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Mechanical testing was performed on a new class of nanostructures—amorphous Si slanted
nanorods of rectangular cross section, fixed at one end to the substrate. These nanorods were
grown spatially well separated on nano-pillars under the oblique angle physical vapor deposi-
tion technique. Various samples with different dimensions and inclination angles were tested
in bending using an atomic force microscope. The material response was elastic up to large
stresses/deflections. The Young’s modulus was calculated from the slope of the experimentally
observed stiffness versus the geometrical factor common to all the samples and was found to be
(94�14± 10�21) GPa. No size effect of this parameter was observed within the accuracy of the
present measurement.

Keywords: Amorphous Si, Atomic Force Microscope, Oblique Angle Deposition, Young’s
Modulus.

1. INTRODUCTION

The study of various physical properties of thin films
and nanostructures of amorphous and crystalline silicon
has attracted a great deal of attention because of the
relevance of such structures to the fundamental com-
ponents in micro- and nanoelectromechanical (MEMS
and NEMS) devices.1 Nanoindentation,2–4 acoustic wave
spectroscopy3–5 and surface Brillouin scattering6 studies
have been used to investigate the mechanical properties of
thin films. The study of mechanical properties of nanome-
ter sized structures such as nanorods and nanosprings is
faced inherently with the difficulty of mounting and prob-
ing them owing to their size. This problem is germane to
all varieties of such structures. Thus a method that enables
the direct determination of the applied force as a func-
tion of displacement/deflection of the structure is needed
in order to elucidate the mechanics of such structures.7

The development of atomic force microscope (AFM)
based techniques to evaluate the mechanical properties of
crystalline silicon (c-Si) by the nano-scale bending test
on horizontal nanobeams,8–10 and of amorphous silicon

∗Author to whom correspondence should be addressed.

(a-Si) by using helical nano-springs has been discussed by
various authors.11 Most of these studies have been per-
formed on nano-structures that were not isolated and did
not have properly controlled geometries, which makes the
interpretation of the test results rather tedious. The geom-
etry of such specimens must be accurately controlled for
the stress distribution to be uniform (every volume ele-
ment of the specimen to be subjected to identical stress
state) and the testing method to have proper control on
the force applied and/or the specimen deformation. In the
recent past we developed a technique to grow isolated
nanostructures of various geometries, which in a given
sample have highly similar geometry and dimensions.12–14

Here we report results obtained from testing such speci-
mens in bending. The specimens are of rectangular cross
section, isolated and running at an angle with respect to
the substrate. They are tested by pressing the free end with
an AFM cantilever tip. The AFM device allows the control
of the applied force and the direct measurement of the rod
deflection. The goal is twofold: (a) we present the test-
ing procedure developed for this purpose, and (b) we test
for potential size effects in the elastic constants of these
nanostructures.
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2. EXPERIMENTAL DETAILS

2.1. Growth of Isolated Slanted Nanorods by
Oblique Angle Deposition

Slanted nanorods were fabricated on patterned substrates
by oblique angle vapor deposition. The setup of the depo-
sition system is described elsewhere.12�13 The depositions
were performed in a high vacuum chamber. Undoped Si
(99.9995%, Alfa Aeser) was evaporated by an electron
beam bombardment method. The deposition was carried
out at room temperature to ensure that the grown rods
are amorphous in nature. The evaporation rate was moni-
tored by a quartz crystal microbalance (QCM). A stepper
motor was used to rotate the substrate azimuthally without
changing the deposition angle �, which was fixed at 85�.
The patterned substrates are Si (100) containing a matrix
of tungsten (W) posts of about 450 nm height; the top
and bottom diameters are 130 and 360 nm, respectively.
The W matrix was deposited by chemical vapor deposi-
tion after patterning holes in a 1 �m thick SiO2 layer. The
excess W was removed using a chemical mechanical pol-
ishing technique. Three types of patterns were used for the
deposition: bigger square pattern (BSP), triangular pattern
(TP) and smaller square pattern (SSP) with post-to-post
distances 1000 nm, 700 nm and 400 nm respectively.

The first sample was grown by a two-phase substrate
rotation technique (No Swing). The deposition pressure
was less than 6× 10−4 Pa. The normal growth rate was
(0�70±0�03) nm/s as determined by QCM. During depo-
sition, the substrate was rotated azimuthally with two dif-
ferent rotation speeds �1 and �2 in phase sectors �1 and
�2 respectively by using a step motor. The phase sector
�1 was 135� for angular speed �1 and the phase sec-
tor �2 was (360�–135�) for angular speed �2. The value
of �1 was fixed at 0.0015 rev/s, while �2 was fixed at
0.0075 rev/s to give a ratio �2/�1 = 5. This two-phase
rotation of the substrate reduces the fan-out of rods during
growth as has been described elsewhere.14 The other sam-
ples were prepared under similar experimental conditions
except, instead of using a two-phase rotation; a “swing
technique”15 was utilized. In this technique the deposition
is performed with a back and forth substrate swing rota-
tion mode. This method is similar to PhiSweep technique16

but instead of a discrete jump from one azimuthal angle
to another and having a pause at the end, our substrate
was rotated back and forth continuously. This controlled
substrate rotation in a limited azimuthal angle without
changing the deposition angle leads to a very uniform,
well aligned and separated nanostructures. The depositions
were performed in a high vacuum chamber with a back-
ground pressure of 2 × 10−4 Pa. During deposition, the
pressure was less than 5×10−4 Pa. The normal growth rate
was (0�50±0�03) nm/s. The substrate was rotated back and
forth (swinging) with angular speed 0.00025 rev/s contin-
uously within the azimuthal angles �= 60�, 90� and 120�

for different samples.
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Fig. 1. SEM images of the slanted amorphous Si nanorods grown on
W pillars arranged on a triangular pattern on Si(100) substrate. (a) Side
view. The inset shows a schematic of the bending of the slanted nanorod
with an applied force F , rise angle 	 and the deflection d. (b) Top view.
The inset is the corresponding AFM top view image; the small circle on
one of the rods shows the point where the force was applied.

2.2. Size of Isolated Nanorods

The grown nanorods were imaged by a field emission
scanning electron microscopy (FESEM-6330F, Jeol Ltd,
Tokyo, Japan). The samples were cleaved along the plane
of the incident flux and the substrate normal, or along
the plane perpendicular to the incident flux, mounted on a
specimen holder and coated with 10 nm gold. Top and side
view images were taken and digitalized for size analysis.
Figures 1(a) and 1(b) show the SEM side and top views
of one of the samples grown on W pillars on a triangular
pattern template with swing angle 90�. The average rise
angle 	, length L, and thickness h, were determined from
the side view whereas the average width b was determined
from the top view of the images. Table I summarizes the
orientations and dimensions of the various samples used
in our experiments. It can be inferred from the table that
the nanorods in various samples used in the experiments
vary in dimensions and orientations. Within the same spec-
imen, the dimensions vary within ±10%, as established
after extensive sampling.

2.3. Mechanical Testing Using AFM

2.3.1. Approach

A conventional formula that relates the vertical deflection
d of a slanted rod when a force F is applied at the free
end of the rod is given by:17

d = FL3 cos2 	

3EI
(1)

where E is the Young’s modulus of the material of the rod,
I is the axial moment of inertia of the rod cross-section.
Equation (1) reflects only the effect of the component of F
that leads to bending. The compressive effect of the axial
force is neglected.

The nanorods in our experiment are approximated to be
of rectangular cross section with width b and thickness h,
with I = bh3/12. From Eq. (1), the force constant k= F /d

1894 J. Nanosci. Nanotech. 5, 1893–1897, 2005
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Table I. Summary of the dimensions, orientations, experimentally observed values of the force constants of the slanted a-Si nanorods and the stiffness
of the AFM cantilevers used for bending of respective samples. BSP, TP and SSP denote bigger square pattern, triangular pattern and smaller square
pattern respectively.

Swing angle Substrate pattern Length L (nm) Width b (nm) Thickness h (nm) Rise angle 	 (deg) Observed k (N/m) Cantilever kc (N/m)

No swing BSP 4160±40 690±30 480±40 55�8±0�9 68�7±11�2 17
60� TP 1080±30 360±20 190±10 28�4±0�5 46�8±14�6 17

SSP 1170±10 330±10 140±10 26�7±0�6 18�4±2�2 13
90� BSP 1510±40 600±20 300±20 34�6±0�6 174�2±26�5 40

TP 1530±30 420±20 180±10 32�6±0�9 22�7±3�5 17
SSP 1650±20 300±20 120±10 29�1±0�7 16�3±2�4 13

120� TP 1060±10 320±10 130±10 32�9±0�5 11�8±1�7 13
SSP 1060±10 230±10 100±5 32�4±0�4 3�1±0�5 13

results as:

k =
(

bh3

4L3 cos2 	

)
E = CE (2)

Here the geometrical parameter C is related to L, b, h, and
	; and varies from sample to sample. Plotting the experi-
mentally obtained values of the force constants versus the
geometrical parameter C, leads to Young’s modulus E as
the slope of this linear relationship.

2.3.2. Data Acquisition

A Park Scientific AFM was used for the bending test of
the nanorods in ambient conditions. The acquisition of the
force constant of the nanorods involves taking a top view
image of the sample, stopping the rastering of the scan-
ner, selecting a rod and applying a predetermined force on
the free end of the rod so as to obtain the force versus
scanner displacement z data. Specifically, a V-shaped sil-
icon cantilever with a silicon nitride conical tip was used
for surface imaging (in non-contact mode) and bending (in
contact mode) of nanorods. The spring constants of the
cantilevers were calibrated before use in the test. The inset
in Figure 1(b) shows an AFM top view image, while the
inset in Figure 1(a) shows schematically a bending rod.
Three different cantilevers with spring constants 13, 17,
and 40 N/m were used in the tests. For each sample, bend-
ing tests were conducted on about 15–25 nanorods.

The vertical force F , on the cantilever tip is proportional
to the cantilever deflection, which is measured by the
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Fig. 2. (a) A typical force F versus scanner displacement z curve.
(b) A typical force F versus rod deflection d curve, where d= z−y, and
y is the cantilever deflection.

instrument and is evaluated as the product of the cantilever
force constant (kc), and its deflection (y): F = kcy. The rod
deflection d, is equal to the difference between the vertical
displacement of the instrument table (scanner) during the
test z and y:

d = z−y (3)

It is to be noted that the controlled quantity here is z, while
F is measured. Therefore, the test is neither precisely
force/stress, nor the rod displacement controlled. Starting
from the origin, d is calculated by using the F vs z data
in Figure 2(a) and Eq. (1). Thus a force versus rod deflec-
tion curve, F vs d, is generated and shown in Figure 2(b).
The force constant of the nanorods in the elastic regime is
extracted from this curve.

3. RESULTS AND DISCUSSION

The force versus scanner displacement and the force ver-
sus rod deflection curves are shown in Figures 2(a) and
2(b) respectively. The detailed interpretation of the force-
deflection curve can be found in various publications.18�19

The curves exhibit a jump in contact phenomenon when
the tip approaches the specimen and the associated adhe-
sion observed upon tip retraction. The response of the
specimen is linear up to the largest force that could
be applied. In several situations a hysteresis loop was
obtained, which was associated with a slight local inden-
tation of the specimen. As we are interested primarily
in determining the elastic modulus of the material, this
had no consequence on the measurement since the force
constant was inferred from the unloading segment of the
curve. The experimentally observed values of the force
constants of various samples are given in Table I. Next the
force constant is plotted against the corresponding geo-
metrical factor C of various samples and is presented in
Figure 3. The Young’s modulus as calculated from the
slope of k vs C curve is found to be (94�14±10�21) GPa.

We used the AFM to image, precisely locate a partic-
ular nanorod and apply force for bending thereby record-
ing the displacement of the rod. Rods were assumed to
be an isotropic and homogeneous solid with rectangular
cross section and the macroscopic mechanics equation for

J. Nanosci. Nanotech. 5, 1893–1897, 2005 1895
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Fig. 3. A graph showing the experimental force constant k of the
nanorods versus the geometrical factor C. The slope is related to the
Young’s modulus.

the mechanical response of the rod in bending was used to
model the data. The assumption that the rods are isotropic
in nature is supported by the fact that under the near room
temperature growth condition (Oblique angle vapor depo-
sition with substrate rotation), the resulting structures are
amorphous. The hair-like structures (of the order of tens
of nanometer) in the SEM images with visible boundaries
between them are attributed to the shadowing effect in
the oblique angle deposition.16 We note that because of
this small lack of homogeneity and the type of depen-
dence of the stiffness on the various dimensional param-
eters [Eq. (3)], a small error in measuring the dimensions
reflects as a large error in the stiffness. However, the data
analysis procedure used here i.e., extracting the Young’s
modulus from the slope of k versus C curve, allows us
to manage the uncertainty, which is reflected in the error
bars in Figure 3. The next important step in uncertainty
management of the obtained value of the stiffness is the
choice of the AFM cantilever. The measured stiffness is
a combination of the mechanical response of the nanorod
and the AFM cantilever and is written as

S = dF

dz
= kkc

k+kc
(4)

If the cantilever is too soft, S is close to the spring con-
stant of the cantilever kc. The deflection of the cantilever
y is much larger than the deflection of the nanorod d and
z ≈ y. Under these conditions the total response actually
reflects the property of the cantilever instead of the rod.
If the AFM cantilever has very high spring constant kc in
comparison to k, S is then close to the force constant of
the nanorod k. The deflection of the cantilever y is much
smaller than the deflection of the nanorod d and z ≈ d.
A very stiff cantilever however, leads to small y and there-
fore to large noise in the measured force. The cantilever

choice given in Table I actually reflects a balance between
noise management and the maximum desired force.

The Young’s modulus value E = (94�14± 10�21) GPa
as calculated from the slope of k versus C curve is com-
parable to the reported value for the Young’s modulus of
a-Si20 namely (80±20) GPa. The reduction in the value of
Young’s modulus of a-Si in comparison to its crystalline
counterpart should not be interpreted as coming from the
size effect. The elastic deformation remains size insensi-
tive down to near atomic length scales21 where surface
effects (variation of the modulus and structure of the solid
close to the surface) play an important role in changing
the elastic properties of the material. We did not observe
the size effect in the value of the modulus simply because
our specimen are not small enough or our measurement
method cannot pick up those kinds of effects.

A more general reason that affects the value of Young’s
modulus of the material is the porosity.22 The porosity of
the samples is not easy to obtain experimentally. How-
ever with the reported value of the mass density of a-Si
namely � ≈ 0�95�0 where �0 is the density of c-Si23 and
because of this near equality in the respective densities of
the crystalline and amorphous forms, it can be assumed
that the density does not vary significantly with the prepa-
ration methods.6 The porosity can then be calculated to be
P ≈ 0�05 from the relation24 �/�0 = 1− P . Again using
the reported value of Young’s modulus of a single crys-
tal bulk Si (zero porosity) E0 = 130 GPa25, the Young’s
modulus at porosity P = 0�05 turns out to be 111.6 GPa
as calculated from the relation26 E = E0�1−�P +�P 2�,
where � = 2�94 and � = 2�22. This is comparable to the
value of E found from our experiment.

4. CONCLUSION

It was demonstrated that AFM could be used efficiently to
mechanically test nanostructures such as slanted nanorods
and to explore their elastic properties. The technique lim-
itations come from the maximum force that may be effec-
tively applied with the AFM tip. Furthermore, a proper
choice of the cantilever before the bending test and the
accurate measurement of geometrical parameters of the
structures are factors that need to be considered cautiously.
When samples of various sizes are available, a geometri-
cal factor C can be used as an independent variable and
the Young’s modulus can be extracted from the measured
force constant versus C to reduce the uncertainty from just
one sample. The amorphous Si slanted nanorods tested had
elastic modulus on the order of (94�14±10�21) GPa, which
did not exhibit any specimen size dependence within the
experimental uncertainty of the present data.
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