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Nanowire-based very-high-frequency electromechanical resonator
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Fabrication and readout of devices with progressively smaller size, ultimately down to the molecular
scale, is critical for the development of very-high-frequency nanoelectromechanical systems
(NEMS). Nanomaterials, such as carbon nanotubes or nanowires, offer immense prospects as active
elements for these applications. We report the fabrication and measurement of a platinum nanowire
resonator, 43 nm in diameter and L in length. This device, among the smallest NEMS reported,

has a fundamental vibration frequency of 105.3 MHz, with a quality factor of 8500 at 4 K. Its
resonant motion is transduced by a technique that is well suited to ultrasmall mechanical structures.
© 2003 American Institute of Physic§DOI: 10.1063/1.1601311

The fabrication and readout of nanometer-scale high frenanowire. We also describe the simple measurement scheme
guency resonators has recently been a highly active area efmployed as its readout, which is well suited to small, high-
research. Interest in these devices is motivated both by theimpedance NEMS devices in general.
promise as sensors and actuators, and by fundamental inter- Platinum nanowires were synthesized by electrodeposi-
est in mechanical functionality at the nanoscale. To fabricatéion of Pt into a commercially available nanoporous polycar-
these nanoelectromechanical systefNEMS), researchers bonate membranénominal pore diameter 20 nm The
typically employ “top-down” techniques, i.e., high- membrane was then dissolved in chloroform, suspending the
resolution lithography followed by various etching tech- wires in solution. This suspension was then dried, one drop
niques to create freely suspended structures from semicodt @ time, upon a Si substrate that had been capped by 300-
ductor materials such as silicdrsilicon carbide? gallium ~ nM-thick layer of thermally grown silicon dioxide and pre-
arsenidé and aluminum nitridé.Advanced sensing applica- patterned with Au alignment marks. With these, the location

tions require both high responsivity and ultrahigh frequencyP! the deposited wires was mapped in an optical microscope.
operation—among the most challenging of these are attairﬁOpt'Cal imaging of the small wires is straightforward due to

ment of subattonewton, high frequency force sensing fo?heir strong light scattering propertie§) Metallic leads(5

magnetic resonance force microscomnd the study of me- nm Cr, 50 nm AU to individual nanowires were subsg-
chanical motion in the quantum regifor future applica- quently patterned by electron beam lithography, evaporation,

j . . . . nd lift-off. Finally, the nanowires wer n ve th
tions such as these, it is desirable to fabricate devices that a?ed 0 ally, the nanowires were suspended above the

I ible. Too-d tabricati h . Idsubstrate by etching the SjOn hydrofluoric acid. In this
as small as possible. 1op-down fabricalion, nowever, yie tep the electrode pattern also serves as a self-aligned mask,

device sizes Ilmlted by such factors as the resolution o hus forming the anchor point from which the nanowires are
electr_on-_beam lithography, etch roughn_ess, and the Synthe%ﬁspended. Critical point drying completed the devices, cir-
of epitaxially grown substrates. For this and other reasong,,myenting damaging meniscus forces.

there has been significant recent interest in the integration of Figure 1 shows a scanning electron microscéBEM)
nanoscale materials fabricated by a *bottom-up” approachimage of the device whose mechanical response is described
e.g., carbon nanotubes, semiconductor, and metal nanowirggter, The suspended Pt nanowire has a diameter of 43 nm
A wide variety of these nanomaterials can now be reproducang a length of 1.3m, with an electrical resistance at 4 K of
|b|y prOduced, with dimensions down to the molecular Scale454 Q. With a Suspended mass of 40 fg and a volume of
“Hybrid” (bottom-up +top-down) nanoelectronic devices 1.9x 10" % cnv®, this device is among the smallest NEMS
are now widely realized from these materials by contactingstructures whose motion has been detected directly. Model-
them via lithographic methods; in this work we describe theing its response as that of an unstrained doubly clamped
successful use of this approach to make hybrid nanome-
chanical devices. To date, difficulties in realizing free sus-
pension of such nanomaterials, compounded with the diffi-
culty of detecting the minute motion of small, high-
impedance structures have impeded development of hybrid
NEMS. Here we describe the fabrication and readout of a
very-high-frequency device consisting of a single platinum

FIG. 1. (left) SEM image of the suspended nanowire device, in8long
dauthor to whom correspondence should be addressed; electronic maiaind 43 nm in diametetright) Measurement circuit used for magnetomotive
roukes@caltech.edu drive and detection.
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beam vyields a predicted fundamental mechanical resonance
frequencyf, given by’

f 224 R \ﬁ . 10
0= 5 72 ; 1)

whereY is the Young’s modulusp is the densityR is the
beam radius, and is the beam length. Using the measured
dimensions and the bulk values for the Young's modulus and
density of Pt(168 GPa and 21090 kgfAnrespectively, Eq.
(1) predicts a fundamental frequency of 64 MHz. This is
lower than the measured response; possible reasons for this

12Dl ()

. 0
are described later.
Magnetomotive detection, in which an ac current drives 10520 10525 10530 10535 10540 105.45
a beam in a transverse magnetic field, has been employed to Frequency (MHz)

successfully actuate and read out NEMS resonators at fre-

: ; 12 FIG. 2. Measured mechanical impedance of the Pt nanowire device as a
quencies up to and exceeding 1 GH2:*On resonance the function of frequency, at a series of magnetic fields from 1 to 8 T. The left

deViC_e dissipates energy fmm the cgrrent supply as it 0sCiliset shows the characteristi¢ Bependence, characteristic of magnetomo-
lates in the magnetic field; its behavior can be modeled as #ve detection. The right inset shows the quality fac®ms a function of

series combination of the normal electrical resistaRgand ~ magnetic field.
a motional impedancé&,(f) of what appears as an RLC

tank circuit!! At the resonant frequendy;, the magnitude of Vo 25 Q 25 Q
the motional impedance is given by YV, Zt25 0z, ()
£B2L2Q where the factor of 2%) is due to the 5d) termination of
|Zm(f°)|ERm:Tnfo’ (2)  the detect line in parallel with the 5Q input impedance of

the preamplifier. The electromechanical impedalgg(f )|

whereQ is the quality factor, m the mass of the device, andcan easily be extracted by comparing the output signal to the
¢ a numerical factor that depends on the mode skg®s  off-resonance background signéj :
for the fundamental mode of a doubly clamped bgam 1Zo(F)] Vou— Vi,

Typical top-down NEMS devices have,~10—100() R =— v .
andR,~1 Q. In this case, the motional contribution to the € b
overall device impedance at resonance can be relatively eas- This scheme is of wide applicability to the readout of
ily detected by measuring the reflected rf pol@maller-  small-diameter, high-impedance NEMS devices because the
diameter devices, such as the one measured here, will ioutput signal is linear irR,,/R., and because it provides
general have much high&,, (which can be shown to vary broadband impedance matching, resulting in a smooth back-
as the cube of the aspect rafibut will also possess higher ground from which it is easy to pick out a mechanical reso-
R.. Their compound effect is to make it difficult to match to nance peak. For extremely large device impedances, how-
50 Q drive/detection electronics. A reflection measuremenever, the cost of the approach is that it can lead to significant
will be quite insensitive to the mechanical signal, becauseattenuation of the signal.
nearly all of the power is reflected both on and off resonance. Figure 2 shows the measured motional impedance of the
For the present device the 454electrical impedance would nanowire device|Z,(f)|, versus frequency. The data are
result in a reflectance of 81.78%; an additional motional im-obtained &4 K in magnetic fields from 1 to 8 T, with a drive
pedance of 1) [calculated from Eq(2), assuming & of  signal of 100uV. |Z,,(f)| shows a peak at 105.3 MHz that
~3000 andB=8 T] would change the reflectance only to increases in height with increasing magnetic field, as is ex-
82.14%. Clearly, a transmission measurement is more apprgected for a mechanical resonance. The measured resonance
priate for high-impedance devices. frequency is higher than the predicted frequency of 69 MHz.

We have employed a simple scheme, depicted in Fig. 1This is likely due to the differential thermal contraction of
to realize transmission measurements upon the device, whiche beam and the substrate, which should cause the beam to
is located in the vacuum space of a magnet cryostat. RBe under tension. Similar effects have been seen in larger
power is applied at the output of a network analyddP  metal resonators. There is no evidence that fabrication of the
3577A) and fed into the cryostat on coaxial cable to thenanowire by electrodeposition results in a decreased Young's
device. The transmitted signal is carried to a low-noise, roonmodulus compared to that of bulk Pt.
temperature preamplifier providing 62 dB of gain via a sec- The resonance curves can be fit to a Lorentzian line
ond coaxial line. Both the drive and detection lines are tershape to extract values ¢f, R,,, andQ. As shown in the
minated with 500} resistors next to the sample. The sample,left inset to Fig. 2, the measurd},, scales linearly with the
with its effective impedanc&g(f )=R.+Z(f), “bridges” square of the applied magnetic field, consistent with &j.
these terminated drive and detection lines. Ege50(), the ~ The measured quality fact@ of the device, shown in the
termination of the drive and detect lines minimizes standingight inset to Fig. 2, is approximately 8500, and decreases
waves. In this limit, the output voltage at the preamplifier isslightly with increasing magnetic field. The attainment of

then given by high quality factors is important for technological applica-
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10 T T T response of the resonator as the frequency is swept both up-
10 530 v drf ward and downward, confirming the expected hysteretic na-
wV drive . .
LS | ture of the response curve in the nonlinear regtfhe.
5, l In the simplest model for the phenomenon, the critical
—_ ‘EL oscillation amplitudex, above which bistability occurs is
2 6> . T dependent only upon the geometry of the béarand is
":- 0 Incre.aSIng g|ven by
- /' drive
)
g v )
Xo=——,
¢ J0.528(1— P
2
whered is the diameter of the beam ands the Poisson’s

ratio of the material. Evaluating E@5) for the present de-

0 ma————— o vice gives a critical amplitude of 0.98 nm. As a check of our
105.05 105.10 105.15 105.20 105.25 readout method, we can also compare the critical amplitude
Frequency (MHz) deduced from the measured signal at the onset of nonlinear-

FIG. 3. Measured response of the Pt nanowire device, showing the transﬂy' This method gl-ves ,2'6,nm’ which is reasonable since We_
tion to the nonlinear regime as the drive voltage is increased from 40 to 40@XPECt an overestimation in the second case due to losses in
wV, in steps of 4QuV. The inset shows the hysteresis visible upon sweepingthe signal lines. It is interesting and important to note that for
up and down in frequencg_note that the frequency scales are slightly dif- o\;en smaller and more compliant resonators, such as those
ferent due to thermal cycling of the devjce . . .

made from carbon nanotubes, the critical amplitude will be

in the subnanometer range. Hence, we anticipate that detect-
tions of NEMS devices, but the detailed physics of energying the motion of nanowire and nanotube devices, while re-
dissipation in these devices is still not well understood. Premaining within the linear regime, will pose a significant and
vious studies have shown that quality factors measured fogeneric challenge for the field of NEMS.
NEMS generally decrease with increasing surface area-
volume ratio, apparently indicating that surface processeB
contribute strongly to dissipation. Caet al,* for example, A
measure the quality factors of single-crystal silicon beam
and find thatQ decreases from~3000 for beams with a
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