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Young’s modulus of a silicon nanobeam with a rectangular cross-section is studied by molecular dynamics method. Dynamic
simulations are performed for doubly clamped silicon nanobeams with lengths ranging from 4.888 to 12.491 nm and cros-sections
ranging from 1.22 nm× 1.22 nm to 3.39 nm × 3.39 nm. The results show that Young’s moduli of such small silicon nanobeams are
much higher than the value of Young’s modulus for bulk silicon. Moreover, the resonant frequency and Young’s modulus of the
Si nanobeam are strongly dependent not only on the size of the nanobeam but also on surface effects. Young’s modulus increases
significantly with the decreasing of the thickness of the silicon nanobeam.This result qualitatively agrees with one of the conclusions
based on a semicontinuum model, in which the surface relaxation and the surface tension were taken into consideration. The
impacts of the surface reconstructionwith (2× 1) dimmers on the resonant frequency and Young’smodulus are studied in this paper
too. It is shown that the surface reconstruction makes the silicon nanobeam stiffer than the one without the surface reconstruction,
resulting in a higher resonant frequency and a larger Young’s modulus.

1. Introduction

Nanoelectromechanical systems (NEMS) have been found
in many important applications, such as ultrasensitive mass
sensing [1–3], ultralow-power radio frequency (RF) signal
generation [4, 5], parametric feedback oscillating [6], and
switch [7, 8]. In these applications, silicon-based nanowires
and nanobeams with very small dimensions and high per-
formances played important roles. Nanoscale cantilevers and
doubly clamped beams were two basic types of beams, and
were used as resonators in these applications [3, 4, 9, 10],
where they were oscillating in MHz or even in GHz. From
the view point of long-term reliability of these resonators,
the vibration behavior and mechanical properties, such as
Young’s modulus, are very important and should be paid
much attention by researchers.

A number of researches have been done on the vibra-
tion and elastic characteristics of nanostructures including
experiments, theoretical analysis, and atomistic or molecular
dynamics simulations. In some experimental researches,
equations based on continuum assumption were applied to
study the resonance of silicon nanobeams/nanowires and

the relationship between the resonant frequency and the
Young’s modulus [4, 11]. A 3D finite element model taking
into account the surface effect was proposed by Feng et al.
[12], in which Young’s modulus and the resonant frequency
are both found to decrease significantly with the decreasing
of the diameter of silicon nanowires for fixed/free boundary
condition when the diameter is less than 100 nm, while
they slightly decrease for fixed/fixed boundary condition.
However, some researchers pointed out that classical theories
or computational design tools, which are based on continuum
assumptions, may not be directly applicable for nanostruc-
tures because of their low dimensions. Several approaches
have been proposed to extend classical continuum theories to
nanostructured materials by considering the discrete nature
of nanomaterials. For example, Sun and Zhang developed a
semicontinuum model to calculate Young’s modulus of the
ultrathin film with a simple cubic lattice [13]. They found
that the value of Young’s modulus depends on the number
of atom layers in the thickness direction; that is, Young’s
modulus decreases with the decreasing of the number of
atom layers and approaches the bulk value as the number of
atom layers increases. Later, a lattice model was developed by



2 Journal of Nanomaterials

Guo and Zhao to investigate the size-dependent properties
of a nanofilm with a simple cubic lattice, which took the
surface relaxation into consideration [14]. They concluded
that Young’s modulus depends not only on the thickness
of parameter but also on the surface relaxation. The value
of Young’s modulus can increase with the decreasing of
the number of atomic layers under some surface relaxation
conditions. Based on the semicontinuum theory and the
Keatingmodel, which was especially well suited to describing
IV semiconductor crystal, we studied the size and tempera-
ture dependence of Young’s modulus of a silicon nanoplate
[15] and the influence of surface effects on the mechanical
properties of silicon nanobeams [16]. It was predicted that the
effective elastic modulus, 𝐸eff, of a bending silicon nanobeam
depends on the competition between the surface relaxation
coefficient 𝑘

𝑖
and the surface tension 𝛾. When the number of

the cell layers is less than 15, the surface tension will dominate
the variation of the effective elastic modulus, and it will be
increasing dramatically with the decreasing of the thickness
of the silicon nanobeam when 𝛾 > 0. Rudd et al. performed
classical molecular dynamics simulations to study the elastic
behavior of silicon nanowires based on the Stillinger-Weber
(SW) potential [17, 18]. In 2008, they studied the mechanics
of silicon nanowires again by performing first-principles
density functional theory calculations and compared their
results to prior results from MD methods. They concluded
that for hydrogen-passivated silicon ⟨001⟩ nanowires Young’s
modulus decreases with the decreasing of the diameter
of nanowires [19]. By performing the molecular dynamics
simulations with the use of the Tersoff potential, Park et
al. simulated the flexural and the longitudinal vibrations of
silicon nanocantilevers and deduced the elastic modulus and
Young’smodulus for the nanothick silicon cantilever from the
natural frequency equation based on the continuum theory
[20, 21].Their conclusionwas that Young’smodulus decreases
as the thickness of the cantilever is decreased.

In this paper, the resonant behavior of doubly clamped
siliconnanobeams is first studied by using a specific computer
module, Forcite, which is based on the molecular dynam-
ics method. The value of Young’s modulus of the silicon
nanobeam is then deduced. It is found that the variation of
Young’s modulus of the silicon nanowire is contrary to the
results from Park et al. [20, 21] and Rudd and Lee [19],
but it is in agreement with our prior results based on the
semicontinuummodel [16], which took the surface relaxation
and the surface stress into consideration.

2. Simulation Model

The prototype under study is a doubly clamped silicon ⟨001⟩
nanobeam with a rectangular cross-section. The simulation
model of the silicon nanobeam is built by the software as
described in the reference [22].The orientation and the cross-
section of the silicon nanobeam are redepicted here, as shown
as in Figure 1(a). A rectangular coordinate system is used
with 𝑥- and 𝑧-axes along the length and width directions,
respectively, and 𝑦-axis along the thickness direction perpen-
dicular to the (001) surface of the silicon nanowire. Periodic
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Figure 1: A schematic of a doubly clamped silicon nanobeam (a)
orientation and cross-section and (b) an AFM probe (green atoms)
and the silicon nanobeam after structure optimization.

boundary condition is used in the longitudinal direction of
the Si nanobeam, and lateral surfaces are under free boundary
conditions in vacuum.

To actuate the beam, one silicon AFM probe is built to
be close to the beam. This is different from Park’s simulation
model, where the clamped-free cantilever was induced with
flexural or longitudinal vibration by simulating suitable
initial conditions [20, 21]. After structure optimization, the
nanobeam becomes bending since Van der Waals force
exists between the AFM and the nanobeam, as shown as
in Figure 1(b), where atoms (red atoms) at two ends of the
nanobeam are clamped. Because of the initial bending, the
nanobeam will vibrate freely after the AFM is removed.

The simulation has been performed at the average tem-
perature of 298K with a time step of 1 fs. Condensed-
phase optimizedmolecular potential for atomistic simulation
studies (COMPASS) force field is used when the simulation is
performed.

3. Results and Discussion

The kinetic and the potential energies of the silicon nano-
beam are monitored while the nanobeam is vibrating. The
frequency response of the silicon nanobeam can be obtained
by performing FFT of the kinetic energy or the potential
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Figure 2: Resonant frequency and Young’s modulus as functions of
nanobeam thickness.

energy. In Figure 2, the resonant frequency of the nanobeam
is shown as a function of the thickness of the nanobeam,
where all nanobeams have the same length of 9.232 nm
and the same width of 2.85 nm. It is no surprise that the
resonant frequency decreases with the decreasing of the
thickness of the beam. However, it should be noticed that the
vibration frequencies of such small silicon beams can be in
the range of hundreds of GHz, much higher than those of the
macroscopic ones. This result means that silicon nanobeams
may have promising application in ultrahigh speed wireless
communications.

As mentioned above, many experimental and theoretical
methods have been developed to evaluate the Young’s mod-
ulus of nano films and beams. Among these methods, the
resonant frequencies of ultrathin silicon cantileverswere used
to calculate Young’s modulus by Park et al. [20, 21]. As Park
did, nowwededuceYoung’smodulus of the silicon nanobeam
from our simulation results and Euler-Bernoulli theory. For
a doubly clamped Euler-Bernoulli beam, the frequency of
the first order resonant mode can be written as following
equation [23]:

𝜔
0
= √
𝐸𝐼

𝑚𝑙
4
, (1)

where, 𝜔
0
is angular frequency of the first resonant mode, 𝐸

is Young’s modulus, 𝑚 is mass per unit length, 𝑚 = 𝜌𝐴, 𝜌 is
density of the beam, 𝐴 is area of the cross-section, and 𝑙 and
𝐼 are beam length and mass moment of inertia, respectively.
Equation (1) can be rewritten as

𝑓 =

𝑖
2
𝜋𝑡

2𝑙
2
√

𝐸

12𝜌

(2)

for one doubly clamped beam with a rectangular cross-
section, where 𝑓 is the resonant frequency and 𝑡 is thickness
of the beam. For the first-order resonant mode, 𝑖 ≈ 1.5.
Based on (2), we can deduce the Young’s modulus of the
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Figure 3: Young’s modulus as a function of the thickness of the
silicon nanobeam based on different models.

doubly clamped silicon nanobeam. The calculated values of
the Young’s modulus for silicon nanobeams with different
thicknesses are shown in Figure 2.

It can be seen from Figure 2 that Young’s modulus in-
creases dramatically when the thickness of the nanobeam is
decreasing. This result is contrary to that obtained by Park et
al. [20, 21]. However, this trend is qualitatively in agreement
with the result which is based on the semicontinuum model
with surface relaxation coefficient, 𝑘

𝑖
< 1, and surface stress,

𝛾 > 0 [16]. Our simulation results, the results from [16], and
results from [20, 21] are compared as shown as in Figure 3.

In our simulations, the doubly clamped nanobeam is
formed by cleaving silicon surfaces, leaving two dangling
bonds of each silicon atom on (001) ideal surface. The
termination of the lattice periodicity in the surface normal
direction will lead to the imperfection of the coordination
numbers (CNs) of a surface atom, which can make the
remaining bonds of this lower-coordinated surface atom
relaxation [14]. The CN-imperfection-induced bond relax-
ation can result in that the bond length becomes longer or
shorter than the ideal bond length. In our simulation, the
structure optimizationmakes the bond lengths shrink within
several layers, which are close to the surface. It means that the
contraction surface relaxation occurs after the structure opti-
mization. The effect of contraction surface relaxation makes
the nanowire stiffer than the one without relaxation on the
surfaces. Furthermore, as predicted as in [16], the bending
of the doubly clamped beam will cause the surface tension,
which can impact on Young’s modulus strongly, and will
dominate the variation of the effective elastic modulus when
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the thickness of the nanobeam is less than 8 nm [16]. As the
thickness is decreasing, the combination effect of the surface
relaxation and the surface tension becomes stronger, resulting
in Young’s modulus of the silicon nanobeam increasing with
the decreasing of the thickness of the nanobeam. Of course, it
should be noticed that there is a deviation between the results
from our simulations and those from [16]. We are trying to
find out the reason and the explanation.

Besides the surface relaxation and the surface tension,
surface reconstructions can also strongly impact the elasticity
of a silicon nanoplate [24, 25]. It has been indicated that there
are three kinds of reconstructions on silicon (001) surface.
They are symmetrical (2 × 1), p (2 × 2), and c (4 × 2)
surface reconstructions. Sadeghian et al. studied the impact
of applied deformation on surface reconstruction and elastic
behavior of silicon nanobeams [26]. They found that for
symmetrical (2 × 1) reconstruction the applied stain within
the stability range is smaller, and the total energy of the
nanobeam with this kind of reconstruction is the lowest.
If the applied external uniaxial tensile strain increases, the
stability range of any relevant reconstructions changes, thus,
the surface region undergoes a series of reconstructions.
Therefore, Young’s modulus of silicon nanobeams under dif-
ferent surface reconstructions will be definitely different and
may undergo a series of changes. To simplify the simulations,
the (2 × 1) dimmer reconstruction is only considered on
four of the lateral surfaces of the silicon nanobeam in this
paper to study the effects of the surface reconstruction on
the vibration frequency andYoung’smodulus. Figure 4 shows
the resonant frequency and Young’s modulus as functions of
cross-sections with and without the reconstruction. It can
be seen that the frequency under the surface reconstruction
is higher than that without the reconstruction. Because of
the surface reconstruction, the nanobeam becomes stiffer,
and Young’s modulus becomes larger, resulting in the higher
resonant frequency. The size of the cross-section is smaller
and the changes of resonant frequency and Young’s modulus
are greater, because the surface to volume ratio (SVR) is
higher for the nanobeamwith a smaller cross-section and the
surface effect is stronger.

The results above are based on the simulations for silicon
nanobeams with rectangular cross-sections. It is shown that
the surface effects on Young’s modulus become stronger for
the nanobeam with a smaller dimension (a higher SVR).
Since the SVR is strongly dependent on the shape of the cross-
section too, it can be predicted that Young’s modulus and
other properties of silicon nanobeams with other shapes of
the cross section will definitely have different values. Zhang
et al. and Xu and Servati studied the changing of cohesive
energies and electrical properties of silicon nanowires with
different shapes of cross-sections as the SVR increases [27–
29]. So far, however, the influences of the shape of the cross-
section on Young’s modulus and the vibration behavior of
silicon nanobeams have not been reported yet. Furthermore,
reconstructions on lateral surfaces of silicon nanobeams with
other shapes of cross-sections will becomemore complex and
must be considered very carefully. The combination effect of
the shape of cross-sections and the surface reconstruction
on Young’s modulus of silicon nanobeams is an interesting

2.5 5 7.5 10 12.5
150

200

250

300

350

400

450

Without reconstruction
With reconstruction

200

250

300

350

400

450

500

550

600

Without reconstruction
With reconstruction

Yo
un

g’s
 m

od
ul

es
 (G

Pa
)

Fr
eq

ue
nc

y 
(G

H
z)

Cross-section (nm2)

Figure 4: Resonant frequencies and Young’s moduli of silicon
nanobeams with different cross-sections, with and without (2 × 1)
dimmer reconstruction on lateral surfaces.

but very complex issue. This study is being performed by our
group.

4. Conclusions

Young’s modulus of the silicon nanobeam is studied by
molecular dynamics. Since the dimensions of the silicon
nanobeams are so small that the surface effects cannot be
ignored. The resonant frequency of the silicon nanobeam is
as high as hundreds of GHz, and Young’s modulus is higher
than the value of Young’s modulus for bulk silicon. Young’s
modulus of the silicon nanobeam is increasing significantly
with the decreasing of thickness of the nanobeam. The
resonant frequency and Young’s modulus of the doubly
clamped silicon nanobeam strongly depend on the thickness
of the nanobeam and the surface effects, such as the surface
relaxation, the surface tension, and the surface reconstruc-
tion. The variation trend of Young’s modulus is different
from the results from some researches, but is qualitatively
in agreement with the results based on the semicontinuum
approach, which took the surface relaxation and the surface
tension into consideration. The influence of surface effects
is stronger on the vibration behavior and Young’s modulus
when the size of the silicon nanobeam is smaller.
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