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Semiconducting oxide nanobelts [1] and nanowires [2] have shown novel electronic, chemical and
optical properties [3,4]. The nanobelts have a distinct structural morphology, characterized by a
rectangular cross-section and a uniform structure, which could be directly used as nanocantilevers
and nanoresonators in nanoelectromechanical systems (NEMS) [5,6] (Fig. 1A). A key phenomenon
for applying nanobelts in NEMS technology is their electromechanical resonance behavior, and an
important physical quantity for cantilever applications is their bending modulus. In this paper, the
electromechanical resonance of a single ZnO nanobelt, induced by an alternative electric field, was
studied by in-situ transmission electron microscopy (TEM). Due to the rectangular cross-section of
the nanobelt, two fundamental resonance modes have been observed in corresponding to the two
orthogonal transverse vibration directions. The electromechanical resonant behavior of the nanobelts
is directly correlated with their distinct structural feature, showing a possibility for versatile
applications as nanoresonators and nanocantilevers.

A new experimental approach, based on the electric-field-induced resonant excitation, has been
developed for direct measurement the mechanical properties of individual nanowire-like structures
by in-situ TEM [7,8]. Using this method, mechanical properties of carbon nanotubes [7], silicon
nanowires [9], and silicon carbide-silica composite nanowires [10] have been investigated. This is
the technique that will be applied to study the resonance behavior of individual ZnO nanobelts. From
the classical elasticity theory for a rectangular beam [11], the fundamental resonance frequencies
corresponding to the thickness direction (x-axis) and width direction (y-axis) (Fig. 1B), respectively,

are
T |Ex 2w |E
in:ﬂl . E and Vyi:ﬂl . _)/,
4xL° \ 3p 4zL° \ 3p

where [, is a constant for the ith harmonic: S, =1.875 and S, =4.694, E. is the bending modulus
for the vibration along the x-axis, L is length of the nanobelt, o is mass density; and E the

corresponding resonance frequency. The ratio of the two fundamental frequencies is directly related
to the aspect ratio of the nanobelt by v, / v, =WT (Ey/EX)I/ ’.

Due to the rectangular cross-section of the nanobelt, two fundamental resonance modes have been
observed in corresponding to two orthogonal transverse vibration directions (Fig. 2), showing the
versatile applications of nanobelts as nanocantilevers and nanoresonators. The bending modulus of
the ZnO nanobelts was measured to be ~52 GPa (Table I). The two resonance modes just correspond
to the two modes of the tip operation when the nanobelt-base cantilever is used as a force sensor: one
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is the tapping mode, and the other is the non-contact mode. Thus, the force sensor fabricated using
the ZnO nanobelts is versatile for applications on hard and soft surfaces [12].
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Table I. Bending modulus of the ZnO nanobelts. E, and E, represents the bending modulus
corresponding the resonance along the thickness and width directions, respectively.

Length  Width Thickness Resonance Fequency Bending Modulus

L (um) W (nm) T (nm) (kHz) (GPa)
Nanobelt  (£0.05)  (£1) D vV Vo E, E,
1 8.25 55 33 232 373 46.6 £0.6  50.1+0.6
2 4.73 28 19 396 576 443+£13 45529
3 4.07 31 20 662 958 563+£09 646123
4 8.90 44 39 210 231 37.9£0.6  399+1.2
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FIG. 1. (A) A typical TEM image of a ZnO nanobelt. (B) Geometrical shape of a nanobelt.
FIG. 2. A selected ZnO nanobelt at (A) the first harmonic resonance in x direction, v ,= 622 kHz,

and (B) the first harmonic resonance in y direction, v ,= 691 kHz.
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