extends at least from the first tri-
gate to the second tri-gate.
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9. The apparatus of claim 5, wherein the fin mechanically resonates within the
trench when the first and second tri-gates are periodically activated to each produce

periodic downward forces on the fin.

10. The apparatus of claim 2, wherein the fin mechanically resonates when the
first and second tri-gates are periodically activated to each produce periodic
downward forces on the fin.

11.  The apparatus of claim 10 further comprising a component selected from the
group comprising a filter, a resonator, and an oscillator, wherein the component
includes the transistor and does not include an inductor.

12.  The apparatus of claim 10 wherein the periodic downward forces are dielectric
forces.

13.  The apparatus of claim 10, wherein the fin mechanically resonates at a
frequency dependent on a distance extending from the first tri-gate to the second tri-
gate.

14. The apparatus of claim 13, wherein carrier mobility within the channel is
based on the frequency.

15.  The apparatus of claim 2, wherein the fin mechanically resonates within a
trench, formed below the fin, when the first and second tri-gates are periodically
activated to each produce periodic downward forces on the fin.

16.  The apparatus of claim 2 comprising additional fins coupled to the first and
second tri-gates; wherein the fin and the additional fins all synchronously resonate
together when the first and second tri-gates are periodically activated to each
produce periodic downward forces on the fin and the additional fins.
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17.  The apparatus of claim 2 comprising:

an additional source node included in the fin and an additional channel
between the additional éource node and the drain node;

a third nonplanar tri-gate on the fin between the additional source node and
the drain node; and

a third insulation included between the third tri-gate and the fin;

wherein a mechanical resonator includes the source and drain nodes and an
additional mechanical resonator, coupled to the mechanical resonator, includes the
additional source node and the drain node.

18.  The apparatus of claim 1, wherein the transistor is formed on a substrate that
lies within a plane and the fin resonates orthogonally to the plane.

19.  An oscillator comprising:

an amplifier formed on a monolithic substrate;

a multiple gate resonant channel array, formed on the substrate and coupled
to the amplifier, including: (a) a plurality of transistors including a plurality of fins,
each of the fins having a channel between source and drain nodes, coupled to
common source and drain contacts; and (b) common first and second tri-gates
coupled to each of the fins and located between the source and drain contacts;

wherein the fins mechanically resonate at a first frequéncy when one of the
first and second tri-gates is periodically activated to produce periodic downward
forces on the fins.

20. The oscillator of claim 19, wherein when the first and second gates couple to
a DC source and the amplifier supplies AC to the first and second gates, the fins
resonate at a frequency that is based on a distance that extends along the fins from
the first gate to the second gate.

21.  The oscillator of claim 19 comprising no crystal oscillator or inductor.
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22. The oscillator of claim 19 comprising an additional multiple gate resonant
channel array, formed on the substrate and coupled to the ampilifier, including an
additional plurality of fins that mechanically resonate at a second frequency, unequal
to the first frequency, when the one of the first and second tri-gates is periodically
activated to produce the periodic downward forces on the fins.

23. A method comprising:

forming a non planar transistor including a fin that includes source and drain
nodes, and a channel between the source and drain nodes; and

forming first and second tri-gates on the fin between the source and drain
nodes;

wherein the fin mechanically resonates when the first tri-gate is periodically
activéted to produce periodic downward forces on the fin.

24.  The method of claim 23 comprising:
l forming the fin on a layer; and
forming a trench in the layer and directly below the channel.

25. The method of claim 24 comprising forming a resilient material within the
trench.
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