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We report the temperature-dependent mechanical properties of nanofabricated silicon resonators
operating in the megahertz range. Reduction of temperature leads to an increase of the resonant
frequencies of up to 6.5%. Quality factors as high as 1000 and 2500 are observed at room
temperature in metallized and nonmetallized devices, respectively. Although device metallization
increases the overall level of dissipation, internal friction peaks are observed in all devices in the
T=160-180K range. €2000 American Institute of Physidss0003-695(00)01541-3

The mechanical properties of micro- and nanomechanieharacterization of paddle oscillators operating in the 1-10
cal systems are of interest from both fundamental and techtMHz range® Here we report the temperature dependent be-
nological standpoints. The understanding and control ohavior of these paddle oscillators. We observe Debye inter-
composition, nanostructure, and interface properties are inmal friction peaks in theT=160-190K range, which we
portant for the development of nanostructured materials. Furassociate with surface and near-surface phenomena previ-
thermore, high-frequency mechanical resonators presentirgusly reported in larger kilohertz range deviceS.
high quality factors are of interest for the development of ~ The fabrication, electrostatic actuation, and optical de-
sensitive force detecting devickd,and highly efficient rf  tection of these devices have been described previddsty.
electromechanical filters and oscillatdrslesoscopic dimen- The released structures are produced using electron beam
sions and high-frequency operation also open up fascinatingfhography on silicon-on-insulatofSOI) wafers consisting
possibilities for sensitive studies of extrinsic processes suchf & 400-nm-thick oxide buried underneath 200 nm of single-
as surface and near-surface effects, and of other fundamentdlystal (100 silicon. Devices are operated in a cryostat
phenomena such as coupling with lattice vibrations and inPumped down fo the 10 Torr range. A cold finger allows
teraction with electromagnetic fields. Unfortunately, the!®mperature access and control over The4-300K range.
quality factor of resonant micromechanical devices decreased € résonant response of a structure is acquired by sweeping

steadily with device dimension. Such high internal losses arf_‘e drir:/e fr.eqr:Jel;lc%/. The qualit@ is CI'(OSG'Y ap[;)]roxirra_ted
the combination of both extrinsic and intrinsic issues that©™ the width of the resonance peaks using the relation

must be well understood for the optimization of resonator f
quality, and for experimental access to fundamental mesos- Q= 1'54Af—0’ 1)
copic mechanical phenomena. FWHM

Defect motion is governed by an activation energy tha ;
will induce Debye relaxation peaks in the temperature de'i_/vhere f(-) iy the c_:enter of th? resonance response, and
_ e _ Afewim is its full width half maximum. Although each set of
pendence of internal friction. Analysis of such peaks offersyi, hresented here was obtained on a single device, quanti-
useful information on the defect thermodynamics and its iMyayye results were not seen to substantially deviate from de-
pact on mechanical properties. This approach has been usgglq to device.
for several decades in hertz range bulk .resoniﬁt-cbfmre _ Figure 1 shows a micrograph of a nanofabricated paddle
recently, macroscopic kilohertz range torsional silicon oscil-gscillator. All results reported here were obtained on paddies
lators have been used to probe the mechanical properties gf |ength and width ofd=5.5um andw=2 um, respec-
thin overlayers:® Nanomachining opens new avenues for thetively. The supporting beams ate=2.5um long andb
assay of structures whose dimension compare to typicak 175 nm wide. The whole structure has a thickness of a
nanostructural length scales. We have recently reported the 200 nm, and rests at a height lof= 400 nm above the sur-
fabrication and electrostatic operation of nanomechanicaface, as fixed by the thicknesses of the SOI layers. Earlier
beam7s as thin as 30 nm and frequencies as high as 38&&vices discussed here included thin layers of3omm) and
MHz.” We have also reported the dynamical modeling andau (17 nm evaporated on the entire structure to ensure ad-
equate electrostatic actuation. We have recently concluded
@Author to whom correspondence should be addressed; electronic maithat such overlayers were unnecessary. We now successfully
evoy@vt.edu actuate our structures without any metal overlayers by plac-
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FIG. 1. Scanning electron micrograph of a nanofabricated single-stage

paddie oscillator. FIG. 3. Temperature dependence of the internal losses for the two modes of
motion of a metallized nanofabricated silicon oscillator.

ing a bonding wire directly on the top silicon layer within a

few microns of the device, and similarly bonding the ground-devices would allow a better understanding of the phenom-

ing wire on the bottom surface also in close proximity of theena that dominate this shift over the various temperature

device. ranges.

We have identified two modes of oscillation attributed to  Figures 3 and 4 show the temperature dependence of the
the flexural and torsional motion of the supporting beamsinternal friction for the two modes of motion of a metallized
respectively’. These modes are sufficiently decoupled to al-and nonmetallized device, respectively. Within the precision
low their independent excitation by the application of theof our measurement, all four sets of data show a peak struc-
appropriate actuation frequency. Figure 2 shows the temture centered aT=160-180K. The existence of this peak
perature dependence of the two resonant frequencies of ia both metallized and nometallized devices suggests that the
metallized device. The frequency steadily increases as theetal overlayer is not responsible for this loss. However, the
temperature decreasesTe=80K, at which point an inflec- reduction of the sloped dissipation background in the non-
tion of the slope is observed. Overall increases in resonamhetallized device suggests that metal film monotonically
frequency of 6.5%, and 1.5% are observed at the lowest teneontributes to the total internal friction in that temperature
perature for the flexural and torsional modes, respectivelyrange. This contribution could possibly peak at much higher
Ekinci et al. have recently observed a similar behavior intemperatures, as expected from bulk polycrystalline métals.
wide range of devices and materials. They elaborated on a A similar peak has been observedTat 135K in larger
combination of possible explanations including temperatureilohertz range microcantilevers, and has been attributed to
dependence of the speed of sound and residual stress in therface or near-surface related phenomena such as damage or
devices'? Additional control experiments on nonmetallized presence of oxid@.Furthermore, studies of hydrogenated

2-8 kHz silicon membranes have revealed a hydrogen
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FIG. 2. Temperature dependence of the resonant frequency of the twbBIG, 4. Temperature dependence of the internal losses for the two modes cf
modes of motion of a metallized nanofabricated silicon oscillator. motion of a single stage nonmetallized nanofabricated silicon oscillator.
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vation energy of,=0.226 eV° The peaks observed in our gation will allow a thorough understanding of the various
megahertz-range devices could potentially be related to simiextrinsic, intrinsic, and fundamental processes leading to in-
lar phenomena, as a shift frofm=120—-140K at 2—10 kHz ternal losses at such scales. It will enhance the quality of
to T=160-180K at 5—7 MHz would be consistent with a such rf structures, allow the development of high-quality
Debye relaxation behavior dictated by an activation energyesonators for technological applications, and provide access
of E;=0.25-0.5eV. Furthermore, we previously observed ao fundamental studies of surface effects and mesoscopic in-
strong surface-to-volume dependence of the room temperaernal friction.
ture internal losses in 100-400 MHz nanowires prepared ) .
with the same process as the devices described’HEnés ~The authors wish to thank A. Tiwari, D. Rugar, K. L.
surface-to-volume ratio dependence would be consisterﬁ-k'n?" R Lifshitz, _and M. L. Roukes for helpful discussion.
with the dominance of surface or near-surface internal lossesaPrication of devices was performed at the Cornell Nano-
that could originate from an HF-related hydrogen sorption,fab,r'cat'on Facmty. This work was funded by the National
process-induced damage, or native oxide. Finally, the charoCi€Nceé Foundation through grants to the Cornell Center of
acterization of both modes of motion of these single-stagé/'ate”als Research and the Cornell Nanofabrication Facility.
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expectgd fror_n bulk. siIicoﬁ.\_NeII_outside our margin of error LA, N. Cleland and M. L. Roukes, Natufeondor 392, 160 (1998.
on device dimensions, this discrepancy would also agreer. p. stowe, K. Yasumura, T. W. Kenny, D. Botkin, K. Wago, and D.
with a substantial departure from bulk silicon properties Rugar, Appl. Phys. Letf71, 288(1997.
within the beam volume. Contrdh situ annealing experi- ~C- T-C. Nguyen, 1999 IEEE MTT-S International Microwave Sympo-
ments will provide important insights for the exact identifi- ?'7“"‘ RF MEMS Workshop, Anaheim, California, June 18, 1999, pp. 48~
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