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Abstract Property measurements of individual nanowires are challenging due to the
small sizes of the structures. Scanning probe microscopy has thus far been
the dominant tool for the characterization of nanomaterial properties. We
have developed an alternative novel approach that allows a direct measure-
ment of the mechanical properties of individual nanowires by in situ trans-
mission electron microscopy (TEM). The technique relies on the electric
field induced mechanical resonance of the nanowire observed in TEM, as it
directly correlates the atomic-scale microstructure of the nanowire with its
physical properties. In this paper, the measurement of Young’s modulus for
composite SiO,/SiC wires is reported. The experimental results are in agree-

ment with theoretically expected values.

Introduction

The mechanical properties of nanowires can have important
application to the development of composite materials. With
their significant size and structural diversity, the physical
properties of nanomaterials strongly depend on their atomic-
scale structure, their mode of preparation, and the chemistry
that they can undergo. To fully utilize this unique regime and
the basic and technological advantages offered by the size
specificity and selectivity of nanowires, it is essential to inves-
tigate the structural characteristics of individual nanowires.
Scanning probe microscopy (STM, AFM) has been a powerful
tool in manipulating and characterizing the properties of indi-
vidual nanostructures. Thus far, this technique has provided
the dominant approach to nano-scale manipulation [2,3].
Transmission electron microscopy (TEM), on the other hand,
has been applied traditionally to the characterization of the
internal structures of nanomaterials.

The measurement of the Young’s modulus of carbon nano-
tubes was first carried out using TEM by quantifying the
thermal vibration amplitude of the nanotube [4]. Within the
framework of in situ TEM, recently we have developed a novel
approach that relies on electric field induced mechanical
resonance for measuring the properties of individual wire-like
structures [5-7]. This is a new technique that not only can
provide the properties of an individual nanowire but also can

give the structure of the nanowire through electron imaging
and diffraction. The technique, thus, provides an ideal means
for understanding the one-to-one property—structure relation-
ship. In this paper, this in situ TEM technique is applied to
measuring the mechanical properties of SiO,/SiC composite
nanowires.

Methods

Synthesis of nanowires

The nanowires used for this study are SiO,/SiC composite
nanowires, which are synthesized by a solid—vapour phase
reaction process, as reported in detail elsewhere [8,9]. Key to
the experiments is that amorphous SiO is brought into inti-
mate contact with carbon/graphite in an appropriate mix at
elevated temperatures for an extended time period. This is
facilitated as a SiO and carbon mix placed into a low porosity
carbon crucible at the centre of a temperature controlled tube
furnace, operated with a double concentric alumina tube
combination. The appropriate mixture is heated to the desired
temperature to form composites as the sample is bathed in an
entraining argon flow at a flow rate of 100 sccm. The total
pressure in the inner alumina tube ranges from 200 to 300
Torr, controlled by a mechanical pump attached to the inner
alumina tube through a downstream water-cooled stainless



S80 JOURNALOF ELECTRON MICROSCOPY, Vol. 51, Supplement, 2002

mercury droplet

measurement lead

ground connection

L 0

(5 6 ym range piezo

—

O U/

to micrometer screw \Ml@_@i

with uncoupling

Fig. 1 Schematic diagram of the specimen holder used for ix situ measurement in TEM.

steel end piece. This end piece is mechanically attached to a
‘water cooled” cold plate, whose temperature is adjustable, at
the fringes of the tube furnace hot zone. The entrance and exit
regions of the alumina tube furnace are insulated by a match-
ing set of zirconia blocks. To produce both coaxial and biaxial
silicon carbide-silica nanowire configurations, the system was
operated at a temperature of 1500°C for 12 h.

Nanomeasurements by in situ TEM

To carry out property measurements on nanowires, a speci-
men holder for a JEOL 100C TEM (100 kV) was built to facili-
tate the application of a voltage across a nanowire and its
counter electrode (Fig. 1). The specimen holder requires the
translation of the nanowire via either mechanical movement
by a micrometer or by an exial directional piezo. The fibre was
glued using silver paste onto a gold wire, through which an
electric contact was made. The counter electrode was a gold
ball directly facing the nanowire. The nanowire whose proper-
ties are to be measured is imaged directly under TEM, as both
electron diffraction patterns and images can be recorded from
the nanowire. The information provided by TEM directly
reveals both the surface and internal structure of the
nanowire. Our experiments were carried out using a JEOL
100C TEM (100 kV). An oscillating voltage with tuneable fre-
quency was applied to the nanowire. Here, a mechanical reso-
nance can be induced in the nanowire if the applied frequency
approaches the resonance frequency (Fig. 2). This technique
works for either conductive or insulating nanowires.

Theoretically, for a rod with one end hinged and the other
free, the resonance frequency is given by [10]

fo = (B?/2m) (EI/m)"?2/ L? (1)

where f;is the fundamental resonance frequency, f = 1.875,
EI is the flexural rigidity (or bending stiffness), E is the
Young’s modulus, I is the moment of inertia about a particular
axis of the rod, L is the length of the rod, and m is its mass per
unit length.

To apply equation (1) in a data analysis, it is vital to identify
the true fundamental frequency. In practical experiments, the
nanowires are positioned against a counter electrode. Because
of the difference between the surface work functions of the

a b

Fig. 2 A silica sheated crystalline silicon or amorphous silica at (a) sta-
tionary and (b) the first harmonic resonance induced by an externally
applied electric field.
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Fig. 3 Experimentally measured full vibration angle of a carbon
nanotube as a function of the amplitude of the applied AC voltage.

nanowire and the counter electrode (e.g. Au), a static charge
exists to balance the potential difference that exists even at
zero applied voltage. Therefore, under an applied field the
induced charge on the nanowire can be represented by Q = Q,
+ aV4cos2nft, where Q, represents the charge on the tip that
balances the difference in surface work functions, o is a geo-
metrical factor, and Vis the amplitude of the applied voltage.
The force acting on the nanowire is

F = B(Q, + aV cos2nft)? =
(BQ2 + 2BV 2/ 2) + 20BQ,Vcos2nft + o?BV2/ 2cosdnft  (2)

where B is a proportionality constant. Thus, resonance can be
induced at f and 2f with vibrational amplitudes proportional
to Vyand V2, respectively. The former is a linear term, as the
resonance frequency equals the applied frequency, while the
latter is a non-linear term for which the resonance frequency
is twice that of the applied frequency. There are two ways to
determine the fundamental frequency. Using the linear rela-
tionship, the vibration amplitude is linearly dependent on the
magnitude of the voltage V; (Fig. 3). Alternatively, one needs
to examine the resonance at a frequency that is half or close to
half of the observed resonance frequency to ensure that no
resonance occurs. The latter is the most convenient technique
used in practice.

The diameters of nanowires can be determined directly from
TEM images with high accuracy. The determination of length
requires that we consider the 2-D projection effect of the
nanowire. It is essential to tilt the nanowire in order to deter-
mine its maximum length (which is likely to be the true
length) in TEM. This requires that the TEM be operated at a
tilting angle as large as = 60°. Further, the operation voltage
of the TEM must be controlled carefully to minimize radiation
damage. The 100 kv TEM used in our experiments produces
almost no detectable damage to a nanowire.

To trace the sensitivity of the recorded resonance frequency
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Fig. 4 Time dependence of the resonance frequency of a carbon nano-
tube being illuminated by 100 kV electrons.

to electron beam illumination and radiation damage at 100
kV, a carbon nanotube was resonated for more than 30 min.
The resonance frequency showed an increase of ~1.4% over
the entire period of the experiment (Fig. 4), as no dependence
on the electron dose was found. The full width at half
maximum (FWHM) for the resonance peak was measured to
be Av /v = 0.6% in a vacuum of 104107 Torr. The slight
increase in the resonance frequency could be related to a
change in nanowire structure under the influence of the
electron beam or to the loss of the root end. However, these
slight changes cause a negligible effect on the measurement
of Young’s modulus.

Results

Young’s modulus of SiO, solid nanowires

The as-synthesized materials that we studied are grouped into
three basic nanowire structures: pure SiO, nanowires, coaxial
SiO, sheathed P-SiC nanowires, and biaxial B-SiC/SiO,
nanowires. The Young’s modulus was first measured for pure

Table 1. Measured Young’s modulus, E, for solid silica nanowires. E
was calculated using the density of bulk amorphous SiO,

fo (MHz) E (GPa)

D (nm)
(£ 2nm)

L (um)
(£ 0.2 um)

/o fundamental resonance frequency; L, nanowire length; D, nano-
wire diameter.
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Fig. 5 TEM image of amorphous silica nanowires.

silica nanowires (Fig. 5). From eq. (1), for a uniform solid rod
with diameter D, I = tD*/ 64, the Young’s modulus is given by

E = p(8nfyL*/ B*D)? 3)

where p is the volume density of the rod. Table 1 catalogues
the experimentally measured Young’s moduli of silica
nanowires. It can be seen that the data are fairly consistent.
The Young’s modulus for the larger fused silica fibres can be
found from the literature: for D = 102 um, E = 72.3 GPa; D =
20 um, E = 71.9 GPa; and D = 4.1-6.0 um, E = 56.3 GPa [11].
Our data suggest modulus about half that of the values for the
larger silica fibres. A density of point defects or chemical non-
stoichiometry in the wires could account for this difference.

Young’s modulus of the coaxial composite nanowires

Coaxial SiO, and SiC nanowires are constituted of a cubic
structured SiC (B-SiC) core and the SiO, sheathed layer (Fig.
6a). High-resolution TEM demonstrates that the wire direc-
tion is [111] (Fig. 6¢). Cross-sectional TEM images indicate
the coaxial structure of the nanowire (Fig. 6b). The core size
and the thickness of the sheathed layer are found to vary from
wire to wire. For such a coaxially structured nanowire whose
core material density is p. and diameter is D, and a sheath
material density that is p; with outer diameter D, the average
density of the nanowire can be evaluated from

oaxially structured
nanowires (SiC is the core and silica is the sheath). The densities of
SiC and SiO, were taken from the bulk values (pgy, = 2.2 X 10° kg
m>; pge = 3.2 X 10 kg m?)

Dg(nm) D (nm) L (um) fy
(t2nm) (+1nm) (£0.2um) (MHz)

Eq 1 (GPa) E (GPa)
Exp. Theor. (20)

Pefr = pc(Dcz/Dsz) + ps(l _DCZ/DSZ) (4)

If the volume density in eq. (1) is replaced by the effective
density given in eq. (4), the effective Young’s modulus of the
composite nanowire, E., is given by

Eett = Perr(8mfoL2/ B2D;)? (5)

The experimental results are summarized in Table 2, where
the Young’s modulus is found to increase as the diameter of
the nanowire increases. The Young’s modulus for the coaxially
structured SiC/SiO, nanowires results from the combination of
SiC and SiO,, where the contribution from the sheath layer of
SiO, exceeds that from the SiC core because of its larger flexu-
ral rigidity (or bending stiffness).

To compare the experimentally measured modulus with the
theoretically expected modulus, we consider a model in which
the coaxial nanowire is taken as a composite material. If we
consider that the force that induces the mechanical vibration
is closely perpendicular to the axis of the nanowire, from the
standard mechanical theory for composites, the Young's
modulus of the composite will be given by [12]

1/ Eey = Vsic/ Esic + Vsilica / Esitica (6)

where Vg, = g and Vg, = 1 —g, withg = D%/ D2, are the vol-
ume fractions of the SiC core and the silica sheathed layer,
respectively, and Eg;cand Eg; ., are the corresponding Young's

Table 3 Measured Young's modulus for biaxially structured SiC/SiO,
nanowires

Dwire (nm)
(£ 2nm)

Dg;c (nm)
(£ 1 nm)

L (pm) fo
(0.2 pum) (MHz)

E.; (GPa)
Exp.

54 +13.8

64 +11.8

D,and D_ are the outer and inner diameters of the SiO, sheath, respec-
tively.

Dire and Dy are the widths across the entire nanowire and across the
SiC sub-nanowire, respectively.
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Fig. 6 (a) Low magnification and (b) high-resolution TEM image of a coaxial SiC/SiO, nanowire viewed from the side. (c) Cross-sectional TEM
image of a coaxial SiO,/SiC nanowire.

moduli of the bulk materials (Eg;. = 466 GPa; Egy;, = 73 GPa).  composite coaxial nanowire is Eqloy = Egicalsiica T Esiclsic-
Applying a model, we start with the effective medium  Thus, the effective Young’s modulus of a nanowire with cylin-
theory for a composite rod. The effective flexural rigidity of a  drical symmetry is given by
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Fig. 7 (a) Low magnification and (b) high-resolution TEM image of a biaxial SiC/SiO, nanowire viewed from the side, where the wire has a high
density of twins and stacking faults. (c) Low magnification and (d) high-resolution TEM image of a biaxial SiC/SiO, nanowire viewed from the
side, where the wire is defect free. (e) Cross-sectional TEM image of a biaxial SiO,/SiC nanowire.

Eyy = 9°Egic + (1 - 9% Egiica (7)

The calculated results from eqs (6) and (7) are listed in Table
2. The determined moduli are both consistent with the mea-
sured values. The tendency of the modulus to increase as the
diameter increases is in agreement with experimental obser-
vation. The data match especially well those values calculated
for the larger diameter nanowires.

Young’s modulus of the biaxial composite nanowires

Biaxial nanowires consisting of SiC and SiO, (Fig. 7a) have
also been synthesized [13]. The SiC side would appear to have
a high density of microtwins and stacking faults (Fig. 7b), as
the growth direction could be [511] or [311] depending on the
density of these stacking faults. Biaxial nanowires without
stacking faults or twins also are found to grow along [211]
(Figs 7c and 7d), but they are rare. The biaxial structure is
demonstrated by the cross-sectional TEM image (Fig. 7e),
from which the outermost contour of the cross-section of the



nanowire can be approximated to be elliptical. For an elliptical
cross-section of half long-axis a and half short-axis b, the
moments of inertia are I, = nab?/ 4 and I, = nba®/ 4, where a
and b can be calculated from the widths of the composite
nanowire [10]. With consideration of the equal probability for
resonance with respect to either the x or y axes, the effective
moment of inertia introduced in calculation is taken to be
approximately I = (I, + I,) / 2. The density per unit length is
Mgy = AsicPsic + AsilicaPsilicar Where Agic and Agj, are the cross-
sectional areas of the SiC and SiO, sides, respectively. Thus,
the effective Young’s modulus of the nanowire can be calcu-
lated using the formula for a uniform rod with the intro-
duction of an effective moment of inertia and density. The
experimentally measured Young’s modulus is given in Table 3.

Concluding remarks

The in situ TEM approach demonstrated here is unique for
measurements of the mechanical properties of wire-like nano-
materials. The properties measured for a single nanowire can
be correlated directly with its internal atomic-scale micro-
structure, providing one-to-one correspondence in the
property—structure relationship. The technique relies on the
resonance frequency rather than the amplitude, so that the
data are recorded with much higher precision. The technique
can be applied to any nanowire, either conductive or insu-
lating, provided that the wire is of sufficient length to give a
visible vibration that can be observed using TEM.

In addition to the mechanical property measurements
reported here, we have applied the technique to observe
directly the ballistic electrical transport in a single multi-
walled carbon nanotube [14], the results indicating quantum
conductance at room temperature [15], and the work-func-
tion at the tip of carbon nanotubes [16]. Electron field
emission from a single carbon nanotube has been observed
also [17]. The technique applies to one-dimensional wire-like
structures, such as semiconductor nanobelts [18].
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