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Amorphous SiO2 nanotubes (NTs) with outer and inner diameters of 35 6 4 nm and 10 6 4 nm,

respectively, were synthesized through inorganic transcription using organic amphiphilic self-

assemblies as templates. By performing three-point bending tests on suspended SiO2 NTs using an

atomic force microscope, their elastic modulus was determined to be 73.3 6 6.7 GPa which is

comparable to that of bulk SiO2 as well as amorphous SiO2 nanowires obtained using chemical

vapor deposition. These measurements were validated using finite element method calculations and

show the crucial role played by the clamping conditions to determine the actual Young’s modulus.
VC 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4801760]

The achievement of nanoscale electronics is a subject of

great priority for industrial technology. One of the major

problems in this regard is that modern techniques based on

top-down optical lithography have become drastically so-

phisticated with attempts to achieve further miniaturization.

Alternative routes toward nanoscale electronics include the

elaboration of nano-objects employed as building blocks for

electronic devices via bottom-up approaches. Among them,

inorganic nanotubes (NTs) have attracted a great interest in

the scientific and engineering communities due to their ani-

sotropic physical, chemical, and mechanical properties. To

date, various synthetic strategies have been developed to fab-

ricate such one-dimensional (1D) nanostructures, including

physical and chemical routes along with the use of different

precursors and templates.1 Recently, chemical synthesis of

inorganic nano-objects, hardly achievable by conventional or

lithographic techniques,2 has emerged as a powerful alterna-

tive to fabricate 1D nanostructures with various morpholo-

gies including twisted ribbons, nanohelices, and NTs with a

precise control in terms of size, shape, and orientation.3

For example, the chemical approach based on the structural

diversity of self-assembled amphiphilic organic molecules

allows developing simple synthetic strategies and obtaining

complex artificial patterns and architectures at the

nanoscale.4–6

It is of paramount importance to determine the mechani-

cal properties of such 1D nanostructures before using them

as building blocks for designing nanoelectromechanical sys-

tems (NEMS) since they dictate the overall behavior of the

nanodevice in both static and dynamic regimes. Their strik-

ing features can make them key elements for many applica-

tions including ultra-sensitive mass and force sensing,7,8

ultra-low power radio frequency signal generation and tim-

ing, and energy harvesting,9 as well as for fundamental stud-

ies in quantum mechanics.8 Among the various techniques

employed for determining mechanical properties of 1D

nanostructures are robotic nano-manipulation in scanning

electron microscopy (SEM),10 transmission electron micros-

copy (TEM),11,12 and atomic force microscopy (AFM).

Among them, the AFM remains the technique of choice

because of its high spatial resolution and force-sensing

capabilities.13–16 Until now, AFM-based nanoindentation

techniques have been used to determine the Young’s modu-

lus of nanostructures such as ZnO nanowires17 and nano-

belts,18 but the bending technique is a more documented

approach for determining the Young’s modulus of 1D

nanostructures.13,14,19–23

Whilst several studies have been devoted to the mechan-

ical characterization of inorganic 1D nanowires and

NTs10,12,13 obtained from inorganic templates, sol-gel chem-

istry, or chemical vapor deposition routes,1 little if any is

known concerning the effect of the clamping conditions on

the estimation of the Young’s modulus of inorganic NTs

using the bending technique.

In this study, we describe the determination of the

Young’s modulus of amorphous SiO2 NTs synthesized

through inorganic transcription using organic amphiphilic

assemblies as templates. Their mechanical properties were

determined by performing bending tests using atomic force

spectroscopy (AFS) along with finite element method (FEM)

calculations in order to evaluate the effect of the clamping

conditions on the mechanical behavior. FEM was chosen

because the appropriate clamping conditions can accurately

be imposed and the actual geometry of the NT can be easily

modeled.

Amorphous silica nanotubes were transcribed from self-

assembled amphiphilic molecules.4 These amphiphiles are

cationic bis-quaternary ammonium gemini surfactants of

chemical formula C2H4-1,2-((CH3)2NþC16H33)2 which in

the presence of chiral tartrate counter-anions form a gel in

water by creating an extended network of nanometric twisted

or helical ribbons or tubules with tunable shapes and
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sizes.24–26 We succeeded in transcribing these organic nano-

assemblies into inorganic nano-objects with tunable shapes.

Various parameters such as the temperature, the solvent, or

the aging times were checked. An aging time of 3 days is

sufficient for the organic gels to form organic nanotubes. It

must be extended to 45 days so as to obtain resulting inor-

ganic fibers with the same tubular structure. The silica pre-

cursor (tetraethylorthosilicate (TEOS)) is then added in the

organic gel leading after hydrolysis and condensation to the

inorganic NTs as shown in Fig. 1.

After transcription, the NTs were washed with ethanol

5 times in order to remove the non reacted precursors and

organic compounds. The presence/absence of the organic

compounds was controlled by FT-IR measurements. After

washing for 3 times already, no signal corresponding to the

CH2 groups (organic compounds) was observed. The NTs

were dispersed in ethanol, and the solution was sonicated for

10 min and then dropped onto oxidized Si wafers with micro-

cavities (inverted pyramids) obtained after photolithography

and KOH etching. The width of the cavities ranges from 0.7

to 1.5 lm with a depth from 0.5 to 1.5 lm. The samples were

then dried at ambient temperature.

The suspended NTs were first imaged and located using

SEM images (Hitachi S-4800 high resolution SEM). The

chosen ones were clamped by the Ion Beam-Induced

Deposition (IBID) technique using Pt pads to get rid of any

sliding effect or lift-off when performing the bending test.

Various clamping conditions were also assessed by FEM

simulations for estimating the Young’s modulus of the NT.

AFM images were recorded in Tapping mode, and force vs.

vertical displacement (F-d) curves were obtained in

ScanAsyst mode using Dimension Icon AFM from Bruker,

in air at room temperature. This technique, instead of contact

mode, allows imaging at very low interaction forces and

without lateral friction since it performs a very fast F-d curve

at every pixel in the image with a direct force control.

The AFM bending test was used to determine the

Young’s modulus of the clamped SiO2 NTs. This technique,

developed by several groups to determine the mechanical

properties of nanofilaments, tubes, and wires,13,14,19,21,27

involves the use of doubly clamped NTs positioned over

trenches or cavities and subjected to an applied load using an

AFM. NTs are pushed precisely at their midpoint with cali-

brated Si3N4 cantilevers, and the F-d curve is recorded. Fig.

2 shows a typical example of an AFM topographic image

and the corresponding SEM image of a suspended SiO2 NT

over a microcavity. Several SiO2 NTs were investigated, and

repeated F-d curves were performed for each NT using dif-

ferent AFM tips.

Figure 3(a) shows three typical F-d curves recorded for

a SiO2 NT with an outer diameter of 35 6 4 nm (as obtained

by AFM, Figure 4(a)) and inner diameter of 10 6 4 nm (as

obtained by TEM tomography). The similarity of the two

curves obtained for the substrate itself (black curve) and for

FIG. 1. TEM images of self-assembled organic NT

(drawn as a pink tube) and silica NT (drawn as a

grey tube) after sol-gel transcription. Grey dots in

the scheme represent silica precursors which poly-

merize at the surface of organic silica NTs.

FIG. 2. (a) Tapping mode AFM image of a SiO2 NT suspended above a

microcavity of a Si substrate and clamped at its extremities. (b) SEM image

of the same NT.

FIG. 3. (a) Typical F-d curves obtained on the substrate indicated by arrow

1 in Fig. 2 (black color), on a suspended NT loaded at its midpoint indicated

by arrow 2 in Fig. 2 (blue color), on the same NT positioned on the substrate

indicated by arrow 3 in Fig. 2 (red color). (b) Typical F-d curve of a sus-

pended NT showing approach (in black) and retract (in red). The hysteresis

is due to the adhesion force.

FIG. 4. (a) Tapping mode AFM image of an isolated SiO2 NT on the Si sub-

strate and its corresponding cross section giving an outer diameter Dout

about 35 nm. (b) Histogram showing the distribution of the elastic modulus

after repetitive F-d curve measurements.
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the portion of the NT in contact with the substrate (red

curve) shows that squeezing effect or indentation induced by

the AFM tip on the NT can be considered as negligible.

Indeed, the typical apex radius of curvature (ca. 20 nm) is

supposed to limit the tip indentation onto the NTs because of

its comparable radius.

The third F-d curve was obtained at the midpoint of the

suspended NT. In the non-contact region, while the AFM tip

approaches the NT, the F-d curve shows no deflection. As

the tip is brought very close to the surface, it jumps into con-

tact with the NT; from this point the force increases linearly

as the NT is loaded. The slope of the F-d curve remains in

the linear regime at low forces (F� 10 nN) showing that the

mechanical behavior of the NT is elastic in this range of

applied forces. The unloading step then occurs when the tip

reverses direction (Fig. 3(b), red track). It can be seen that

the loading-unloading curves are well superposed in the lin-

ear regime, except for the hysteresis due to the adhesion

force at the contact.

The elastic modulus E was then determined using the

beam bending theory of clamped-clamped beam.28 The rela-

tionship between E and the elastic deformation of a cylindri-

cal beam or tube of suspended length L (measured from

AFM and SEM images in our case) subjected to a load f at

its midpoint is given by

E ¼ f

Dz

L3

192I
; (1)

where I is the moment of inertia given by I ¼ pðD4
out � D4

inÞ
64

for a tube with outer and inner diameters Dout and Din,

respectively.

The term f
DZ in Eq. (1) is the force per unit deflection. It

is measured by the slope of the F–d curve as described in

Ref. 14.

For all tested NTs prepared with clamping conditions

where both ends of the SiO2 NT are clamped at the edges of

the cavity (Fig. 2(a)), the calculated values of E ranged from

61 to 92 GPa. These values are displayed in Fig. 4(b) as a

histogram showing the cumulative occurrence of the

Young’s modulus obtained from repetitive F-d curves. The

average value E and its standard deviation were determined

by fitting the histogram with a Gaussian curve. This analysis

yields an average value of 73.3 6 6.7 GPa which is in good

agreement with that of the bulk (73 GPa)29 and with the

reported value of 76.6 6 7.2 GPa measured by three-point

bending tests for amorphous SiO2 nanowires with a diameter

ranging from 50 nm to 100 nm and synthesized using chemi-

cal vapor deposition (CVD).30

This result is also close to the reported value of 75 GPa

measured from contact-resonance AFM for Si nanowires

with diameters less than 60 nm and oxidized through a rapid

thermal oxidation.31 However, the calculated E is lower than

the elastic modulus of 144 GPa obtained by nanoindentation

technique for plasma-enhanced CVD (PECVD) SiO2 thin

films32 and slightly higher than both the average values of

60.1 6 3.4 GPa obtained by digital imaging method from

SiO2 films deposited using PECVD33 and of 59 GPa deter-

mined by the thermal stress of SiO2 fine lines on a Si sub-

strate.34 This discrepancy may be due to differences in

preparation procedures; it has indeed been reported that the

density of CVD SiO2 is lower than that of thermally grown

one.35 It can also be attributed to the testing methods and the

boundary conditions.36

To address this issue, the bending of such SiO2 NT was

also estimated by FEM calculations using the COMSOL

MULTIPHYSICS Software. As shown in Fig. 5, the NT was mod-

eled as a perfect tube with the same dimensions as those

used in the experiments (i.e., 1 lm-long with outer and inner

diameters of 36 nm and 10 nm, respectively). The extremities

of the NT are clamped in position so as to correspond to the

experimental clamping, and a normal force of F¼ 10 nN is

applied in the midpoint in order to assure symmetrical bend-

ing of the NT. As shown in Table I, the NT bending obtained

from FEM calculations for different lengths using the E
value extracted from experimental measurements is in very

good agreement with the one measured from F-d curves.

Nonetheless, when the bending tests are performed on

suspended NTs with clamping conditions similar to those

shown in Fig. 6 (i.e., clamping boundaries of the NTs far

from the edge of the microcavity), we noticed that the E val-

ues were higher than the reported values29,30 and further

increased as the distance between the clamped location and

the edge of the microcavity increased, varying from 100 to

280 GPa.

To further investigate the effect of the boundary condi-

tions on the measured Young’s modulus, different clamping

conditions were simulated and examined in detail. In Fig. 7

is shown a 1.5 lm-long NT with outer and inner diameters of

FIG. 5. FEM simulation of a clamped NT with a length of 1 lm and an outer

diameter of 36 nm subjected to a load of 10 nN at the midpoint.

TABLE I. Summary of NT bendings calculated from FEM and from AFM

measurements with a normal force of 10 nN applied at the midpoint of the

NT.

Tube

length (lm)

Bending Dz

(nm) from FEM

Bending Dz (nm)

from F-d curves

1 9 11 6 1

1.2 15 17 6 2

1.4 24 26 6 2

FIG. 6. (a) AFM and (b) SEM images of a suspended NT with non ideal

clamping conditions.
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36 nm and 10 nm, respectively. The extremities of the NT

are clamped so that only 1 lm of the NT is suspended over

the cavity. As in the previous experiments, the NT was bent

by applying a normal force of F¼ 10 nN in the midpoint. In

Table II are given the bending calculated from FEM and the

corresponding elastic moduli compared to those extracted

from F-d curves for a NT of 1.5 lm in length with different

clamping conditions. As shown in Fig. 7, the NT bending is

about 14 nm. This value is much smaller than the one

obtained for clamping conditions corresponding to Fig. 2

(i.e., 31 nm). This discrepancy can be explained by a partial

loss of the mechanical energy likely due to stretching in the

portion of the NT positioned on the substrate before the

clamped ends (lengths A and B on Fig. 7). This gives rise to

a smaller deflection of the suspended part of the NTs for an

identical applied load and therefore leads to an overestima-

tion of the elastic modulus E.

These results demonstrate the importance of the clamp-

ing conditions on the bending test measurements and their

direct impact on the extraction of the elastic properties of 1D

nanostructures. Under conditions where the total length of

the NT is equal to its suspended part, provided the extrem-

ities of the NT are clamped, a good estimation of the elastic

modulus E can be obtained using the beam bending theory of

clamped-clamped beam. Otherwise, as shown by FEM calcu-

lations, the elastic modulus is always overestimated.

In conclusion, topographical information and diameter of

individual amorphous SiO2 NTs obtained by an inorganic

transcription were determined by AFM measurements.

Experimental and numerical approaches were used to accu-

rately determine their actual elastic properties. Clamping con-

ditions of the NTs were found to play a crucial role in the

extraction of the elastic modulus. We envisage now to use

other nanometric objects using templates with different mor-

phologies such as twisted or helical ribbons in a controlled

and hierarchical manner for designing functional NEMS.

Protocols using techniques as different as Atomic Layer

Deposition (ALD) and sol-gel chemistry will be implemented.
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from FEM

14 31
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