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ABSTRACT

We demonstrate very high frequency (VHF) nanomechanical resonators based upon single-crystal silicon nanowires (SINWSs), which are prepared

by the bottom-up chemical synthesis. Metallized SINW resonators operating near 200 MHz are realized with quality factor Q ~ 2000-2500.
Pristine SiNWs, with fundamental resonances as high as 215 MHz, are measured using a VHF readout technique that is optimized for these

high resistance devices. The pristine resonators provide the highest @'s, as high as Q ~ 13100 for an 80 MHz device. SINWs excel at mass
sensing; characterization of their mass responsivity and frequency stability demonstrates sensitivities approaching 10 zeptograms. These

SINW resonators offer significant potential for applications in resonant sensing, quantum electromechanical systems, and high frequency

signal processing.

Nanoelectromechanical systems (NEMS), particularly na- demonstration of resonant mechanical devices operating at
nomechanical resonators vibrating at high frequentcas, very high frequencies (VHF) that are based on such
being actively explored for applications including resonant suspended SiNWs. We demonstrate robust SiNW resonators
sensors for ultrahigh-resolution mass sensifgyce detec-  vibrating at frequencies greater than 200 MHz. Furthermore,
tion,® quantum electromechani¢glectromechanical signal  comprehensive measurements of the resonance characteris-
generation and processif@nd high-speed logic and com- tics, quality factors, and resonator frequency stability show
putation® These NEMS resonators are usually made by top- that these bottom-up SiNWs provide excellent performance.
down lithographic techniques and surface nanomachining, These devices expand and advance prospects for NEMS
which together enable realization of nanomechanical devicesresonator technologies and enable new possibilities for
with considerable complexity and functionality. By contrast, applications.

chemical-synthesis-based bottom-up approaches now provide paris 4 and b of Figure 1 show the typical suspended

nanowires with high crystalline quality, perfectly terminated - gjN\ys in microtrenches. The detailed synthetic procedure
surfaces, and sizes dowq to the molecular scale. Thesg;,\/ g epitaxial growth has been described in ref 8. Briefly,
represent a new class of building blocks for NEMS resonators . giNw begins crystal nucleation on one trench wall

thath offer umquehattrlbute_s. S _nan(_)wwes_l_(SH\,IWs) aré, axially grows along thel110direction, self-welds at the
per tapIS’ among the ”(;OSt |ntr|?U|tng given S(;'CO” S E[)reetm"lopposite trench wall, and then usually continues to grow
nent role in micro- and nanoelectronics and as a structura along a backwardl11direction. In the present work, the

rgateTaI for tm|]?rsq-N\z;1vndNé]aréoilectromecr:]hanécal ;ystér(‘gsa microtrenches are-4 um deep and the trench widths are
evelopment of SINVV- » NOWEVET, as been IMPeded a4 from 1.6 to 3.um. It needs to be emphasized that,

by difficulties in suspending SINWS to give them mechanical different from top-down fabricated nanobeams, chemically

freedom and in subsequent device mtegratlon.. Recer)tly, asynthesized SiNWSs have well-faceted side surfaces. Figure
hybrid process has been developed to fabricate SiNWs . .
1c demonstrates the hexagonal cross section of these single-

sus_,pended over m_u:rotrenches _by em_ploymg va|hqmd—_ . crystal SiINWSs, which are enclosed by thelZ} crystalline
solid (VLS) epitaxial growtt¥. This device geometry facili- . " ; .
planes. The geometric and crystalline orientation of the

tates the direct probing of mechanical properties of SINWs . .
via static deflectiof:!° In this Letter, we describe the first he>_<agona| cross section \.N'th respect to the (110) substrate
is illustrated in the left inset of Figure la. The lateral

* Corresponding author. E-mail: roukes@caltech.edu. Telephone: 1-626- dimensiond measured in the SEM is taken as the SINW

395-2916. width. Note that a hexagonal cross section has a flexural
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the device becomes miniscule 1018 F) for dimensions of
100 nm and below. For this reason, it is not straightforward
to apply this transduction scheme for NEMS devices operat-
ing from the mid-VHF range upward. At lower frequencies,
~10-20 MHz, capacitive transduction has been successfully
demonstrated with NEMS beams, albeit with considerable
engineering effort? On the other hand, novel transduction
techniques, ones not previously employed for MEMS, are
being developed for NEMS resonators. Among these are
magnetomotive transductidf,'® single-electron transistor
detectors3'617 sensing via a quantum or atomic point
contact}®® and various combinations of the aboyés1°
These are motivated by the need for increased bandwidth
and the desire to pursue ultrasensitive, ultimately quantum-
limited detection. This drives the development of highly
miniaturized devices with critical performance specifications;
the ultimate performance is attained with operation at mK
: temperatures.

100NM —— T 100N e We find that magnetomotive transduction is well suited

‘ to the SINW-in-microtrench configuration displayed in Figure

Figure 1. Scanning electron micrographs of pristine suspended 1. The device design enables VHF and higher frequency
SiNWs. (a) A typical silicon nanowire (SINW) grown in a gperation and appears scalable into the ultrahigh frequency
microtrench defined by two heavily doped supporting pads. Insets range (UHF, 300 MHz 1 GHz)15 To measure the devices,

in (a): (left) orientation of the SINW cross section; (right) .
illustration of magnetomotive transduction of a SINW. (b) A close- W€ Pass a RF curreitw) through the SINW (of length),

up top view of a straight SINW with a constant width of about 60 Which, in the presence of an applied magnetic fi&@d
nm. The white arrow indicates the growth front of the nanowire. generates a Lorentz forégw) = LBI(w) (Figure 1a, right
(c) The hexagonal cross section of a SiINW, enclosed by well- jnset). This force excites vibration of the SiINW, which in
faceted{112 planes. turn induces an electromotive force (EM#%wr(w) due to

) ) ) the wire’s transverse motion in ttigfield. The SINW NEMS
which, in the absence of tension, leads to a fundamentalyggonance, transduced as an EMF developed along the SiNW,

flexural mode resonance frequency of is then characterized by measuring the transmitted power
via RF network analysis. The flexural motion in tBdield
w, d /By induces a frequency-dependent EMF given as
fo=5,=093955 4/~ 1)

Veye(@) = BLv(a))-% [ ) dx = jonBla@) (2)
wherelL, Ey, andp are the length, Young’'s modulus, and
density of the SINW, respectively.

The Si pads are heavily doped with boron, yielding a Here v(w) and a(w) are, respectively, the velocity and
resistivity of ~0.01 Q-cm. The resistivity of these pristine  displacement at the SINW’s midpoint = 0). The midpoint
SiNWSs ranges from-0.01 to~0.001Q-cm depending upon  displacement can be described by a damped harmonic
the doping and growth process details. Measurements showPscillator model
that the electrical junctions between the SiINWs and the
trench sidewalls are Ohmic. Electrical contacts (wire bonds) BLI(w)
are made from selected devices to a radio frequency (RF) a(w) = M 2_ 2 4 /
circuit board, and the sample is then loaded into an el (Wg” = @) F jwow/Q]
RF/microwave-compatible chamber that also functions as a
low-temperature cryostat. provided that we interpré¥le; as a mode-specific effective

A central challenge for engineering SINW NEMS resona- mass andQ is the modal quality factor. Here(x) is the
tors is obtaining efficient excitation and transduction of the normalized mode shape (with the midpoint amplitude
high frequency mechanical response. Existing techniquesnormalized to unity, i.e.Uo(X) = 1), Uo(X) = 0.8827 cos-
widely used in MEMS (microelectromechanical systems) are (4.73¢/L) + 0.1173 cosh(4.78L) for x € [-L/2, L/2], and
being pursued with other NEMS resonators; among thesethus the modal weighting factor is = 1/LfE’E,2u0(x) dx =
are electrostatié12and piezoelectri@ schemes for excitation ~ 0.5232 in eq 2. Note that(w), F(w), Vems(w), v(w), and
and optical! and capacitive® schemes for detection. The a(w) are all complex variables in this formulation.
efficiency of these schemes generally decreases substantially We first demonstrate VHF resonators based on metallized
as we scale devices from the size regime of MEMS to that SINWs. Because the pristine SINWs we have investigated
of NEMS. For example, in capacitive detection of nanobeam typically have two-terminal resistances in the range-e1Q0
and nanowire NEMS resonators, the capacitive coupling to k€2, they present a severe impedance mismatch to standard
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Figure 2. Measured resonance characteristics ohtie¢allizedSiINW very high frequency (VHF) resonators. (a) Magnetomotively transduced
response (referred-to-input, RTI, of the first-stage amplifier) from the SINW-M200 device at vaByfiietl (RF drive to device is-46

dBm). (b) Achieved detection efficiency, signal-to-background ratio (SBR) in dB, in the measurement and (c) the actual voltage signal
amplitude of the SiNW resonances displaying Bielependence expected from magnetomotive transduction. (d) Magnetomotive response
(RTI) from the SINW-M188 device as RF drive to the device sweeps frh to —41 dBm (atB = 6 T).

50 Q RF components. This significantly compromises the at the juncture between the nanowire electrodes and the
efficiency of actuation and transduction, especially at VHF readout amplifier. Figure 2a shows data from the SiINW-
and beyond. To overcome this issue, we first metallize M200 resonator, RTI, as the magnetic field is varied from 1
SiNWs to obtain a transducer impedance close t&5This to 8 T, while the RF drive is fixed &4, = —46 dBm. Note
involves deposition of 30 nm Al and 5 nm Ti layers on the the excellent SBRx 8.5 dB obtained aB = 8 T, which is
SiNWSs. The typical resistances obtained for metallized a direct consequence of our carefully optimized readout. This
SiNWs are~60—80 Q at room temperature and are hence Yyields a nearly frequency-independent background @8.5
well-matched to 532 at low temperatures. The metallized dBm (0.11 pW), which is obtained without any software-
SiNWs are then measured in vacuumTat: 25K using based normalization. With a resonance peak-8fL. dBm
magnetomotive transduction by means of a carefully opti- (0.79 pW) atB = 8 T, the SINW-M200 resonator yields a
mized readout techniqfeThis is important because, in  signal of absolute power 0.68 pW. Similar data is obtained
practical detection schemes, especially those at high frequenfor SINW-M188 by varying the applie® field at a fixed
cies, the NEMS resonance signal is invariably embedded in RF drive to device oy = —54 dBm. In the data from
a strong background response. This response originates fromSiNW-M188 (not presented here for brevity), we find a
for example, reflected and standing waves induced by maximum SBR= 12.5 dB is achieved at 8 T, with a
impedance mismatch, parasitic impedances, and other nonbackground level of only—=102.8 dBm (0.05 pW). The
idealities. To quantify detection efficiency, we define the resonance peak at 188 MHz rises above this background,
signal-to-background ratio (SBR) as the ratio between on- with its peak at-90.3 dBm (0.93 pW), corresponding to an
resonance and off-resonance signal power, SBRO log- absolute signal of 0.88 pW. Measured SBR and root-mean-
(Pon-redPoft—reg in dB. This quantity can be directly measured square (rms) voltage signal amplitudé,{wo) of the
via RF network analysis. As a simplified example, a 10 pW resonance at varieB field are shown in parts b and c of
(1 pW=10"'2W) signal o a 1 nWbackground level yields  Figure 2, respectively. The 10 dB SBR we have attained
SBR=1010g(1.01 nW/1nW) 0.04 dB, which in practical ~ for ~200 MHz metallized SiNWs is striking in comparison
measurements is typically unresolvable, while @ 1 pW with previously reported results+1 dB SBRs for~10 MHz
background, the same 10 pW signal will emerge as a readily NEMS beamg? ~2 dB SBRs for~200 MHz beam#&’ and
observable peak with SBR 10 log(11/1)~ 10.4 dB. This ~0.5t0~0.005 dB SBRs typically observed for UHF beams
illustrates the importance of minimizing the off-resonance at>300 MHz and 1 GH2521In all of these aforementioned
background response. Our recently developed background-cases, the beams were metallized, and significant efforts were
nulling techniques and readout schemes for UHF NEMS made to optimize the SBR.
are employed in the present work to read out the signals Following eqs 2 and 3, we find a good fit of the data
from SINW resonators that are intrinsically at very low levels. in Figure 2c to the quadratic fornV = aB? where
Figure 2 demonstrates the measured characteristics fromo. = (0.5232).21Q/(Mesiwo). From the fit, we determine the
two metallized SiNW resonators, SINW-M200, with dimen- rms RF current passing through the devices on resonance is
sionsL = 2.25um, d = 142 nm and fundamental resonance |Imdwo) = 0.75uA for SINW-M188 with a measure® ~
atfo ~ 200 MHz, and SINW-M188, with. = 2.1um, d = 2500, andlmgwo) = 1.02 uA for SINW-M200 with Q ~
118 nm andfp ~ 188 MHz. With careful calibration, our  2000. As shown in Figure 2d with data from SINW-M188,
measurements yield accurate values for both the signal andby increasingPq from —61 to—41 dBm at fixedB =6 T,
the background levels; this enables evaluation of the signalswe observe that the resonance response transitions from a
referred to the input (RTI) of the first-stage amplifier, i.e., linear to a strongly nonlinear regime. The nonlinear fre-
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Figure 3. Measured resonance characteristics ofghistine (nonmetallized) high-resistance SiNW VHF resonators. (a) Magnetomotive
response (RTI) from the SiINW-215 device at varyiBdield (RF drive to device is-42 dBm). (b) Detection efficiency (SBR) achieved

in the measurement and (c) the actual voltage signal amplitude of the SINW resonances, again propoBi@satipected. (d) Response
(RTI) from the SINW-80 device as the RF drive to device is varied frof# to —54 dBm (atB = 8 T).

quency pulling is a stiffening effect arising from the Duffing
instability in doubly clamped beams and wif@sThis

in Figure 3d with data from the SINW-80 resonance, with
increasing RF drive from—74 to —54 dBm at fixed

canonical response, originating from tension induced at largeB = 8 T.

lateral displacements (high vibration amplitudes), provides

High Q's for SINW resonators are important both for

evidence that the SiNWs and their self-welded clamped endssensing and device applications and also to enable exploration

are indeed robust.

of the origin of dissipation sources. We deduce the measured

We now discuss measurements on VHF resonators based? from the signal seen by the first-stage amplifier using the

on thinner, pristine (unmetallized) SINWs. These SiNWs
have high two-terminal resistances; we minimize the effect
of the significant impedance mismatch by carefully nulling
the background at the readout poEigure 3a shows data
(RTI) from SINW-215, which is a 3.2 ® pristine SiINW
with dimensiond. = 1.69um, d = 81 nm, and measurdg

~ 215 MHz. WithPy4, = —42 dBm sent to drive the device,
the lowest nulled background level {895.87 dBm (0.26
pW), and the peak power on resonant8 & is —95.1 dBm
(0.31 pW); these correspond to ar0.8 dB SBR and a
NEMS resonance signal power of 50 fW. Similarly, for
another device SINW-80, a 3.€Xpristine SINW withL =
2.77um,d = 74 nm, and, ~ 80 MHz, the background is
nulled to—108 dBm (16 fW) withPg, = —74 dBm. AtB

= 8 T, the peak signal power i5106.4 dBm (23 fw),
yielding SBR= 1.6 dB and a resonance signal power of 7
fW. Although the actual resonance signal of SINW-215 is
larger, in readout, its SBR is lower than that of SINW-80

model underlying eqgs 2 and 3. Figure 4a displ@ys 5750

of SINW-215 andQ ~ 13 100 of SiNW-80. The pristine
SiINW-215 exhibits & of ~2.3—3.0 times higher than the
Q’s of 2500 and 2000 from the metallized SINW-M188 and
SINW-M200 despite their similar dimensions and resonance
frequencies. This difference may arise from metallization-
induced losses such as surface and interface modification
and internal friction in the metal layers.

Figure 4b presents the measuf@ag of the SINWs and a
comparison of their performance to other types of NEMS
resonators such as bottom-up Pt nanowires (P#R\ahd
top-down SiC beam¥. These are loaded's, that is,
measured while embedded in the measurement circuitry in
an applied magnetic fieldB(= 6 T). For both metallized
and pristine SINWSs, we find th& decreases with increasing
resonance frequendy. This trend has also been observed
with top-down NEMS resonatof8.The productfy x Q is
commonly employed as a figure of merit to evaluate

because a much lower background level has been achievedesonator performance. As illustrated by the Q contours,

around 80 MHz than around 215 MHz. This is also shown
in Figure 3b,c. By fitting the resonance amplitude of the rms
voltage signal to &2 dependence as shown in Figure 3c,
we determinelmdwo) = 14 nA for SiINW-215 with a
measured ~ 5750, and mgwo) = 0.65 nA for SINW-80
with Q ~ 13 100. Compared to their metallized counterparts,
the high-resistance pristine SiNWs carry much lower current.

Hence, a much weaker Lorentz force is induced and this, in
turn, generates a much smaller RF signal output. Neverthe-

our SiNWs havef, x Q in the 16G'—10" Hz range,
with SINW-215 havingfy x Q = 1.24 x 10'? Hz. These
products are comparable to those of the best top-down
SiC UHF NEMS* and state-of-the-art MEMS beam
resonatorg® Note that this is comparable fopx Q's recently
reported for lower frequency, but high®@ NEMS resonators
under tensior®

As shown in Figure 4c, a clear correlation between the
measuredQ and device aspect ratio (length/width) is

less, the achieved SBRs of 0.8 dB at 215 MHz and 1.6 dB observed; larger aspect ratios yield higlges. This suggests

at 80 MHz are significantly higher than the previously

that clamping losses are important in our present geometries.

obtained 0.2 dB SBR at the 25.6 MHz resonance from a Previously, we found that the data from in-plane UHF SiC

2.14 Q2 doped silicon beartf.Nonlinear operation of pristine

NEMS beam? fit well with the theoretical predictio® ~

SiNW resonators have also been demonstrated, as illustratedL/w)3.?” Here, with the thinner SiNWs, we have a much
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Figure 4. Quality factors Q's) of pristine and metallizedVHF SiNW resonators. (a) Resonance signals (RTI) with hgih from the

pristine SiINWs (both data & = 6 T, squares are data points and solid lines are fit from the damped simple harmonic oscillator model).
MeasuredQ'’s as functions of (b) device resonance frequency, (c) aspect ratio, and (d) surface-to-volume ratio, in comparison with other
previously measured NEMS devices under similar experimental conditions with the same transduction scheme. Insets in (c): schematics
showing the difference in clamping structures of the in-plane top-down NEMS resonators (upper left) and the pristine suspended SiNWs
(bottom right).

Table 1. Characteristics and Performance Specifications of VHF SINW Resofators

SiNW-M200 SiNW-M188 SiNW-215 SiNW-80
L (um) 2.25 2.1 1.69 2.77
d (nm) 142 118 81 74
metallization 30 nm Al + 5 nm Ti
resistance (Q2) ~50 ~50 3.2k 3.6k
fo (MHz) 199.68 187.86 215.40 80.57
Q 2000 2500 5750 13 100
fo x @ (Hz) 3.99 x 101! 4.70 x 1011 1.24 x 1012 1.06 x 1012
Mg (f2) 70.1 45.2 17.1 23.4
kefr (N/m) 110.3 62.9 31.4 6.0
Ey (GPa) 182 187 152 184

aThe SINWs are named by their nominal resonance frequency in MHz, with “M” denoting the metallized ones.

wider aspect ratio range where it appears that likelyQlse have conical structure and sometimes a backward-growing
of SiNWs do not scale as aggressively@s- (L/w)3. We parasitic wire at one end. Presumably, the resulting isolation
suspect that the precise geometry of the NW clamping, asis less than achieved for in-plane beams but may be
depicted by the schematic bottom-right inset in Figure 4c, comparable to that for out-of-plane beams. Nonetheless,
plays an important role here. The support region for an in- single-crystal pristine SINWs with large aspect ratidd]
plane beam is a plate as thick as the beam but much widerin the range of 2640 do exhibit very highQ’'s. Figure 4d
(upper-left inset in Figure 4c). This may provide much stiffer shows tha for similar devices (either metallized or pristine)
clamping (more isolation) for in-plane motion than for out- does not decrease with increasing surface-to-volume ratio.
of-plane motion. These considerations lead to clamping- This suggests that possible surface loss phenomena, if
losses scaling a® ~ (L/w)3 andQ ~ (L/w), respectively?’ present, are overwhelmed by large clamping losses, and
The actual points of NW attachment, shown in SEM images hence it is the latter that accounts for the observed change
of Figures -3 and also more carefully inspected in ref 8, of Q from one device to another in the same category

Nano Lett., Vol. 7, No. 7, 2007 1957



. — noise phase-locked loop circuit to implement real-time
{‘: R frequency tracking:?® This allows us to characterize the
%? . frequency stability by measuring the fractional resonance
v % frequency fluctuationdfy/fold as a function of the averaging
E 10° time  employed for the measurement. When used for mass
8 1100 > sensing, the device’s actual mass sensitivity is also, therefore,
g 5800 i { % a_function of the measurement timéMQ = 2Meﬁ®f9/fom.

2 s ] 2] Figure 5 shows the measurgidy/folJ and[dM[I from SiINW-

b 3 M200. Forr = 1 s, the measured rms frequency fluctuation

= o is [dfo/fold=1s = 0.182 ppm. Given the device’s exceptional

E 107} S mass responsivity 7 = fo/(2Mer) = 1.4 Hz/zg and its
110 demonstrated excellent frequency stability, this noise level

equates to a mass sensitivity @M1 = 25.5 zg (1 zg=
1021 g). This is comparable to the mass sensitivity of state-
of-the-art, top-down VHF resonators, such as the 190 MHz
Figure 5. Measured fractional resonance frequency fluctuation and SiC device recently employed to realize the experimental
mass sensitivity of the metallized SINW-M200 device as a function milestone of zeptogram-scale real-time mass seridiiar-

of the averaging time employed in the measurement. Inset: The gcterization and analysis of noise and stability for these
instantaneous” fractional resonance frequency fluctuation with 1 . . .
SiNWSs are more extensively detailed elsewltére.

S averaging time.

In conclusion, we have demonstrated that epitaxially grown
single-crystal SiINWs can be engineered to realize robust
NEMS resonators operating at frequencies in the VHF range
and higher. These bottom-up SiINW resonators exhibit
excellent performance; here we demonstrate Qighat VHF
and zeptogram mass sensitivity. Pristine, unmetallized SINWs

1 10 100 1000
Averaging Time 7 (s)

(metallized or pristine). Even with larger surface-to-volume
ratios, the pristine SINWs hav@'s a few times higher than
obtained from metallized devices. This implies that process-
related (top-down vs bottom-up) surface modifications can
indeed affect th€)’'s more than geometric scaling of surface ) : _
losses. provide very highQ's andf, x Q products, however, their
Table 1 presents representative attributes and performancglIgh per_formance comes at th_e cost _Of a significant imped-
of several of the VHF SiNW resonators we have investigated ance m|smatch o 5. Metall'|zed SiNWSs, on the other
to date. An immediate application of our dynamical mea- Nand. provide an excellent low-impedance RF match but have
surements is the evaluation of basic mechanical properties®We" Q'S arising, presumably, from additional damping

of epitaxial SINWSs. Instead of using an atomic force induced by their metallic overlayers. We anticipate that it is
microscope (AFM) to perform what are often arduous

feasible to achieveoth high-Q and optimal (5(2) imped-

nanowire bending experiments, we are instead able to carry2NC€ maiching by metamorphosing single-crystal, semicon-
out resonance measurements to determine the elastic prope/dUcting SINWs into metallic structures, e.g., NiSi NWs.
ties of these SiINWSs. This is both convenient and accurate; A principal advantage of the suspended SiNW resonators
resonance frequency can be measured with h|gh precisiondeveloped in this work is their ease of fabrication and hlgh
and the uncertainty in deducing elastic properties comesyield. By pushing the dimensions of the microtrenches
solely from dimensional measurements. As an example, wedownward and simultaneously optimizing the NW growth
extract the Young’s modulu&y, from eq 1 for each SiINW  conditions, we expect that smaller, even molecular-size,
resonator operating in the linear regime of motion. For suspended SiNWSs should be achievable. These will enable
metallized SiNWSs, a correction factoM[(M + M:)]Y2, scaling fundamental resonance frequencies into the extreme
whereM,, is the mass of the metallization layer aktithe UHF and low microwave range. Given their pW- to sub-
mass of the SINW, denormalizes the effects of the overlayer PW operating power levels, SiNW resonators will enable
mass loading. We fin&y = 182+ 16 GPa, 186t 17 GPa, future ultralow power applications such as high frequency
152+ 14 GPa, and 184 16 GPa for SINW-M200, SiNw-  mechanical signal processifgmechanical logic applica-
M188, SINW-215, and SiINW-80, respectively. These results tions? and electromechanical qubft¥he suspended NEMS
are in good agreement with the widely used values in the nanowire technology described herein, combined with the
range~160-200 GPa for single-crystal bulk Si along the recent development of controlled epitaxial growth of self-
[1110direction and also agree very well with recent AFM-  aligned SiNW array$; should also now make it feasible to
based measuremerits. engineer SiINW-based resonator arrays to enable very-large-

Given their extremely small masses and very high scale nanomechanical device integration.
frequency mechanical resonances, these SINWs make ex-
ceptionally responsive resonant sensors. An additional critical Acknowledgment. We gratefully acknowledge support
attribute for such applications is the noise performance of from the NSF under grant EECS 0425914 (NSF-NSEC),
the sensors; for frequency-shift-based detection, resonatoMARCO, and from DARPA/SPAWAR under grant N66001-
phase noise is key. Accordingly, we have performed initial 02-1-8914. X.L. Feng thanks S. Stryker for help in engineer-
experimental investigations of the frequency stability of these ing and fabrication of experimental apparatus, and B.
SiINW resonators. We embed a SiNW resonator into a low- Gudlewski for helpful discussions.
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