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Platinum (Pt) composite nanowires were grown on the tip of tungsten (W) microprobes by focused-

electron-beam induced chemical vapor deposition (FEB-CVD). An electrical field was used to

drive a transversal mechanical vibration of the nanowires. Such nanowire vibrations were found to

display the first and second harmonic resonances with frequencies in the range of tens of MHz. The

Young’s modulus of the nanowires was estimated to be in the range of (1.4 6 0.1)� 102 GPa to

(4.7 6 0.2)� 102 GPa, dependent on the wire size. A mass responsivity of 2.1� 1021 Hz=kg was

demonstrated with the minimum detectable mass of about 0.4 attogram. Our results indicated the

potentials of FEB-CVD for the fabrication of nano-balances on any surface for ultra-sensitive

mechanical applications. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4979645]

Nanoelectromechanical systems (NEMSs) are character-

ized by high mass sensitivity, high resonance frequency, and

high quality factor, which can be utilized for the conversion

of electrical signals into mechanical motions.1 The vibra-

tional frequencies of such NEMSs are highly sensitive over a

wide mass range with minuscule active masses. As such,

they are favorable candidates for the detection of a single

molecule, which would require a mass sensitivity in the

range of zeptogram to attogram (10�21–10�18g),2 NEMSs

have a strong potential in a wide range of applications, such

as in force sensing3 and mass resonator,2,4 as well as in the

study of quantum vibration5 and other fundamental physical

phenomena.6

To achieve ultra-high mass sensitivity, various low

dimensional structures 2,7–12 have been subjected to detailed

investigations. Among them, freestanding nanowires have

attracted much attention since they would naturally work in

the single-clamped mode with minimal energy loss.9 The

focused-ion-beam (FIB) and the focused-electron-beam

(FEB) induced chemical-vapor-deposition (CVD), which can

fabricate freestanding nanowires at any given location, have

been recognized as the most favorable approach in such

device prototyping.10 Of these two techniques, the FEB-

CVD process usually has a lower growth rate but a higher

carbon content due to the incomplete decomposition of the

metal-organic precursor molecules, but it has the advantage

of growing nanowires with a smaller diameter.

With the aim of obtaining nanowires of a smooth surface

morphology, a small diameter, and a high Young’s modulus,

we chose FEB-CVD as the growth method for the present

work. It is known that the material characteristics of a nano-

structure, such as the Young’s modulus, E, may differ from

those of the bulk material when different growth methods

and parameters are used.11,13 Therefore, a practical method

was used to measure E non-destructively for nanowires of

different sizes, the details of which are to be described later

in this paper.

We report the observation of the first and the second har-

monic resonances at several MHz in vibrations transversal to

the nanowires. A detection of a change in mass with a sensi-

tivity of 2.1� 1021 Hz=kg and a minimum detectable mass of

about 0.4 attogram is demonstrated. Our results suggest that

the FEB-CVD technique has a strong potential for the inte-

gration of freestanding nanowires into appropriate devices for

high-performance electro-mechanical applications.

The freestanding platinum (Pt) composite nanowires were

grown with a dual beam FIB-SEM (Helios 600i, FEI) system

using an 86 pA electron beam current with an accelerating

voltage of 5.0 kV. The CVD precursor was (CH3)3Pt(CpCH3).

The mechanical vibrations of the nanowires were recorded by

using a real-time JEOL 2010 FEG transmission electron

microscope (TEM), and the images were taken using a screen

capture software (e.g., Wink) installed in the system. Two

in-house built sample holders installed in the TEM were used to

conduct the experiments for the determination of the Young’s

modulus and the density of the freestanding nanowires and to

electrically drive the mechanical vibration of the nanowires.

The mechanical measurement was realized by the free-

standing Pt composite nanowire deposited on the tungsten

(W) tip and actuated with a piezoelectric actuator to

approach the stationary AFM cantilever. The schematic dia-

gram in Fig. 1(a) illustrates the in situ measurement on the

mechanical deformation of the nanowires. This enables the

determination of the critical force, Fcr, which in turn leads to

the determination of the Young’s modulus, E, based on the

Euler buckling model.14,15 The solid-lined schematic draw-

ing shows that the moment of the nanowire, being moved by

a piezoelectrically driven stage, is just in touch with the
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AFM cantilever. The dash-lined drawing shows that the wire

is buckled under the load applied by the cantilever. As the

nanowire is pushed towards the cantilever, the nanowire is

initially compressed along the wire length and the cantilever

is also deflected. The deflection of the cantilever, symboli-

cally presented in Fig. 1(a) as Dh, is detected by the TEM

system. With a calibrated force constant for the cantilever,

the force applied to the nanowire can be determined. The

compression of the nanowire, shown as Dx in the diagram,

can be determined in a sequence of TEM images as a func-

tion of an increasing load to the wire. Fig. 1(b) shows the

typical TEM micrographs of a nanowire at different stages

of the experiment: (i) the wire is touching the tip of the AFM

cantilever; (ii) the wire is buckled under the applied force;

and (iii) the wire restores to its original shape when it is

withdrawn from the AFM cantilever, indicating the original

deformation to be elastic. Fig. 1(c) displays a typical curve

of force versus “apparent” nanowire displacement (Dx). Dx
comprises both the nanowire compression and the indenta-

tion which the tip of the nanowire made on the surface of

the cantilever. So, Dx itself cannot be used reliably in the

direct determination of the Young’s modulus. However, two

different elastic deformations can be clearly identified. The

changeover point thus determined is the critical force of

Euler buckling. The spring constant of the AFM cantilever

was 0.3433 N/m, as calibrated by the thermal tune method

well-established for AFM systems.16 Taking consideration

of the experimental boundary condition and nanowire geom-

etry, the theoretical model of a slender cylindrical beam with

one end fixed and the other end pinned would be appropriate

for the determination of the Young’s modulus within the

Euler buckling theory, in which the critical force of Euler

buckling can be written as

Fcr ¼
p2EI

0:7lð Þ2
; (1)

where l is the length of the beam, E is the Young’s modulus,

and I is the area moment of inertia about the longitudinal

axis of the beam determined by the nanowire geometry. The

product EI is known as the flexural rigidity. Experimental

observations of the wire deformations suggest that the wires

behave in a manner consistent with one end of the wire being

fixed and the other pinned. A deviation from such a model

would of course give rise to the effective factor of length

being different from that of 0.7 l, which would affect the

value of E being determined though Equation (1) and would

introduce a systematic error to all experimental results of E.

A single calibrated AFM cantilever was used for the present

study, and the measurements of nanowires with the same

size had been repeated five times to give an estimate of mea-

surement errors.

Following the Euler-Bernoulli equation,7,11,12 the rela-

tionship of the resonance frequency f of the transverse vibra-

tion of the wire and Young’s modulus E is as follows:

f ¼
k2

j d

8pl2

ffiffiffi
E

q

s
; (2)

where kj is a constant for the jth harmonic, being 1.875 for

the fundamental mode; d is the diameter of the nanowire;

and q is the wire mass density. The density of a particular

nanowire can thus be determined from Eq. (2).

For a typical Pt composite nanowire, which is 85 nm in

diameter and 4.7 lm in length, the average mass density thus

determined is 12(61)� 103 kg/m3, and the corresponding

Young’s modulus is about 2.0� 102 GPa. The aspect ratio of

the nanowire l/d¼ 55 can be regarded as a slender nano-

wire,17 and the nanowire with the diameter of 85 nm is larger

enough with weaker surface effects,18 for which the Euler

FIG. 1. The determination of the Euler buckling critical force (Fcr): (a) A

schematic diagram showing an AFM tip at the moment just in contact with a

nanowire (solid-lined) and when the wire is buckled (dash-lined). Dx indi-

cates that the distance of the nanowire is compressed, and Dh symbolically

indicates the deflection of the AFM cantilever. (b) TEM images of a nano-

wire at different stages of compression: (i) just touching the AFM tip, (ii)

the wire is buckled under the load, and (iii) the wire restores to its original

shape when the load is removed, indicating the elastic deformation of the

buckling. (c) Corresponding curve of the applied force versus the apparent

nanowire displacement (Dx) when the nanowire is buckled. The scale bar is

1 lm.
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buckling formula would be applicable. It is known that the

FEB-CVD Pt consists of a significant amount of C and a

very small amount of oxygen, and the chemical composition

of the alloy can be written as PtCx(where x is between 4

and 8 and is dependent on the deposition conditions).19,20

Consequently, the mass density of FEB-CVD Pt nanowires

is in the range of (6 – 14)� 103 kg/m3, while the density of

the FEB-CVD Pt nanowire clearly lies within this range con-

taining about 49% Pt. We note that the error in the length of

the nanowire would be the major source for the subsequent

error in the mass density as Eq. (2) was applied. However,

the result we obtained was in general agreement with the

available literature.

For electrically driven nanowires, static charges Q0,

which can be compensated by a constant bias V0, are

induced to balance the difference of the surface work func-

tions between the nanowire and opposite W electrode. The

induced charges can be described by aVd cos 2pft, which is

determined by the applied voltage and is time-dependent,

where a is a geometrical factor, and Vd is the amplitude of

the applied voltage. The amount of induced charges on the

nanowire is Q ¼ a V0 þ Vd cos 2pftð Þ. Meanwhile, the influ-

ence of the electron beam has been examined under the

following conditions: an electron beam accelerating voltage of

200 kV, a magnification of X3000, and a corresponding beam

current density of 32.5 pA/cm2; this will induce an accumula-

tional charge Qa, which is proportional to the current density

on the nanowire. So, the final charge on the nanowire by

considering all the effects is Q ¼ a V0 þ Vd cos 2pftð Þ þ Qa.

Therefore, the electrostatic force on the nanowire Fe can be

described as

Fe ¼ b a V0 þ Vd cos 2pftð Þ þ Qa½ � V0 þ Vd cos 2pftð Þ; (3)

where b is the proportionality constant.7,8,11 Thus, the force

exerted on the nanowire is expected to vary with the applied

electric field strength, and basic vibration information can be

derived accordingly. Alternatively, a similar effect can be

observed by changing the inter-electrode distance of the two

tips at a fixed excitation frequency and applied voltage.

Since the exerted electro-static force is inversely propor-

tional to the inter-distance of the electrodes squared, the

amplitude of resonant vibration should decrease with the

increasing inter-distance of the two tips.

In order to electrically drive the wire vibration, the sample

was mounted on a second home-built TEM sample holder21,22

so that another W tip could be positioned close to the nanowire

as shown in the inset of Fig. 2 (a) by a piezoelectrically driven

mechanism. An a.c. voltage was applied to the two W tips. As

the frequency of the applied voltage was increased, a trans-

verse vibration of the nanowire was observed. Selected images,

showing several stages of the vibration processes of a typical

nanowire 6.6 lm in length, 73 nm in diameter, and 1 lm away

from the fixed W tip, are presented in Fig. 2 (b). We note that

the TEM imaging avoids the possible artefact in the observa-

tion of the vibrational modes which may exist in the raster

scanning associated with SEM.9 The resonance amplitudes of

the vibration and the first and the second harmonic vibrational

modes were observed at different driving frequencies. We

observed that it was easier to drive the second harmonic

vibration for nanowires of a higher aspect ratio l/d, where l and

d are the length and diameter of the nanowire, respectively.

That is, the excitation signal frequency required to induce the

high order resonance vibration for a slender nanowire is lower

than that required for a thicker nanowire. However, the third

and higher harmonic vibrations had not been observed even

for nanowires with as a high aspect ratio as 110, which may

due to the fact that the frequency of the excitation signal was

not high enough in our experiment.9 As shown in Fig. 2(a), the

driving frequency values of 0.44 MHz (f0
2
), 0.88 MHz (f0), and

1.71 MHz (2f0) were observed to excite the fundamental mode

of vibration of the nanowire. This multiple frequency reso-

nance can be ascribed to the parametric resonance,23 which

occurs close to the driving frequency x ¼ 2x0

n (n¼ 1, 2, 3, 4,

5….), where x0¼ 2pf0 is the natural angular frequency of the

wire.24 A force between the tungsten tip and the nanowire was

applied, which has a component that is perpendicular to the

nanowire length direction, so here the vibration modes are

dominated by the forced excitation24 with the co-existence of

the parametric vibration.23–25 For the particular nanowire con-

cerned, the second harmonic vibration frequency �2 was attrib-

uted to that at (5.27 6 0.11) MHz, and at the fundamental

FIG. 2. Resonance of the FEB-CVD Pt composite nanowire: (a) the

amplitude-frequency response curves with upward (solid red) and downward

(hollow blue) frequency sweeping, respectively. The inset shows the sche-

matic diagram of the experimental setup. (b) Observed vibrational modes of

the nanowire: (b1) the stationary nanowire, (b2–b5) the observed fundamen-

tal vibration mode of the nanowire at a drive frequency of 0.44 MHz,

0.88 MHz, 1.15 MHz, and 1.71 MHz, and (b6) second vibrational mode of

the nanowire at a drive frequency of 5.2 MHz. The scale bar is 1 lm.
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vibration frequency �1 (0.88 6 0.02) MHz, the value for �2/�1

is (6.0 6 0.3). Within the experimental error, this value agrees

with the theoretical ratio for a uniform cantilevered beam,

which is 6.2, and suggests the vibrational modes’ assignment

to be selfconsistent. The driving frequency for the fundamental

resonance frequency at 1.15 MHz was unassigned, which may

be caused by microstructural and chemical compositional

anisotropy9 along the width of the examined nanowire, as can

be evident by previously reported article26 and further by the

nanowire diameter related Young’s modulus to be discussed

later. A hysteresis was also observed (Fig 2(a)) with respect to

the drive frequency sweep direction, highlighting the paramet-

ric nature of the driven oscillation.

In our experiment, the influence of the off-axis inter-

electrode distance between the nanowire situated W tip and

the other W tip was examined, and Fig. 3(a) shows the result-

ing experimental curve. As expected, with the decreasing

inter-electrode distance, the vibration amplitude increased

while the resonance frequency is unchanged.

For the FEB-CVD nanowire, the mass density and the

microstructures might vary with the growth conditions and

geometry.11,12 From Fig. 3(b), it can be seen that with the

increasing diameter of the nanowire, the Young’s modulus

decreases in the examined range and approaches a value

about 160 GPa, which is comparearble with 168 GPa of bulk

Pt27,28 and 120 GPa of the carbon pillar fabricated by FIB.13

This is similar to the trends previously reported.24,29 The rea-

son for the significant higher values of Young’s modulus of

nanowires with smaller diameters is not yet entirely clear,

although the surface properties and the micro-structure may

play important roles, and there exists a strong size effect at

the nanoscale scale.30–33 It is known that in nanowires with

tens of nanometer in diameter, the surface modulus 34(that is

determined by the surface state) is introduced, and the wires

can be much more elastic31 when compared with their bulk

counterparts. With the decreasing diameter, surface effects

are expected to be more significant.

The observation of the unassigned resonance peak

appeared to be consistent with the thermal behaviors, for

instance, the bending of the wires under thermal annealing,26

which indicated the likely microstructural/chemical compli-

cations. A further experimental study is clearly required to

identify the precise cause for its existence.

To examine the mass sensing ability of the nanowire

systems, a preliminary demonstration was performed by

measuring the resonance of a particular nanowire and then

by adding an additional amount of mass on the top end of it

and repeating the resonant measurement. The extra mass was

grown using the FEB-CVD method. Control samples of two

nanowires with nominally identical growth conditions

showed negligible differences in their vibrational character-

istics. Hence, nominally identical growth conditions were

used to grow two nanowires with the second wire having an

extra mass grown on the top end. Amplitude-frequency

response curves were obtained experimentally, and it was

found that the difference was significant. The SEM images

of nanowires, 50 nm in diameter and 5.0 lm in length, with-

out and with additional mass are shown in Figs. 4(a) and

4(b), respectively. The corresponding amplitude and drive

frequency response curves are shown in Fig. 4(c), and a sig-

nificant fundamental resonant frequency shift was observed

with the shift obviously larger than the estimated experimen-

tal error associated with the measurements. It is worth noting

that the frequency shifts have nearly the same value for the

FIG. 3. (a) The dependence of the vibration amplitude and the distance

between the two W tips and (b) the Young’s modulus as a function of the

diameter of the FEB-CVD grown Pt composite nanowires.

FIG. 4. Preliminary results demonstrating mass detection using the nanowire

nano-balance: SEM images of (a) an as-deposited nanowire resonator and

(b) of that with extra mass at the top end. (c) The amplitude-frequency

response of the nano-balances. The scale bar is 200 nm.
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fundamental frequency and the second harmonic frequency.

The extra loaded mass increment Dm, estimated from the

density and volume of the deposited material, is around

5.96� 10�18 kg, and the mass responsivity <, defined as

< ¼ @f
@mef f

(mef f is the effective vibratory mass),2,4,35 is esti-

mated to be about 2.1� 1021 Hz=kg. A measurement band-

width Df of 1.0 kHz yields a frequency noise floor, dw0=2p
� 80Hz, and the minimum detectable mass dm¼ dw0=<
¼ 3:8� 10�20 kg. Thus, the minimum detectable mass is

about 0.4 attogram (1attogram¼ 10�18 g).4 If the small mass

is attributed to a slight increase in the length of the wire,

resulting in a small increase in the aspect ratio, for the FEB-

CVD Pt composite nano-resonator, the decrement in the res-

onant vibration frequency is calculated to be 253 kHz. This

would mostly account for the large reduction in the reso-

nance frequency (about 8.9% in frequency reduction), which

is in good agreement with our experimental data of about

8.1% in frequency reduction. Moreover, the results are in

agreement with the numerical calculation results from the

energy of the beam.36 The detectable minimum mass,

although it is not larger than that of the carbon tube with a

similar experiment condition,2 is larger than nanomechanical

resonator made with other materials and may be further

improved with a decreased wire diameter.

In conclusion, we have fabricated “nano-balances” with

a freestanding Pt composite nanowire on a W microprobe

tip. A maximum Young’s modulus of (4.7 6 0.2)� 102 GPa

was estimated for the wires of the smallest diameter, and

such a balance is capable of detecting small mass as low

as 0.4 attogram with a sensitivity of 2.1� 1021 Hz=kg.

Meanwhile, a straightforward experimental setup has been

demonstrated to measure the Young’s modulus value of a

freestanding nanowire in situ in a TEM system. While the

mass sensitivity is to be further improved, the nanowires pro-

duced by a fast and flexible fabrication method had been

demonstrated to have a reasonably high mass sensitivity. We

would expect that such a method of direct fabrication and

integration of micro-balances on any given conductive surfa-

ces can produce devices which may find their way in

advanced electromechanical applications.
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