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anoelectromechanical systems (NEMS)

offer great potential in the field of

science and technology. Anticipated
as integrated frequency clocks and timing
reference,’ ultralow power digital switch
and memory,2 analog mixer filters,? ultra-
sensitive mass sensors,* or as force and
charge detectors>® their applications re-
main versatile. They also represent powerful
tools to address fundamental questions in
science such as the macroscopic quantum
state control,” the coupling of mechanical
with optical degrees of freedom,® or the
detection of quantized mechanical motion
in mesoscopic systems.” For many practical
applications, a large-scale integrable trans-
duction scheme remains stringent to realize
discretely addressable NEM arrays along
with a fabrication process facilitating the
NEM interface with readout electronics.
However, developing integrated motion de-
tection of submicrometer resonators in the
very high frequency (VHF) range at room
temperature and with low power dissipa-
tion remains a central challenge for future
sensor arrays'® and has been room for sub-
stantial scientific innovation over the past
decade.

A multitude of motion detection techni-
ques has been implemented: magneto-
motive transduction,'" piezoelectric detec-
tion,"? optical methods including free-space
and fiber-optical interferometry,'® near-field
optical techniques,'® or recently photonic
transduction.'” Generally, optical detection
techniques require external instrumenta-
tion jeopardizing on-chip readout, and photo-
nic integration implies formidable fabrica-
tion difficulties for dimensions down to a few
tens of nanometers. Purely capacitive trans-
duction schemes severely suffer of very low
signal levels and parasitic feed through at
VHF from the device input to output terminals.'®
Still, promising efforts have been reported
toward optical multiplexing techniques,'’
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ABSTRACT

Nanoelectromechanical systems (NEMS) as integrated components for ultrasensitive sensing,
time keeping, or radio frequency applications have driven the search for scalable nano-
mechanical transduction on-chip. Here, we present a hybrid silicon-on-insulator platform for
building NEM oscillators in which fin field effect transistors (FinFETs) are integrated into
nanomechanical silicon resonators. We demonstrate transistor amplification and signal
mixing, coupled with mechanical motion at very high frequencies (25—80 MHz). By operating
the transistor in the subthreshold region, the power consumption of resonators can be reduced
to record-low nW levels, opening the way for the parallel operation of hundreds of thousands
of NEM oscillators. The electromechanical charge modulation due to the field effect in a
resonant transistor body constitutes a scalable nanomechanical motion detection all-on-chip
and at room temperature. The new class of tunable NEMS represents a major step toward their

integration in resonator arrays for applications in sensing and signal processing.

KEYWORDS: nanoelectromechanical systems - nanotechnology - mixing -
silicon-on-insulator - transistor

and thin film piezoelectric materials have been
reported as efficient nanoscale actuators.'®

As a scalable transducer, intrinsic ampli-
fication mechanisms such as piezoresistive  * address correspondence to
read-out or transistor based charge modu-  adrian.ionescu@epfi.ch.
lation are promisin room temperature.
at. on are promising at room temperature Received for review September 13, 2011
Microwave performance has been demon-  and accepted December 10, 2011.
strated with piezoresistive bulk mode reso-
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nators. arge gauge factors in silicon  151021/nn203517w
nanowires have been reported for both
bottom-up?' and top-down?? architectures.  ©2011 American Chemical Society
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Figure 1. Nanoelectromechanical resonators with intrinsic transistor self-detection. (a) SEM image showing a clamped—
clamped beam with the suspended transistor-body indicated. (b) Cross-sectional SEM image after a focused ion beam cut
(FIB) at the center of the beam resonator. The graph shows the resonator prior to the final release of the amorphous silicon
mask layer. (c) Working principle of resonant-body transistors. The device is actuated laterally via gate electrodes, and the
mechanical resonance is monitored via the drain current signal. (d) Schematic of the experimental setup for 2-port mixing
measurements with RB-FETs with two independent gates. Two signal sources are routed to the device under test and to a
reference mixer via power splitters (PS), attenuators, and bias-tees. The device output is monitored with a lock-in amplifier
(SR-830) at the reference frequency or directly with a spectrum analyzer.

DEVICE OPERATING PRINCIPLES

Here, we present a self-transducing NEM system
based on the cointegration of a nanowire transistor
on suspended silicon resonators. The fabrication is
based on a top-down, large-scale CMOS compatible
process. Each single device disposes two independent,
lateral electrodes which act both as mechanical actua-
tor and transistor gate electrode (input transducer).
The mechanical motion is detected by monitoring
the output current of the resonant-body (RB) FinFET
(output transducer). The suspended transistor, hence,
acts as an intrinsic signal amplifier or frequency con-
verter whose properties will depend on bias conditions
and design of the transistor itself. We are able to char-
acterize fundamental resonances up to 165 MHz of
flexural beam resonators with cross-sectional dimen-
sions tailored from 140 to 400 nm width and several
micrometers lengths in both direct scattering param-
eter and frequency down-mixed measurement schemes.
These unique properties allow to further explore the
performance of the hybrid transistor-resonator as func-
tion of the FET operating point, opening an unprece-
dented trade-off between available signal gain and
dissipated power. Although a great number of materials
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have been introduced in the domain of NEMS,*'%37:38
the presented results show once again the versatility of
silicon technology consolidating its preeminent posi-
tion in micro- and nanoelectronics. In fact, the hybri-
dization of solid state devices and circuits with NEM
structures harbors a multitude of new functionalities.
The NEM structure is surface nanomachined from
a 4" silicon-on-insulator (SOI) wafer topped with a
200 nm thin single crystalline silicon. The device layer
is initially p-doped at 5 x 10'® cm 3 (Boron), which
later defines the doping concentration of the transistor
channel. The channel is located symmetrically around
the center of the beam (i.e., around maximum dis-
placement). Separated by narrow air gaps (~100 nm),
the latter is electrostatically driven into motion by
adjacent gate electrodes (Figure 1a). The mechanical
architecture is defined by e-beam lithography, fol-
lowed by a release-etch of the buried oxide (BOX).
The FET is designed to work as a n-channel enhance-
ment mode device with a channel width of ~200 nm,
corresponding to the SOI thickness. With the applied
electrical field, an inversion charge is created laterally
at the silicon/silicon dioxide interface of the resonator.
In RB-FinFET devices, the beam oscillation acts directly
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on the transistor charge. The drain current, which
carries the mechanical properties of the resonator, is
modulated directly proportional to the position of the
beam. This is to be seen in contrast to conventional
capacitively detected MEMS, in which the output curr-
ent is proportional to the time-derivative with regard
to the position of the beam.?*2*

After BOX release, the suspended NEM device is
thermally oxidized (Figure 1b). This provides (i) an inter-
face with low defect density for the electron sheet
charge, (ii) a passivation layer minimizing leakage cur-
rents through the structure, and (iii) robustness toward
back-end functionalization steps envisioned for future
NEM-array based gas- and biosensing.?> The FinFET
channel is defined in an n+ implantation step (Phosphor)
using e-beam structured amorphous silicon layer as
hard mask (see Methods and Supporting Information).
The maximum depletion depth of the transistor body is
roughly Wqmax ~ 150 nm. Given a body depth of
~50 nm (see Figure 1b), the transistor fins can be fully
depleted through the lateral electric field of the gate
electrodes, similar to the solid-state counterpart of a
fully depleted double-gate MOSFET. The channel is
oriented along the (110) axis (the direction of the
highest electron mobility in silicon) and is designed
at all times shorter than the vibrating beam. Our TCAD
simulations suggest a final channel length of L., ~ 1T um,
which we found to be the lower bound for short
channel effects in this transistor design. A scaling of
the channel length is feasible by improving the doping
profile or electrostatic control of the channel, for ex-
ample, by reducing the gap size with atomic layer
deposition of high-k dielectric materials.?®

As can be inferred from Figure 1c, an inversion
charge (2-dimensional electron gas, 2-DEG) may be
created at both lateral interfaces. Having both inver-
sion channels “on”, the motional current will have two
contributions, however, opposite in phase. This leads
to an overall zero change in total conductance. To
observe the resonance at its excitation frequency, the
gate bias is applied asymmetrically throughout this
work with one interface in accumulation mode gated
with a voltage well below threshold. We apply the RF
excitation on the back-gate (constant value) Vg, =
ves + Vg1 cos wt, which simultaneously allows us to
decouple RF excitation force from the transistor bias
point set by Vg,. This is unique for the device archi-
tecture presented in this work.

STATIC CHARACTERISTICS

We investigated the effect of the back-gate bias on
the RB-FinFET threshold voltage (Vy,; Figure 2a,b).
The threshold voltage has been extrapolated linearly
at maximum transconductance for a NEM-device and
plotted versus the back-gate bias, here Vg,. Similar to
solid-state, fully depleted SOI devices, we observe a
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“body effect”, that is, dVyn,/dVg, being constant.?” The
tunable threshold voltage is a significant asset in circuit
design and allows to precisely set the point of opera-
tion and, hence, compensating fabrication fluctuations
of FinFET parameters. Although designed to have a
positive threshold voltage, the FinFET transfer charac-
teristics reveal a normally on enhancement mode tran-
sistor. The V4, shift to lower values is likely caused by
charges in/on the gate oxide during process fabrica-
tion. Previous work on accumulation NEM devices,*®
enhancement-mode SG-FETs, and dielectric transduc-
tion resonating transistors>'? show poor subthreshold
leakage. Here, clear exponential dependence of I on
Vs in the weak inversion region with pA off-current
levels is achieved, allowing its exploration at reso-
nance. The subthreshold slope is found 400 mV/decade,
a value acceptable for air-gap transistors considering
an equivalent dielectric thickness EOT about 500 nm.
The NEM devices as shown in Figure 1a,b reach trans-
conductance values of 3.5 uS/um and current densities
of 15 uA/um, resulting in two-terminal drain-source
resistance (contact resistance included) in the order of
100 k€2 (Figure 2¢,d).

RESONANT CHARACTERISTICS

As sensitive motion detection, we exploit the intrin-
sic properties of the hybrid device. In common-source
configuration, the transistor implies signal gain and
self-amplifies its own mechanical motion. This allows
transmission measurements of submicrometer VHF
resonators directly on a vector network analyzer (VNA,
in the Z, = 50 Q environment) without any additional
impedance matching or feed-through cancellation
techniques. Figure 3a shows the S-parameter transmis-
sion (S,7) on a 70 MHz beam resonator. The unmatched
impedance conditions do not reflect the actual avail-
able power gain compared to the measured gain of
16 dB. In a 50 Q matched network, we can expect the
power gain to be by 27 dB higher.

To increase measurement sensitivity, the mixing
technique is frequently used as scheme for detecting
nanomechanical displacement. It relies on the trans-
fer nonlinearities inherent to the device such as the
nonlinearity of the electrical field with the force,?
nonlinear charge-voltage,*® or current—voltage char-
acteristics, for example, in a NEM-diode.3" We can
further classify homodyne and heterodyne mixing. In
homodyne mixing the device output will create a dc
component, which corresponds to a rectification of the
harmonic input signal. Because it is directly related to
its RF properties, this approach is used to study the
frequency response of carbon nanotubes (CNTs)*>73°
or single electron transistors.® In a heterodyne mixer,
the output frequency of interest is a linear combina-
tion of input frequencies. It is particularly attractive for
NEMS detection, because the low-frequency output
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Figure 2. Static characteristics of FInFET resonators. (a) The transfer curves I (V) are shown with the back-gate voltage Vg, =
—20, —15, —10, and —5 V as parameter. The drain current exhibits very low off-levels (sub-pA) and clear exponential
dependence in weak inversion. (b) The threshold can be tuned with the back-gate voltage from negative to positive values,
showing a linear relation. (c) The device transconductance g, plotted vs the gate voltage. The decrease in g,,, due to the field
induced mobility reduction becomes apparent at higher drain voltages. (d) The output characteristics Ip (Vp) are plotted with
Vga = +8, 9,10, and 11 V as parameter, demonstrating linear and saturated FET operating regions.
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Figure 3. Spectral response of very high frequency FinFET resonators. (a) Direct scattering-parameter measurement of the
transmission coefficient S;; of a 70 MHz device (W, = 400 nm and L, = 6 um), exhibiting 16 dB signal-to-background
separation at resonance, a Q-factor of 2900 and an extracted motional impedance of R, = 34 kQ2 (high vacuum). The active
resonator is biased at Vg, = —20V, Vg, = +10V, Vp = 3 V with a drive power at P,. = —26 dBm. (b) Evolution of the detected
signal around resonance as function of the gate voltage from weak to strong inversion using integrated transistor down-

conversion. The back-gate is biased at Vg; = —10 V. The clamped—clamped beam is 200 nm thick, 150 nm wide, and 3 um long,
exhibiting a quality factor of ~1100 (high vacuum).

component will carry the RF properties of a resonating parasitic in-to-output coupling. This concept has been
element and, hence, bypasses the common problems demonstrated for CNT and, recently, also, graphene-
with nanoscale structures, primarily low signal-to-noise based nanomechanical resonators.3”’ >° To provide
ratios related to the massive impedance mismatch, and frequency conversion in FinFET resonators, we exploit
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the two device terminals and use the suspended
enhancement-mode FET as a resistive mixer. In this
mode of operation, a local oscillator (LO) signal is
applied to the drain, the RF signal to the gate; the
intermediate frequency (IF) is filtered from the source
(Figure 1d). Note that no dc drain bias is used and the
transistor is therefore operated in its linear region, in
contrast to a traditional transistor-based amplifier. At
low drain-to-source (ac-) voltages, the transistor chan-
nel operates as a time-varying resistance. Interestingly,
a time-varying element for mixing is, hence, created
without using an intrinsic device nonlinearity. Because
the linearity channel's resistance is very good, such FET
resistive mixers provide generally very low distortion
(low spurious mixing) and low Flicker noise, as it has
been the first time demonstrated by Maas et al.*° This
makes the RB-FET attractive for integrated RF mixer-
filter applications. It is emphasized that this mode of
operation presented here is different from results
reported in, 32734142 in which the mixing output is
given by higher-order terms and proportional to the
derivate of the output conductance or transconducta-
nce as a consequence of the intrinsic nonlinear source-
drain Ips = f(Vps) or gate-drain Ips = f(Vs) relationship,
respectively.

Figure 3b shows the response of a nanomechanical
clamped—clamped beam resonator, where the down-
converted signal is plotted vs frequency and the
transistor gate voltage. The RB-FinFET is 140 nm wide,
200 nm thick, and 3 um long and resonates in-plane in
its ground mode at ~80 MHz, with a quality factor Q ~
1100. Note that these are the beam dimensions, in
contrast to the active (current carrying) area of the
silicon body which has a cross-section of only ~50 x
200 nm? The resonance is lower than initially designed
(w3/2 = 170 MHz) using Euler-Bernoulli theory, but
agrees fairly well (~12%) with a stress-dependent
resonance frequency®® and a resulting compressive
stress of —15 x 10 Nm~2, in agreement with values
reported in thermal silicon dioxide.** For strong inver-
sion operation, these active nanowire resonators pro-
vide a 60 dB increase in signal strength at resonance,
taking the elastic Duffing instability as upper and the
rms of the readout noise as lower limit (see Supporting
Information). We highlight the additional gain (hence,
dynamic range) delivered by the integrated transistor,
which will directly improve phase noise performance
in integrated oscillators for applications in high-
resolution mass sensing and frequency reference clocks.
With an effective mass of M ~ 165 fg and a practical
dynamic range of ~40 dB such resonator may offer a
mass resolution* of 1 x 10'8 g at ambient pressure
(measured quality factor in air ~170). In fact, recent
work'%4>4% indicates that nanoscale resonators are
more suited toward ambient pressure operation com-
pared to microscale beams.
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For hybrid NEM-FET devices, the overall device char-
acteristics result from coupled electrical and mechan-
ical properties of the transistor and resonator, respec-
tively. By comparing the static device characteristics
with the mixing output obtained on- and off-resonance,
we can validate the mixing principles derived in the
following. We consider a two region approach for tran-
sistor operation. In strong inversion (Vg > V4,) and for
small Vp < (Vg — Vi), we find ourselves in the linear
transistor regime.*” Assuming harmonic excitations at
o and o + w and considering only linear terms in the
expansion of the drain current, we find the intermedi-
ate mixing output at w; away from mechanical reso-
nance to follow the expression

155, =~ 5.5
29mVe = 3Gy, VeV

poatc K 5, = ()
2

where the transistor constant is K= (Wn/Len)itn Ceots Va
and v4 correspond to the harmonic small-signal rms
excitation amplitudes at drain and gate, respectively,
Jm to the transconductance and g, to its drain-induced
small-signal variation, and gps = W/L - () + Gt * (Vo — Vi)
the channel output conductance. The total capaci-
tance Cio; is approximately Cior = Coor, Where Ceor is
the equivalent insulator (oxide and air-gap) capaci-
tance. A possible piezoresistive contribution to the
drain output signal is taken into account by the
strain-dependent electron mobility uy(e) in the FET
inversion channel.*®

The channel conductance will be a function of the
FET point of operation, that is, of the gate voltage
Vs and of the frequency-dependent mechanical dis-
placement y(w). At resonance, an additional term arises
which can be qualitatively interpreted as a modulation
of the threshold voltage (varying capacitance) due to
a varying gap under constant biasing conditions. The
motional term becomes
y(w)

X v(w) Vemg ot
sr,oxtgap+2toxy G=Gm tgap

. &
~motional __ ~A __ =~ r, OX
I <gm = gm

. VG

(2)

where G5 (Vg) is understood as the additional trans-
conductance available due to the displacement of the
beam. The symbol ¢, o is the dielectric permittivity of
silicon oxide, t, is the oxide thickness, and ty,p, is the
gap distance. The total current modulation is, hence,
the superposition of both contributions. Strikingly, eq 2
reveals that the amplification factor y(w)/tgsp x Vi is
limited only by mechanical nonlinearity and the max-
imum amplitude before pull-in occurs. This is a unique
feature of the presented novel displacement transdu-
cerand a direct result of the intrinsic, electromechanical
transistor amplification. In this work, the bias conditions
were set far away from pull-in voltages (V,,; > 50 V). The
use of the lock-in amplifier (Stanford Research SR830)
necessitates the use of an intermediate frequency (IF)
below 100 kHz. Intermediate frequencies (up to 100 MHz)
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Figure 4. Correlation of electrical and mechanical properties of FinFET resonators. (a) Correlation of the FET static
transconductance (red, Vp = 200 mV) with the mixing output away from resonance (blue). The FET is operated as resistive
mixer, biased from weak to strong inversion. (b) The intermediate output at o relates linearly with the RF-drive amplitudes
on- and off-resonance for operation in strong inversion (V3 = 10—100 mV). (c) The peak signal at resonance (blue) varies
linearly (red line) with the dc bias in strong inversion (Vi° = 40 mV and V§° = 25 mV). (d) The frequency tuning of a
nanomechanical resonator shows expected quadratic dependence on the dc bias due to spring softening effect.

over a wide range of input frequencies were measured
directly with the spectrum analyzer (Agilent 89600S).
Evidently, this opens up new opportunities of reso-
nant-body transistors as RF-mixer-filter applications on
optimized mixer designs, which are sought-after ele-
ments, for example, in intermediate heterodyning
stages of communication receiver systems. We point
out that the mixer operation may be extended to an
active scheme in which the RB-FinFETs are operated as
square-law mixer (i.e., in saturation Ip ~ V2). Providing
transconductance, such active FET mixers can offer
conversion gain and noise figures superior to passive
schemes.*°
In weak inversion (Vg; < Vi), the drain current varies
exponentially with Vg,. Expanding the expression for
the subthreshold current using Taylor series, we find the
component at the difference frequency we to follow:
7 static

1.
11, sub < 5 Vg Vd " €XP Va2

3 (3)

We expect the mixing output to scale with an expo-
nential prefactor Vg, which can be clearly inferred
from Figure 4a. The trend downward for decreasing
gate voltage is essentially limited by the detection
noise floor in the preamplifier stage of the lock-in detector.
In strong inversion (V, > Vi), at several MHz off-resonance,
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the lock-in signal is quasi-constant with respect to Vg,
in accordance to the constant transconductance g, «<
(W/L)un(e)CiotVp of the transistor in linear operation
(at low Vp).

The bias and drive dependence is summarized in
Figure 4b,c. It shows a linear relation with the dc volt-
age Vg, and a linear relation with the RF and LO drive
amplitudes. Both are a direct consequence from eqs 1
and 2 and the fact that the driving force term at wg is
proportional to F& o< VAVE cos wot. This coherently
validates the above presented mixing principles. The
electrostatic actuation of the resonator provides a gate
voltage tuning of the resonance frequency. The dis-
persive relation fo(Vs) follows the quadratic relation
kn o< f3, as seen in Figure 4d, where k., is the mechan-
ical spring constant.

DISCUSSION

In contrast to passive NEM devices, active resonators
consume static power and therefore offer additional
trade-off between signal strength and power con-
sumption. In the presented devices, the design of the
integrated RB-FinFET can be optimized toward high
transconductance or toward low power consumption.
Arrays of thousands of resonators envisioned to increase
the capture cross-section in sensors will substantially
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Figure 5. Unprecedented design space for ultralow power NEM-CMOS systems: accessing nW power consumption in VHF
nanomechanical resonators. (a) The transfer characteristics for a 25 MHz resonator (W, = 400 nm, L,, = 8 um) with the different
operating points ind icated. The red stars along the transfer curve denote the bias conditions at which the mechanical
resonance is later observed. (b) Resonant peaks for decreasing transistor gate bias in strong inversion. (c) The device response
in subthreshold for Vi, =3, 2,and 1 V. For consistency, the drive amplitudes were set constant at Vg° = 4.5 mV and V3= 140 mV
in all bias points. The inset shows the associated phase response, indicating the 180° degree phase shift around resonance.
(d) The double-log plot illustrates the trade-off opening up between power consumption and available transistor gain. The
drain voltage appears as parameter. In strong inversion (and linear operation), the dissipation varies strongly with Vg, but
with almost constant gain, while in weak inversion the gain and consumption are exponentially traded off.

increase on-chip power consumption. Reduced power
consumption close to or in subthreshold is therefore of
great interest for LS| systems. The previous analysis
allows us to precisely correlate the RB-FinFET as mixer
with the respective static point of operation. This is
significant as we can now estimate the power consum-
ption of resonant transistors encountered in their final
application, that is, as active device interfaced with on-
chip oscillator circuitry. To demonstrate the unique
tunability of RB-FinFETs, we take a 400 nm wide and
8 um long beam resonator. Figure 5a shows the trans-
fer characteristic of the RB-FinFET. The resonances at
25 MHz in strong to moderate inversion are displayed
for several values of Vg, in Figure 5b. Figure 5c shows
the spectral response of the resonator for the gate
voltages at Vg, = 3, 2, and 1V, which correspond to
deep subthreshold operation. These findings open
a design space between gain and static power con-
sumption which is manifested in Figure 5d as double-
logarithmic plot. In strong inversion, the dc consump-
tion varies considerably with the drain voltage (right
half of the graph) and reaches a level of tens of uW. In
the region of the weak inversion it is becomes possbile
to operate the FinFET resonators with dc consumptions

BARTSCH ET AL.

well below tens of nW, down to pW range.*® The res-
onance values are evaluated at a chosen drain bias of
Vbs = 150 mV. Because the resistive mixer measure-
ment is correlated to Vg, but not to Vps, any other drain
voltage value could be picked for Figure 5c. However,
due to the weak dependence of Vps on Ips in weak
inversion for Vps > 3 kT in an optimized FET design, the
core idea communicated of reaching nW-power con-
sumption levels in moderate-to-weak inversion holds.
In previous active MEM resonators,' *?%*>?8 the dc power
consumption was found to be dominant over the ac
one, ranging from 100 4W to 10s of mW (compare to
typical PP < —20 dBm = 1 uW). Here, we obtain 3
orders of magnitude of g, versus 6 orders of magni-
tude in P values offering an unprecedented selection
range of operating points in sub-uW levels for desig-
ners of ultralow power systems.

OUTLOOK

We have integrated the suspended body of transis-
tors into nanomechanical, single-crystalline silicon re-
sonators operating at very high frequencies, ranging
from 25 to 80 MHz. The electrostatic actuation and the
transistor-based readout allow all-electronic actuation
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and detection at room temperature. This solution can
be extended to a very large scale integration with an
SOI-CMOS compatible technology. The intrinsic gain
mechanism of the n-type enhancement mode tran-
sistor improves the available signal-to-noise ratio and
allows the performance of signal operations (mixing,
amplification) equivalent to field effect transistors used
in integrated circuitry, however, coupled with the tuna-
ble, highly selective spectral properties of mechanical
resonators. We have observed mechanical resonances
in weak inversion, opening a design space between
gain and device power dissipation with access to

METHODS

Resonator Fabrication. The fabrication combines two e-beam
lithographic steps and two optical masks. The structures are
fabricated on SOI wafers, with an initial 290 nm thick silicon (Si)
device layer and a p-type resistivity of ~16 Q cm . The thickness
of the buried oxide is chosen to be 1 um. A Boron implantation
at 40 keV is performed and then activated by diffusion during a
thermal oxidation process. A 100 nm wet oxide hard mask is
grown, thinning the substrate down to 230 nm. The design of
the structures is transferred to the silicon oxide layer with
e-beam lithography at 5 nm resolution and subsequently
transferred into the silicon device layer, exploiting a RIE process
based on chlorine chemistry. A controlled notching effect is
employed to obtain vertical sidewalls. After a wet release-etch in
BHF and a supercritical point drying in CO,, a 40 nm thermal oxide
is grown, essentially thinning down the silicon to ~200 nm. A
500 nm low-stress LPCVD amorphous silicon, (a-)Si, layer is used as
hard mask for the gate, source, and drain implantation. To obtain
50 nm precision alignments for high energy implantation, a
second e-beam lithography step is required. The a-Si etch with
bromine hydrate is particularly well suited for vertical etching on
high aspect ratio structures. A phosphorus implantation is per-
formed at 120 keV and activated by a rapid thermal annealing
(RTA) to minimize any further diffusion. During the final metalliza-
tion step, two optical masks are used, one for opening the gate
oxide, etched in BHF in the contact region, and a second to pattern
the 400 nm PVD aluminum layer using a two-layer lift-off process.
Finally, the a-Si is removed by a fluorine-based isotropic dry Si
etching and the metal annealed at 400 °C.

Resonator Characterization. The devices are located in a
vacuum probe chamber (Siiss Microtec PMC150) under
high vacuum (~107° mbar), and the electrical character-
ization was performed at room temperature (300 K). Care
was taken to ensure the coherence of the resonant response with
respect to device operating conditions. We then use an Agilent
4156C analyzer as the dc voltage source with mV step resolution
and keep conditions of ac-drives, temperature, and chamber
pressure constant. We have not observed any hysteretic behavior
of the static characteristics in vacuum conditions. Direct transmis-
sion measurements were performed on the Agilent Vector Net-
work Analyzer 8749. For mixer measurements, the intermediate
frequency output is monitored with the Stanford Research Lock-in
Amplifier SR830 or on an Agilent Spectrum Analyzer 89600S.
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record-low power consumption (nW). Further, the top-
down surface nanomachining allows the high degree of
freedom in the design of resonators itself, in contrast to
bottom-up procedures. The resonator structure, modal
shape, and operating frequencies, as well as transistor
properties maybe be optimized toward a specific appli-
cation. Finally, the RB-FinFET can fully benefit from even
more aggressive scaling of the channel lengths in a simi-
lar way as its solid-state counterpart, and the reported
charge modulation can be complemented by piezo-
resistive modulation, which offers new design opportu-
nities for performance at nanoscale.
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