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Mechanical elasticity of single and double clamped silicon nanobeams
fabricated by the vapor-liquid-solid method
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Atomic force microscopy has been used to characterize the mechanical elasticity of Si nanowires
synthesized by the vapor-liquid-solid method. The nanowires are horizontally grown between the
two facing Si(111) sidewalls of microtrenches prefabricated on a Si(110) substrate, resulting in
suspended single and double clamped nanowire-in-trench structures. The deflection of the
nanowires is induced and measured by the controlled application of normal forces with the
microscope tip. The observed reversibility of the nanowire deflections and the agreement between
the measured deflection profiles and the theoretical behavior of single and double clamped elastic
beams demonstrate the overall beamlike mechanical behavior and the mechanical rigidity of the
clamping ends of the nanowire-in-trench structures. These results demonstrate the potential of the
nanowire-in-trench fabrication approach for the integration of VLS grown nanostructures into
functional nanomechanical devices. © 2005 American Institute of Physics.

[DOLI: 10.1063/1.2008364]

Semiconductor nanowires have unique properties for
their application as building blocks in nanoelectromechanical
systems (NEMS)."™ The vapor-solid-liquid (VLS) method
for the growth of Si nanowires” ® is one of the most prom-
ising techniques for the development of such applications
because of its control over the nanowire properties and its
compatibility with standard microfabrication technology. So
far, VLS-grown Si nanowires have been mostly applied in
nanoelectronic devices.*” Nanomechanical applications of
these materials such as ultrasensitive force’ or mass'® sens-
ing, or the study of the quantum limits of nanomechanical
resonators,'' remain largely unexplored. Such applications
demand the availability of nanofabrication approaches that
allow the mechanical integration of the VLS-synthesized
nanostructures into functional NEMS.

The VLS method leads to the epitaxial growth of the
nanowires from small catalyst particles deposited on a
Si{111} substrate.*'*""* Thus, a mechanically rigid anchor
can be expected at the base of the nanowire. If the nanowires
are horizontally grown in microtrenches, they can form
bridges that connect the two opposing vertical sidewalls.'* In
this case, scanning electron microscopy (SEM) images sug-
gest that when a growing nanowire impinges on the opposite
sidewall, it also makes a mechanically rigid connection.
However, the mechanical rigidity of the clamping ends of
nanowires grown in microtrenches cannot be properly deter-
mined from SEM images alone. On the other hand, atomic
force microscopy (AFM) has been demonstrated as a power-
ful and versatile tool for the characterization of mechanical
properties of different nanowirelike systems.ls_19 In this let-
ter we employ the VLS method to grow suspended Si nano-

“Electronic mail: alvaro@eecs.berkeley.edu

0003-6951/2005/87(5)/053111/3/$22.50

87, 053111-1

wires between the facing (111) sidewalls of microtrenches
prefabricated on a Si(110) substrate, and we investigate the
mechanical behavior of the resulting single and double
clamped nanowire-in-trench structures by contact-mode
AFM.

Single and double clamped Si nanowires are grown in
6-um-deep and 1-12-um-wide microtrenches fabricated by
conventional photolithography on Si(110) substrates [Fig.
1(a)]. A proper alignment of the pattern ensures that the {111}
planes are exposed in the sidewalls of the trenches.'* After
the fabrication of the trenches, Au nanoparticles are dis-
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FIG. 1. (a) SEM image of nanowire-in-trench structures. SEM images of (b)
single and (c) double clamped Si nanowires grown at the edge of the side-
walls; AFM images of (d) single and (e) double clamped Si nanowires.
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FIG. 2. (a) AFM cantilever deflection vs piezo position plot (approach and
retract) obtained on a single clamped nanowire at 4 um from its base. (b)
Cantilever deflection plots (approach only) on the substrate and on the nano-
wire at 3,4, and 5 um from its base. (c) Force vs nanowire deflection curves
obtained from the cantilever deflection curves.

persed on the substrate to serve as local catalysts centers for
the VLS reaction. SiCly is used as the precursor gas for the
growth of the nanowires in a chemical vapor deposition sys-
tem at 800850 °C.'? The nanowires typically range from a
few tens to a few hundreds of nanometers in diameter, de-
pending on the diameter of the Au catalyst particles used. Au
particles absorbed very close to the edges of the vertical
sidewalls produce suspended nanowires at optimum loca-
tions for AFM measurements [Figs. 1(b) and 1(c)]. A stan-
dard contact-mode AFM is used for the mechanical charac-
terization of the nanowires. For the precise control of the
applied normal force, SisN, cantilevers with a low spring
constant of k.=0.12 N/m (calibrated by the corrected ther-
mal method” ) are used. The cantilever orientation and the
fast scan direction of the tip are, respectively, perpendicular
and parallel to the nanowires. Scan speeds are in the
1-10 pwm/s range. Two different measurements of the nano-
wire deflection d,,, are performed. First, the deflection at a
fixed position x along the nanowire length is obtained as a
function of the applied force. Second, the deflection profile
of the nanowire is measured by scanning the AFM tip along
its length at a constant applied force. The particular experi-
ments reported here are performed on the single and double
clamped nanowires shown in the AFM topography images of
Figs. 1(d) and 1(e). The average diameters of these nano-
wires are 120 and 190 nm and their lengths are 8 and 12 um,
respectively, as measured by high-resolution SEM (not
shown). Equivalent results were obtained on several nano-
wires with diameters ranging from 60 to 200 nm, and
lengths ranging from 1 to 12 pm.

Figure 2 shows the deflection measurements on a single
clamped nanowire as a function of the force applied at dif-
ferent positions along its length. Figure 2(a) is a standard
AFM cantilever deflection d,. vs the vertical piezo position
plot obtained on top of the nanowire, 4 wum from its base.
The slope of the curve for positive deflections takes an av-
erage value of 0.63, instead of the value of 1 that would have
been obtained on a rigid substrate. This result is a conse-
quence of the nanowire deflection as the applied force is
increased. On the other hand, the absence of a significant
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hysteresis between the approach and retract portions of the
curve for positive deflections implies the reversibility of the
nanowire deflection and the absence of detectable plastic de-
formations in the structure. The approach portions of several
curves of the cantilever deflection versus the vertical piezo
position, obtained at different positions along the nanowire
length, are plotted together for comparison in Fig. 2(b).
Curve A is obtained on the substrate as a reference, and it
shows the expected slope of 1. Curves B, C, and D are ob-
tained at x=3, 4, and 6 um from the base of the nanowire.
These curves behave linearly regardless of x, but their slope
increases as x decreases, indicating that the effective stiffness
of the nanowire increases as the distance to the base de-
creases.

The nanowire stiffness can be determined by plotting its
deflection versus the applied force. The nanowire deflection
can be calculated by subtracting the cantilever deflection
curves B, C, and D obtained on the nanowire from the curve
A obtained on the substrate. The force is calculated by using
F.=k.d.. The results, shown in Fig. 2(c), show linear nano-
wire deflections of up to several hundreds of nanometers
under applied forces of a few nanonewtons. Linear fits to
these curves yield nanowire spring constants k,, of 0.22,
0.10, and 0.03 N/m at 3, 4, and 6 um from the nanowire
base, respectively. These numbers are consistent with the ex-
pected behavior of a single clamped elastic beam, in which
the effective spring constant k as a function of the distance to
the base end x is given by k(x)=3EI/x?, where E is the
Young’s modulus, / is the moment of inertia, and the product
EI is referred to as the bending stiffness of the beam. Calcu-
lating k,,x>/3 for each of the obtained values of k,,, at the
corresponding distance x results in a value for the bending
stiffness EI=1.9 N nm? with a standard deviation of only
8%. Assuming a uniform cylindrical cross section of the
nanowire (I=mr*/4) and using the experimental value of the
nanowire diameter allows an estimate of =186 GPa, which
agrees well with the bulk value of 169 GPa for Si(111). The
small discrepancy between the estimated and bulk values of
E is mainly attributed to experimental error in the nanowire
diameter.

Figure 3 shows the results of the force-deflection mea-
surements obtained on a double clamped nanowire. Again, a
standard cantilever deflection curve with a slope smaller than
1 (0.70 in this case) indicates that as the force applied by tip
increases, the deflection of the nanowire increases [Fig.
3(a)]. Also, the overlapping of the approach and retraction
curves implies the absence of detectable plastic deforma-
tions. However, this case shows a slightly nonlinear behavior
of the nanowire deflection versus the applied force. Figure
3(c) displays the force versus nanowire deflection obtained
from the cantilever deflection curves acquired on the sub-
strate (A) and on the center of the nanowire (B), which are
shown in Fig. 3(b). The nanowire deflection is linear below
approximately 50 nm. Above this value, the plot is best fitted
by including a cubic term in the force equation F=kd,,,,
+k3d3w, and the fitting results in k;=0.45 N/m and k,=2
X 1072 N/m?>. This is the expected behavior for a double
clamped beam under sufficiently large deflections, where the
stretching of the beam as it bends adds a cubic term to the
force equation.

Nanowire deflection profiles under the application of a
constant normal force are measured by the acquisition of two
images of the nanowires. The first image is obtained with a
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FIG. 3. (a) AFM cantilever deflection vs piezo position plot (approach and
retract) on a double clamped nanowire at its center. (b) Cantilever deflection
plots (approach only) on the substrate and on the nanowire center. (c) Force
vs nanowire deflection curves obtained from the cantilever deflection
curves.

set-point force equal to zero, while the second one is ob-
tained with a particular nonzero set-point force. Subtracting
the second image from the first one produces an image of the
nanowire deflection under the force applied in the second
image. The nanowire deflection profile is then extracted from
a cross section of the resulting image along the longitudinal
axis of the nanowire. Figure 4(a) shows three deflection pro-
files of the single clamped nanowire, corresponding to ap-
plied forces of 2.2, 6.6, and 11 nN. The profiles are shown
for distances up to 3 um from the base end. At larger dis-
tances, lateral deflections of the nanowire prevent a stable
scanning of the tip. Each of the profiles shown in Fig. 4(a)
fits well to the equation for the deflection of a single clamped
beam under the application of a point load F at a position x
along its length, which follows a cubic power law given by
d(x)=Fx*/3EI. The bending stiffness EI is used as the fitting
parameter, and consistently with the previous force-
deflection measurements, we obtain an average value of EI
=1.8 Nnm? with a standard deviation of only 1%. Figure
4(b) shows the deflection profiles obtained along the whole
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FIG. 4. Deflection profiles of (a) a single and (b) a double clamped nano-
wire under the application of different normal forces. The experimental pro-
files (dots) fit remarkably well to the theoretical profiles (lines) of single and
double clamped elastic beams.
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length [ of a double clamped nanowire with applied forces of
27, 81, and 134 nN. Neglecting nonlinear contributions, the
deflection of a double-clamped beam at position x is given
by d=FI*/3EI/(x/1)3/(x/1-1)3. Each profile in Fig. 4(b) fits
this expression remarkably well, with ET as the fitting param-
eter. An average value of EI=13.3 N nm? with a standard
deviation of only 2% is obtained. Also, in this case, a rea-
sonable value of =207 GPa is deduced by assuming a cy-
lindrical section of the nanowire and using the measured av-
erage diameter.

In conclusion, we have applied contact-mode AFM for
the mechanical characterization of nanowire-in-trench struc-
tures grown by the VLS method. The agreement between the
nanowire deflection measurements and the theoretical behav-
ior of single and double clamped elastic beams demonstrate
the overall elastic beamlike behavior and the rigidity of the
clamping points of the nanowire-in-trench structures. Other
“bottom-up” fabrication approaches3 16 require nonideal an-
choring using adhesion forces or metal/oxide deposition, in-
troducing interfacial mechanical instabilities and additional
energy dissipation mechanisms in resonant systems. In con-
trast, this nanowire-in-trench strategy produces self-
assembled nanobeams solidly connected to prefabricated mi-
crostructures, allowing the direct integration of chemically
synthesized nanoscale building blocks into functional
NEMS.
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