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ABSTRACT: Understanding the mechanical behavior of silicon
nanowires is essential for the implementation of advanced
nanoscale devices. Although bending tests are predominantly
used for this purpose, their findings should be properly interpreted
through modeling. Various modeling approaches tend to ignore
parts of the effective parameter set involved in the rather complex
bending response. This oversimplification is the main reason
behind the spread of the modulus of elasticity and strength data in
the literature. Addressing this challenge, a surface-based nano-
mechanical model is introduced in this study. The proposed model
considers two important factors that have so far remained
neglected despite their significance: (i) intrinsic stresses composed
of the initial residual stress and surface-induced residual stress and
(ii) anisotropic implementation of surface stress and elasticity. The modeling study is consolidated with molecular dynamics-based
study of the native oxide surface through reactive force fields and a series of nanoscale characterization work through in situ three-
point bending test and Raman spectroscopy. The treatment of the test data through a series of models with increasing complexity
demonstrates a spread of 85 GPa for the modulus of elasticity and points to the origins of ambiguity regarding silicon nanowire
properties, which are some of the most commonly employed nanoscale building blocks. A similar conclusion is reached for strength
with variations of up to 3 GPa estimated by the aforementioned nanomechanical models. Precise consideration of the nanowire
surface state is thus critical to comprehending the mechanical behavior of silicon nanowires accurately. Overall, this study highlights
the need for a multiscale theoretical framework to fully understand the size-dependent mechanical behavior of silicon nanowires,
with fortifying effects on the design and reliability assessment of future nanoelectromechanical systems.

KEYWORDS: silicon nanowires, native oxide, surface stress, surface elasticity, mechanical behavior, bending test, Raman spectroscopy,
molecular dynamics

■ INTRODUCTION

Silicon (Si) nanowires (NWs) are essential building blocks in
nanoelectromechanical systems (NEMS) and nanoelec-
tronics.1,2 Because of their compatibility with semiconductor
manufacturing, Si NWs bear potential for improving existing
technologies or generating new approaches regarding mass
spectroscopy,3,4 electromechanical/biochemical sensors,5,6

field effect transistors (FETs),7−9 energy conversion, and
harvesting and storage media.10 The operation of these
nanodevices, especially NEMS, relies significantly on their
high surface-to-volume ratios leading to remarkable size-
dependent mechanical properties.1,11−14 The surface contribu-
tion to the overall mechanical behavior increases with
decreasing size, thereby resulting in significant size dependence
in NW properties.1,13 For example, the quality factor of Si-
based nanoresonators is reduced due to surface loss
mechanisms such as adsorption, surface stress, surface
oxidation/reconstruction, and surface defects.1,12,15 The

fracture strength is also shown to be strongly correlated to
surface-related defects.13,16 Therefore, a wide range of
experimental and computational attempts have been per-
formed to explore Si NW mechanical behavior.1,12,17−22

Among experimental techniques, bending tests are ubiq-
uitously employed for the characterization of both elastic and
strength properties of Si NWs along with other one-
dimensional nanostructures.1,13,18,23 Bending tests are rather
straightforward, where Si NW is loaded preferentially in situ
with an external force-sensing probe.21 Similarly, Si NWs can
be integrated with testing devices in the form of micro-
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electromechanical systems (MEMS),24 where they are exposed
to bending loads. The resulting load−displacement data have
then to be interpreted through appropriate models.25 Although
there are complicated experimental aspects of bending tests
mainly related to nanometrology,13,17,21,26 the interpretation of
test results proved to be the most challenging task, as without a
reliable nanomechanical model, the quantification of even the
most basic properties such as stiffness and strength becomes an
enormous task.21,23,27−33 The lack of such a sound modeling
approach is in fact reflected by a series of conflicting
observations including broad range of estimations for elastic
and strength properties1,12 and significant differences between
experimental and computational findings.1,12,18,19,19,20,34,35

Models usually suffer from a poor description of surface-
related phenomena18,20,36 and inconsistent use of constitutive
surface models as well as nonlinear elasticity.1,18,36 In this
context, an effective model should involve the implementation
of the following three sets of parameters:

(i) Native oxide, essentially amorphous silicon dioxide
(aSiO2), is an indispensable part of the Si NW
surface19,20,34,35 and thus affects the NW structure by
introducing defects or other interfaces.37,38 Although
usually overlooked, a recent study has revealed tensile
intrinsic stresses in Si NWs upon native oxide formation
under ambient conditions.34 Atomistic simulations also
exhibit a reduction in the modulus of elasticity of Si
NWs to be as much as 40% due to native oxide surface
condition while compared to the pristine surface
state.19,20,35 Similar reduction in the ultimate strength
is estimated to be up to 20%.19,20,35

(ii) Appropriate interatomic potentials for atomistic simu-
lations of surface stress and surface elasticity have to be
introduced.19,35,39 In this regard, surface stress is defined
as the reversible work per unit area needed to elastically
stretch a pre-existing surface.20,39 Surface elastic
constants represent the variation in bulk elastic constants
due to the formation of a surface.20,39 The classical
surface elasticity theory by Gurtin and Murdoch has
been widely employed for NWs.40 Similarly, classical
beam theories are extended through considering the
surface flexural stiffness41−43 along with the different
surface elasticity models.32,33,44 However, the results
e m p l o y e d t o m o d e l t h e b e n d i n g r e -
sponse21,23,27,29,32,33,45 have so far delivered various
degrees of success for the estimation of size-dependent
NW properties.

(iii) Other structural aspects such as finite deformation,
intrinsic stresses, and appropriate boundary conditions
have to be modeled for mechanical consistency and
relevance with respect to experimental condi-
tions.1,17,18,20,36,39,46 For example, the residual stress
effect is embedded in nanomechanical bending models
using different formulations,21,28−30,33 the quantification
of which is a subject of high technological demand.34,47

Uncertainties associated with boundary conditions can
also lead to discrepancies due to their direct impact on
the load−displacement relationship.18

The first two of the three sets of critical parameters listed
above are concerned with the state of the NW surface. The
effect of the surface on NW flexural deformation is commonly
considered via three main approaches: (i) the generalized
Young−Laplace linear surface elasticity model (YL),44 (ii)

modified YL,32,48 and (iii) extended YL.33 Meanwhile, YL has
also been used for extended versions of Timoshenko
nanobeams for the inclusion of surface effects.49 Recently, an
ab inito core−shell model based on surface relaxation has been
proposed to evaluate the surface effect in the bending of
NWs.50 Due to the challenges and uncertainties associated
with obtaining surface properties by experiments,51,52 these
parameters are widely studied via the first principle
methods20,53 and atomistic simulations.20,39,54 In this regard,
the relation between the surface stress and bulk elastic
modulus in NWs is revealed using molecular dynamics
(MD) simulations.55,56 The surface condition and crystalline
orientation of NW side surfaces can also be crucial for the
precision of the nanomechanical model fitted to the
experimental data.21,29,32

The initial core-surface model by Gurtin and Murdoch40 is
an idealized model as it ignores the surface layer thickness and
thus describes the surface as a stretchable but not a bendable
structure.50,57−59 This approach is further improved by a series
of core−shell models,54,58,59 where the NW cross section is
considered as a composite structure composed of a bulk core
and a surface layer of finite thickness, each with its distinct set
of elastic constants.36,60 The definition of the effective bending
rigidity is another cause of further discrepancy among
nanomechanical models.32,33 The term originates from the
local geometric nonlinearity of strains through incremental
deformation theory.33,46 Ignoring its dependence on parame-
ters such as surface-induced residual stresses renders YL and
modified YL models incapable of capturing surface stress
effects emanating from NW side surfaces.33 These effects are
significant upon large deformation of NWs leading to axial
reorientations and phase transformations.33,36 Consequently,
the effectiveness of available nanomechanical models21,23,27−31

in predicting NW bending behavior is directly related to the
extent of their parameter sets. Despite progress, anistropic
treatment of Si NW surface properties remains as the leading
challenge in this field.20,33,45

The present work addresses this challenge through a
multiscale nanomechanical model. The proposed model is
based on extended YL within the Euler−Bernoulli (EB) beam
formulation. Addressing the first two of the three critical items
mentioned above, the anisotropic implementation of surface
stress and surface elasticity is performed for a realistic native
oxide surface on Si via atomistic simulations using the reactive
force field (ReaxFF).20 Addressing the last item of structural
aspects, the model also accounts for the intrinsic effects
induced by both surface stresses and initial residual stresses.
The discussion of the model is followed by experimental
method, where bending deformation of a Si NW is examined,
and its intrinsic stress state is carefully quantified through
Raman spectroscopy.34 Finally, findings are compared to those
of prior nanomechanical models in the literature.21,23,27−30 For
this purpose, the force−deflection data obtained through the
bending test are used in different models to compute the
modulus of elasticity and fracture strength. The paper
concludes with a discussion on discrepancies among models,
highlighting the importance of developing a multiscale
theoretical framework to address size dependence of Si NW
mechanical behavior.

■ MATERIALS AND METHODS

This section introduces the nanomechanical model with its surface-
and interface-related aspects. The overall NW architecture and three-
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point bending test platform are described in Figure 1. Figure 1a
depicts a NW between support pillars and loaded at its midspan by a
force sensing probe. Figure 1b exhibits a side view with applied load,
F, and the resulting midspan deformation, w. A cross-sectional view
showing the distinct aSiO2 surface layer is provided in Figure 1c.
Based on this background, the modeling approach to the Si NW
bending response is introduced next, which is followed by the
description of surface properties, including both the unreconstructed
surface and native oxide. Finally, experimental methods will be
introduced.
Modeling of Nanowire Bending Response. The modulus of

elasticity (E) and fracture strength (S) can be predicted by using
analytical models based on continuum mechanics. An overview is
provided in Figure 1d with the effective parameters associated with
each model including large deflection, intrinsic stress, and surface
properties schematically described. At the basic level, the linear
bending response can be captured using EB beam theory,61 which was
later revised by Heidelberg et al.23 to include axial stresses due to large
deflections, with the axial load denoted by T in Figure 1d. This model
was later modified by including intrinsic stresses and surface-related
parameters. One such extension regarding intrinsic stresses was
introduced by Hudson et al.28 to account for the initial residual stress,
σ0, due to axial tension/compression loads. This treatment considers
all residual stress generation mechanisms due to semiconductor
manufacturing processes and manipulation operations for assembly
and integration.62 The modified YL surface model was also
incorporated into the Heidelberg model by Zhan et al.,29 where the
surface parameter set is defined by H in Figure 1d.

A recent demonstration by Zare Pakzad et al., the SimpZP model,21

incorporated both intrinsic stress, σ0, and surface effects, H, where
Raman spectroscopy provided the much needed input for the former
parameter. The model proposed in the present work, the ExtZP
model, represents a significant multiscale extension of the SimpZP
model, where the treatment of the surface is enhanced by
incorporating two new sets of effective parameters as exhibited in

Figure 1d: (i) anisotropic surface parameters, H11 and H22, and (ii)
surface-induced residual stresses, σxx. In the upcoming section, the
computation of surface stresses and surface elastic constants will be
elucidated using atomistic simulations. Hence, ExtZP represents the
most general approach for the interpretation of the Si NW bending
response. Its governing equation for a NW of length L and of
rectangular cross section loaded at its midsection by a point load F
(Figure 1a,b) is given in eq 1.
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where w is the transverse displacement in the z-direction, x denotes
NW longitudinal axis, E is the modulus of elasticity, I is the moment
of inertia, (EI)* is the effective flexural rigidity, T is the overall tension
along the NW, δ is the Dirac delta function, and H is the surface
parameter. H is defined as H = H11 + H22 + bhσxx, where σxx is the
surface induced residual stress and h and b are the NW thickness and
width, respectively. With terms H11 and H22 defined as effective
surface terms embedding the surface constants and geometrical
representation of involved side surfaces,33,39 eq 1 can be further
modified (eq 2).
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where the indices 11 and 22 denote the corresponding directions for
the involved planar surfaces. The first term in eq 2 with four spatial
derivatives is related to bending and resulting transverse deflections,
while the second term represents the effect of axial tension. The
components of the overall tension term, T, are given in eq 3

Figure 1. (a) Schematic representation of Si NW, clamped by monolithic support pillars and subjected to a point force applied by a force sensing
probe. (b) Schematic of a NW of length L under bending test with applied load F and subsequent deformation w at its center. (c) Cross-sectional
representation of the NW with associated height (h), width (b), and native oxide thickness (t). (d) Effective terms of different nanomechanical
models. ExtZP exhibits the model introduced in the current study. The terms T and H correspond to the axial tension due to large deflections and
surface parameters, respectively, with H11 and H22 denoting anisotropic surface terms with NW side surfaces treated separately. Intrinsic stress (σ)
terms are shown via σ0 and σxx representing the residual terms due to initial tension/compression and surface-induced effects, respectively.
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where T0 is the residual force due to initial tension/compression in
the NW and the second term represents axial tension due to large
deflections. Finally, A denotes the NW cross-sectional area. The next
five terms in eq 2 represent the surface effect via surface stress
components ( f11 and f 22), surface elasticity constants (d11 and d22),
and surface-induced residual stress (σxx). The details and formalism
regarding the treatment of surfaces and interfaces will be discussed in
the next section.

Equations 2 and 3 are solved subject to the usual clamped
boundary conditions at both ends of the NW, resulting in the solution
given in eq 4.
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This equation is reduced to the linear EB beam deflection
approximation in the case of f(α) = 1. An exact solution method
results in the formulation of eq 5.23
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(5)

To find the ultimate strength of the material (S), the maximum stress
analysis for NW at fracture results in the formulation of eq 6.27
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where R is the equivalent NW radius. g(α) of eq 6 is given in eq 7.
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where α is related to the maximum deflection by the following
transcendental equation and is used for both f(α) and g(α) terms
needed for E and S calculations. The exact solution for the
nanomechanical model is given in eq 8.
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The formulation given in eq 8 provides the solution for the calculation
of effective modulus of elasticity (E*) and S. For the E estimation, the
relation between classical bending rigidity and effective bending
rigidity as a function of surface properties and geometrical definitions
is used. Equation 9 provides the formulation for the effective bending
rigidity using the extended YL approach implemented with the ExtZP
model of this work.
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In this formulation, the average surface stresses ( f11 and f 22) and
surface elasticity constants (d11 and d22) are denoted as τ0 and Es,
respectively. Es and τ0 are often termed the surface modulus and initial
surface stress, respectively, in the literature of nanomechanical
models.32 Further details on the formulation of prior models21,23,28,29

and related bending rigidity formulations32,33,48 can be found
elsewhere.

Overall, this formulation achieves an all-inclusive theoretical
framework with significant improvements related to the interpretation
of bending deformation in Si NWs. This is achieved first due to the

Figure 2. Atomic configurations for the initial unreconstructed Si thin film (left), its exposure to oxygen (middle), and the oxidized Si (right) with
(a) (100) and (b) (110) free surfaces in the z-direction. Si and O atoms are shown with gray and orange spheres, respectively.
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incorporation of the extended YL surface model33 and initial tension/
compression terms into the analysis of Si NW bending test data.
Second and more importantly, anisotropic treatment of NW surfaces
and the resulting stiffening/softening aspects of native oxide surface
are fully implemented. The technique developed for the calculation of
the associated surface properties is introduced in the next subsection.
Surface and Interface Analysis. This section covers surface- and

interface-related aspects of the ExtZP model. MD simulations are
employed to calculate surface stresses and surface elastic constants for
Si crystal surfaces that are either unreconstructed or coated with a
native oxide layer. The details of generating the native oxide structures
with the subsequent MD approach for the calculation of surface
properties are detailed next.
Native Oxide Model. Oxidation processes are modeled at the

atomic scale by using reactive MD simulations. For this purpose,
ReaxFF is employed with LAMMPS.63 The ReaxFF potential uses the
concept of partial bond orders to accurately model bond breaking and
bond formation, approaching quantum mechanical accuracy.64 The
approach was previously employed to study the effects of temperature,
size, and stress on the oxidation of Si NWs.34,65,66 A detailed
description of the force field developed for the Si/SiO2 system can be
found elsewhere.64 This approach is proven to deliver reliable process
modeling as a function of temperature and defect generation.66 In this
work, the force field parameters developed by Newsome et al.67 are
used to model Si crystal blocks as shown in Figure 2. Periodic
boundary conditions (B.C.s) are applied along x- and y-directions,
while a nonperiodic boundary condition is applied along the z-
direction to mimic a two-dimensional structure, i.e., a thin film, with
free surfaces. The unreconstructed Si surfaces with (100) and (110)
orientations, as shown in Figures 2a and 2b, respectively, are
considered as the starting point. These models are built with crystal
orientations of (x, y, z) = ([100], [010], and [001]) and (x, y, z) =
([1̅10], [001], and [110]) using 4096 and 4608 Si atoms, respectively.
The coordinates of incident molecules of oxygen (O2) are randomly
placed on both sides of Si thin films with a total number of 800 O2

molecules, as depicted in the middle column of Figure 2. A
benchmark examination is performed to determine the appropriate
number and distribution of the O2 molecules on the upper and lower
surfaces of Si thin film models. At first, the simulation box is relaxed at
a temperature of 25 °C and under a pressure of 1 atm for 300 ps using
isobaric ensemble (NPT) with a time step of 1 fs. The final
configurations of Si structures with native oxide surface are denoted as
aSiO2−Si (last column of Figure 2) in the remainder of this work and
will be used for the calculation of surface properties, as explained next.
Calculation of Surface Properties. The reason behind the

present spread of stiffness and strength values in the literature can
mainly be traced back to the lack of a proper theoretical treatment of
surface mechanics. Despite numerous atomistic,20,39,68−70 density
functional theory (DFT),53,56,71,72 finite element (FE),73−77 and
experimental52 studies on Si surface constants, a consensus on surface
stress profiles and subsequent calculation of constants for different
crystalline orientations and surface conditions is still missing. To
quantify Si NW surface stress components, f11 and f 22, and surface
elastic constants, d11 and d22, in both (100) and (110), Martin’s
method39 can be applied to the thin film structures of Figure 2. As
periodic B.C.s are applied in x- and y-directions only, an infinite film
model with finite thickness (Lz) in the z-direction is achieved as
shown in Figure 2. The evaluation area (Afilm) consists of two free
surfaces that face each other, where the film must be thick enough to

prevent the interaction of the two free surfaces. Involved dimensions,
crystallographic orientations, numbers of atoms, and evaluation areas
for unreconstructed Si and aSiO2−Si models are listed in Table 1.

To quantify surface stress components, structures are first
equilibrated at 0.01 K by using NPT dynamics. Subsequently, the
total energy is minimized using the steepest descent and conjugate
gradient techniques. By assuming a film thickness of Lz, the surface
stress components are formulated as shown in eq 10, where η
represents the averaged strain due to the relaxation.

f f f( ) ( ) ( )
ij ij ij

film bulk
= (10)

Bulk surface stress must be estimated separately by the bulk model
and surface stress for the film model can be defined by using the stress
tensor definition, σij

film, given in eq 11. Further details about the stress
tensor of thin films can be found elsewhere.39
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L
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Similarly, surface elastic constants (dijkl) are defined as second-order
derivatives of the surface energy with respect to strain under the
plane-stress conditions highlighted in Figure 2. The usual elastic
constants for bulk (Cijkl

bulk) and film (Cijkl
film) models are calculated using

MD simulations, while, for the bulk model, the elastic constants
should be defined under plane-stress condition (Cijkl

bulk,plane) using the
relations given in eqs 12, 13, and 14.39
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The relationship between the plane-stress elastic constants of the bulk
and film models with the surface elastic constants is represented in eq
15.39
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The Tersoff−Munetoh potential78 as an empirical function composed
of two-body terms depending on the local environment is used for the
calculation of surface properties in this work. To obtain elastic
constants, infinitesimal strains are applied to the simulation box in
different directions, and the resulting variation of the energy is
measured. The associated thin film stress state, πij, is calculated using
the virial theorem,79 given in eq 16.
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where Ω0 stands for the atomic volume in an undeformed system with
N as the total number of atoms where associated atomic volumes for
Si and SiO2 are calculated via relaxation of related structures in each
crystallographic direction with further details given in ref 20. Atomic
distances between atoms α and β are represented as rαβ. vj

α stands for

Table 1. Dimensions, Number of Atoms, and Evaluation Areas of Thin Film Structures for Unreconstructed Si and aSiO2−Si
Structures with Associated Crystallographic Orientations of the Si Core

Si orientation dimensions [nm] no. of atoms

structure x y z x y z Si O Afilm [nm2]

Si (100) [100] [010] [001] 4.35 4.35 4.35 4224 37.8

Si (110) [1̅10] [001] [110] 6.15 4.35 6.15 8448 53.5

aSiO2−Si (100) [100] [010] [001] 4.35 4.35 4.50 4096 976 37.8

aSiO2−Si (110) [1̅10] [001] [110] 4.35 4.61 4.61 4608 1158 40.1
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the position of atom α along the j direction; i.e., vj
αβ = vj

α − vj
β, and V

represents the interatomic potential.
Experimental Methods. The particular bending test approach of

Figure 1a introduces ample space between the NW specimen and the
substrate, thereby allowing large out-of-plane deflections.21,25 Si NW
is thus subjected to a point force applied by a force sensing probe. As
both the Si NW specimen and the microscale supports are fabricated
monolithically within the same crystal, there are no interface effects,
such as those encountered in pick-and-place assembly or vapor−
liquid−solid (VLS)-based synthesis work, that would cause ill-defined
mechanical B.C.s in the present bending architecture. This structure
was achieved by using a top-down fabrication technology developed
specifically for Si NW integration in MEMS.22,25,80 The process flow
is based on a combination of shallow and deep etch processes for the
definition and release of Si NW, respectively, with the resulting NWs
subjected to a series of structural studies.22,25,34,81 Si NWs of this work
are patterned with a line width of 80 nm along the ⟨110⟩ direction on
a p-type ⟨100⟩ Si wafer. Further details associated with the fabrication
approach can be found elsewhere.21,22,25,34,80 A series of transmission
electron microscopy (TEM) images obtained through focused-ion
beam (FIB) milling reveal the cross-sectional features of the Si
NW.21,22,25,34,80

The in situ three-point bending test is performed within the
vacuum chamber of dual-beam FIB/SEM equipment at ambient
temperature. A micromanipulator equipped with a piezoresistive
cantilever-based Kleindiek force sensor is used to measure the applied
load, F, while the bending deflection, w, is quantified through image
analysis of micrographs. Upon contact with the test sample, the
piezoresistive gage produces an analogue voltage output, which is
converted into a force value according to a former calibration step and
recorded with a sampling period of 1 s. An image correlation software
(VEDDAC6) is used in pixel-level precision for each force
measurement. Loading is continued until fracture. Further details
related to the three-point bending method can be found else-
where.21,25,34

For the interpretation of the F−w data obtained from the bending
test, one needs to assess the total uniaxial intrinsic stress, σ, due to
two residual stress components generated in the Si NW: (i) the initial
tension/compression force, T0, and (ii) surface-induced residual

stress, σxx. σ is quantified via Raman spectroscopy in a home-built μ-
Raman setup equipped with a Princeton Instrument SP-2500
spectrometer. In this measurement, a laser beam of 488 nm
wavelength is used as an excitation source with a spot size of 1 μm
achieved through a beam splitter and microscope objective lenses. An
integrated microscope with the measurement setup is used to focus
the microspot on the NW. This facilitates a line scanning system to
analyze the Raman shift along the entire length of suspended Si NWs
with a high spatial resolution. The Raman shift (Δω) can be related to
the uniaxial intrinsic stress along the NW using the stress shift
coefficient (SSC).82 A broad range of SSC is reported for Si NWs,
where the SSC of −1.93 × 10−9 cm−1 Pa−1 is recommended for NWs
for sub-100 nm thickness.82 Therefore, the relation given in eq 17 is
used for the intrinsic stress, σ, calculation, where S11 and S12 are the
elastic constants and p and q are the phonon deformation profiles.
Further details related to the calibration of the laser power, Raman
analysis, and the determination of related constants can be found
elsewhere.21,34,82
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= [ + + ] =

= × × [ ] (17)

■ RESULTS AND DISCUSSION

This section starts with the determination of surface
parameters, including surface stresses and surface elasticity
constants for both unreconstructed and native oxide surfaces.
This is followed by the characterization of the bending
response of a Si NW. The resulting force−deflection
relationship is then interpreted to extract the modulus of
elasticity and strength of the Si crystal. These results are
compared and contrasted with those obtained by the existing
models from the literature.
Surface Properties. The modeling of oxidation on (100)

and (110) crystalline Si surfaces was already introduced in
Figure 2, where free surfaces exposed to oxygen are defined in

Figure 3. (a) Magnitude of the Si−O pair distribution as a function of time for aSiO2−Si thin films. (b) PDF of Si−O for Si NWs at 300 ps. For
each aSiO2−Si structure with (c) (100) and (d) (110) free surfaces, the side surfaces are shown with associated color codes representing diamond
cubic structure analysis results. The color bar indicates the amorphous and cubic diamond structures with related first and second neighbors.
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the z-direction. The atomic snapshots in the last column,
aSiO2−Si, exhibit the outcome of this process at room
temperature. The oxide formation on Si surfaces is studied
first through measuring the pair distribution functions (PDFs)
to characterize the arrangement of distances between pairs of
particles within a specific volume. Figure 3 demonstrates the
magnitude of the pair distribution for Si−O bonds over the
simulation time. Oxidation occurs with a high rate within the
first 30 ps and then reaching a steady-state condition after 90
ps. Figure 3b depicts the PDF of Si−O bonds at 300 ps as a
function of the bond length (rSi−O). A peak at 1.70 Å is
observed for the PDF of oxide. The average Si−O bond length
of 1.60 Å has been reported previously using MD
simulations.34,83,84 Similarly, the native oxide thickness is
measured using the diamond crystal structure analysis while
identifying Si core and native oxide regions.85 Figures 3c and
3d demonstrate the diamond cubic crystal in Si core in x−z
and y−z cross sections for (100) and (110), respectively, while
an amorphous native oxide layer is formed on the upper and
lower surfaces. Results indicate a native oxide thickness ranging
between 0.5 nm and 0.7 nm encapsulating the Si crystal, which
is comparable to previous experimental observations37,86 as
well as MD simulations.34,38,65

Once atomistic configurations for crystalline Si with and
without a native oxide layer on the free surface are generated
successfully, the calculation of surface constants is the
subsequent step. The method for obtaining surface properties
as discussed before is applied to nanoscale thin films of

unreconstructed Si and aSiO2−Si depicted in Figure 2 and
listed in Table 1. The surfaces are relaxed using the conjugate
gradient method for the calculation of the surface stress and
surface elastic constants. The applicability of this method was
previously examined on pure Si surfaces using different
interatomic potentials which provided good agreement with
prior MD and DFT studies on surface properties of Si thin
films.20,39,68,69,87

Stresses obtained according to eq 16 are depicted in Figures
4a and 4b for unreconstructed Si and aSiO2−Si thin films,
respectively. Stress profiles of Figure 4a demonstrate stress
variation within only 2 to 3 atomic layers in the proximity of
the free unreconstructed Si surface. This finding agrees well
with prior reports on unreconstructed Si surfaces.39,71 With the
modeling approach thus validated, the objective behind the
modeling of the unreconstructed Si thin film is achieved. On
the other hand, for aSiO2−Si thin films of Figure 4b, a
significant stress variation is observed within 5 to 6 atomic
layers colored with yellow in the plots. The distribution of
stresses in the bulk crystal and free surface zones is also
comparable to those in prior reports.20,39,53,71 While stress
estimations range between −3 and +3 N/m for unrecon-
structed Si film structures, this changes from −12 to +12 N/m
for aSiO2−Si films. The ability thus achieved to quantify
surface stresses will provide further insight into native oxide
growth88,89 and associated stiffening/softening effects due to
changes in surface constants.20,39,53,71

Figure 4. Atomic stresses for (a) unreconstructed Si and (b) aSiO2−Si film structures with (100) and (110) free surfaces of the crystalline Si core.
The stress components, f11 and f 22, are shown for each of the atomic structures studied here.

Table 2. Surface Stress and Surface Elastic Constants for Unreconstructed Si and aSiO2−Si Structures with Associated
Crystallographic Orientations of the Crystalline Si Core

surface properties [N/m]

structure f11 f 22 d11 d22

Si (100) −0.88 −0.88 −8.77 −8.77

Si (110) −1.57 −0.95 +3.40 −15.10

aSiO2−Si (100) −2.57 ± 0.15 −2.57 ± 0.15 −7.16 ± 1.24 −7.16 ± 1.24

aSiO2−Si (110) −6.33 ± 0.50 −4.90 ± 0.50 +9.05 ± 3.51 +47.82 ± 4.01
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Having observed stress profiles within the immediate
proximity of oxide surfaces, surface stress components, f11

and f 22, and surface elastic constants, d11 and d22, are calculated
using eqs 11 and 15, respectively, and tabulated in Table 2.
The variation of surface properties is obtained with the
evolution of stress and elastic components along the film
thickness tracked. In this respect, calculated surface properties
can be compared to those of previous studies on unrecon-
structed and oxidized Si thin films.20,39,68,73−77 The surface
stress and surface elastic constants calculated for unrecon-
structed (100) and (110) Si surfaces are in perfect agreement
with prior MD20,39,68,70 and DFT56 reports modeled via
different interatomic potentials. Despite the differences
between the atomistic approaches, the surface elastic constants
for unreconstructed (100) Si films also match well with Miller
and Shenoy’s constants.54 Moreover, the surface stress
constants obtained for unreconstructed (100) Si surface are
in a good agreement with the predictions of prior FE
studies.73−77

Similarly, aSiO2−Si surface constants are compared to those
found in a limited number of reports. Prior DFT studies on
oxidized (100) Si surface reported compressive surface stresses
ranging between 3.2 and 4 N/m depending on the structure of
native oxide.72 The surface stress constants given as f11 and f 22

in Table 2 for aSiO2−Si (100) are of the same sign and are in
close range. The average of the surface stress components, f11

and f 22, reported as 10.3 N/m in compression by Melis et al.53

agrees well with those for aSiO2−Si (110) given in Table 2.
Considering vastly different computational approaches em-
ployed for the calculation of surface properties, the deviations
observed between the predictions are quite accept-

able.20,38,53,69,71−73 The surface properties including surface
stress components ( f11 and f 22) and surface elastic constants
(d11 and d22) given in Table 2 are presented graphically in
Figure S2.

In summary, Table 2 demonstrates a set of significant
differences in surface mechanics introduced by oxidation. It is
interesting to see that the presence of oxide also amplifies
anisotropic effects, as properties such as f 22 and d22 become
even more orientation sensitive compared to unreconstructed
Si surfaces. Therefore, it is clear that any interpretation of
mechanical testing on Si NWs should incorporate the surface
state with precise chemistry and crystal orientation. The
constants listed in Table 2 are derived using the described
method in this study, and the obtained results are verified
through energy-based calculations. The objective of the
findings presented here is to establish a standardized approach
by considering different surface states or crystallographic
orientations rather than providing a mere case study. This
approach aims to address the need for revisiting the previously
reported scattered constants obtained by using various
methods and interatomic potentials. By providing a stand-
ardized framework, this study provides a guideline to
characterize the surface properties of Si.

The greater surface constants obtained in this study for
aSiO2−Si structures, when compared to unreconstructed Si
films, provide an explanation for the findings reported by
Pennelli et al.52 Table 2 shows that the surface constants for
aSiO2−Si structures are more consistent with the experimental
results52 than the frequently performed comparison with pure
Si surfaces.56,70 Despite the difference in Si orientation, the
observed increase in surface stresses of Si structures due to

Figure 5. (a) Scanning electron micrograph of suspended Si NWs between support pillars. (b) Close-up micrograph showing dimensions and
trench. (c) Raman spectra measured through a line on the support pillar and Si NW. (d) F−w data obtained through a three-point bending test and
fitted curve using the ExtZP nanomechanical model.
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oxidation as highlighted by the data in Table 2 is also in
alignment with prior experimental determination of adsorbate-
induced surface stress on (111) Si surfaces.90 The significant
compressive f11 and f 22 components obtained for aSiO2−Si can
be traced back to the mismatch between the native oxide and
crystalline Si lattice constants.53 The strong dependence of
surface properties on oxidation conditions such as the
temperature, time, and crystallographic orientation is also
consistent with previous reports in the literature.20,52,72

Si NW Bending Response. The particular ⟨110⟩ Si NW as
the test specimen of this study is shown in Figure 5a, a close-up
of which is provided in Figure 5b. The close-up demonstrates
the monolithic nature of the architecture, with an etch depth of
10 μm and a NW length of 8 μm. The cross-sectional analysis
of Si NW was performed using the FIB milling process,
followed by TEM imaging, as reported previously in ref 21.
The Si NW cross section is found to be of a trapezoidal shape
with a height of 70 nm and a width increasing from 90 nm at
the top NW surface to 98 nm at the bottom.21 A conformal
native oxide layer with a thickness of 3 nm is also observed.21,25

After measuring NW dimensions, Raman spectroscopy is
employed to measure Si NW intrinsic stress, σ, of eq 17. For
this purpose, line scans are taken along both the Si NW and
support pillars, the latter representing bulk measurement.
Figure 5c shows the results of such line scans, where Raman
shifts of 519.0 and 517.5 cm−1 are obtained for the support
pillars and Si NW, respectively, resulting in a downshift of 1.5
cm−1. Thus, a tensile stress of 789 MPa is measured via the

Raman shift formulation of eq 17. Further insights into the
determination of stress arising from the formation of native
oxide and comparable computational investigations involving
intrinsic stresses utilizing reactive MD can be found else-
where.34 Finally, the bending response of the Si NW
characterized through an in situ three-point bending test is
shown in Figure 5d in the form of a F−w curve. It exhibits a
nonlinear response with a force range up to 12 μN and
associated midpoint deflection ranging up to 1 μm. Note that
this deflection is almost 15 times larger than the NW height,
thereby necessitating nonlinear formulation. The ExtZP model
is then fitted to the experimental data to estimate E and S. For
this purpose, surface stress components ( f11 and f 22) and
surface elasticity constants (d11 and d22) for aSiO2−Si (110)
listed in Table 2 are used as surface constants. The resulting fit
curve is also shown in Figure 5d. The force−deflection fit
provided in Figure 5d is obtained with the ExtZP model by
considering the native oxide surface state, i.e., aSiO2−Si (110),
with the corresponding parameters listed in Table 2. Estimated
stiffness and strength values for the Si NW and their
interpretation are provided next.
Interpretation of Test Results. In addition to the ExtZP

model of this work, the F−w response of Figure 5d is examined
via a series of other models as mentioned in Figure 1d, and the
predictions for E are tabulated in Figure 6a. The resulting fit
curves via the Heidelberg, Hudson, Zhan, and SimZP models
are given in Figure S1. First of all, considering midpoint
deflections exceeding the NW height by at least 1 order of

Figure 6. (a) Modulus of elasticity predictions for each nanomechanical model. Arrows indicating trends are accompanied by effective terms
involved in each case. (b) A comparison of the predictions of (a) with the literature reporting the modulus of elasticity for top-down ⟨110⟩-oriented
Si NWs. The inset shows the distribution of modulus of elasticity predictions within a narrow zone between 50 and 130 nm of critical NW
dimension. The scatter due to the use of different models for the interpretation of a single test data is 85 GPa, a significant value that questions the
physical nature of the scatter reported previously.
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magnitude, large deflections (Heidelberg model23) have to be
accounted for with the resulting tensile load, T, along the NW
axis. This approach yields a modulus of elasticity of 123 GPa.
Incorporating an extra term for the initial tension, T0,
according to the Hudson model28 decreases E to 95 GPa.
On the contrary, if Raman results yielded a compressive
intrinsic stress, the estimated modulus of elasticity would have
increased. If, instead of initial tension, surface parameters, f11

and d11, are taken into account according to the Zhan model,29

E is increased to 178.9 GPa. With the SimpZP model
embedding both the initial tension, T0, and surface parameters,
f11 and d11, into the formulation, E is estimated as 138.4 GPa.
Finally, using the ExtZP model developed in the current study,
E is reduced to 113.2 GPa, as all related parameters including
anisotropic surface stresses, f11 and f 22, surface elastic
constants, d11 and d22, and surface-induced residual stress,
σxx, are taken into account. Findings for E along with those
regarding E* (if applicable) with all models of Figure 1d are
listed in Table 3. A comparison of E with other top-down

studies on ⟨110⟩-oriented Si NWs is provided in Figure 6b.
Despite similar dimensions and crystalline orientation, no clear
trend is exhibited by this overview of the literature. Some
estimations, e.g. by Han et al.91 and Hsin et al.,92 differ by as
much as three times. The inset further depicts the distribution
of modulus of elasticity estimations in close proximity of the
particular NW critical dimension of this study, where
predictions of all five models of Figure 1d obtained on single
test data are highlighted with an 85 GPa peak-to-peak
variation. This perspective shows how critical the modeling
is in the interpretation of NW bending response.

Based on the same test data, a similar deviation between
strength, S, estimations by different models is obtained.
According to Table 3, S estimations range from 7.8 to 10.5
GPa according to Hudson and SimpZP models, respectively,
an appreciable 2.7 GPa difference. This stems from the
utilization of various combinations of surface and intrinsic
terms in different models, as illustrated in Figure 1d. They
enter the formulation through the correction factor, g(α), of eq
6. For example, implementing an initial tension, T0, in the
Hudson model28 reduces S from 8.4 GPa, as predicted by the
Heidelberg model,23 to 7.8 GPa. It recovers back to 8.5 GPa,
when H is considered according to the Zhan model.29 The
prediction for S increases to 10.5 GPa, when the SimpZP
model incorporates both of the aforementioned terms of
Hudson and Zhan models. Finally, the surface treatment of
ExtZP model provides a fracture strength of 7.2 GPa. In this
context, the ExtZP model demonstrates the lowest fracture
strength compared to all other models considered in this study.
The ExtZP model stands out as the only model that integrates
the entire set of the surface properties, encompassing surface
stress, surface elastic constants, and intrinsic stresses. There are

other parameters, such as surface defects, influencing the
fracture strength,13 which needs further investigation in the
development of nanomechanical models. Considering strength
estimations for Si NWs ranging from a few MPa to 20 GPa in
the literature,1,13 the deviation of 2.7 GPa observed here is
again significant. Similar to the discussion on elasticity, this
deviation highlights the necessity for an all-inclusive model for
the quantification of strength.1,13 Strength levels of most Si
NWs deviate from the theoretical strength of single-crystal Si
estimated as 21−23 GPa.13 In addition to the modeling and
interpretation of test data, statistical analysis is also necessary
due to the brittle nature of fracture.13,93,94 Hence, as long as an
appropriate model is used, increasing the number of tests will
further enhance the understanding in this field.95

The literature can be further investigated from a modeling
standpoint. For example, considering studies that rely on linear
modeling, one would expect no scale effect as already
demonstrated in refs 92 and 96. On the contrary, an increasing
trend for modulus of elasticity with increasing critical
dimensions is often reported in refs 91 and 97−99. The only
investigation displaying a reduction in E with the increase of
critical dimension, as presented in Figure 6, also relied on
linear modeling.100 Thus, incorporating nonlinearity into the
modeling of elasticity in Si NWs appears to be highly essential.
To further enhance the accuracy of interpretation, modeling
efforts should take into account the influence of surface states,
such as roughness, as well as the possibility of defects
formation during NW fabrication.94,96,101,102

By performing a benchmark analysis of the F−w response of
a single Si NW using various models, this paper addresses the
origins of the scatter of basic Si NW properties in the literature.
It is supported by a careful analysis of intrinsic stresses as well
as the anisotropic modeling of all NW surfaces with the actual
oxide layer. Possibility of compressive intrinsic stresses in
previous bottom-up Si NW studies makes it exceedingly
challenging to compare recent findings with those in earlier
literature. However, the benchmark study presented in this
work should encourage a cautious approach to the prediction
of nanomechanical properties. Despite being more complex,
the need for a reliable model is justified by the current
fragmented state of the literature on both the elastic and
strength properties of Si NWs. Considering all relevant terms
that affect the mechanical behavior, the ExtZP model
represents a superior approach to the interpretation of test
data with minimal assumptions. Simplifications such as
avoiding intrinsic and surface effects have to be avoided. In
addition to selecting a model, there are other requirements for
refining E and S estimations for Si NWs. Increasing the
number of tests, along with rigorous statistical treatments, is
one of them. Finally, extra caution should be exercised when
comparing experimental results obtained on nanostructures to
computational findings on pristine crystals.

■ CONCLUSION

As bending tests are the leading type of nanomechanical
characterization technique applied to all types of one-
dimensional nanoscale building blocks including Si NWs,
their interpretation through appropriate modeling is of utmost
importance. In this regard, the ExtZP model introduces two
critical parameters into the treatment of the bending response
of Si NWs. First, intrinsic stresses are considered, which are
composed of initial residual stresses and surface-induced
residual stresses and are obtained through Raman spectrosco-

Table 3. Effective Modulus of Elasticity (E*), Modulus of
Elasticity (E), and Fracture Strength (S) Estimations Using
Different Nanomechanical Models for the Si NW Studied
Here

property Heidelberg23,27 Hudson28 Zhan29 SimpZP21
ExtZP (this

study)

E*
[GPa]

N/A N/A 126.0 99.0 85.0

E [GPa] 123.0 95.0 178.9 138.4 113.2

S [GPa] 8.4 7.8 8.5 10.5 7.2

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.3c02077
ACS Appl. Nano Mater. 2023, 6, 15465−15478

15474

www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c02077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


py. Similarly, surface stress and elasticity components are
obtained in an anisotropic fashion, thus taking the crystalline
orientation and native oxide presence on all Si NW surfaces
into account. Results on pristine Si surfaces are used for
validation purposes and are then compared to those obtained
on oxidized surfaces. Significant variations in surface
mechanical properties are induced by oxidation. The inclusion
of oxide is found to magnify anisotropic effects, resulting in
increased orientation dependence in properties such as f 22 and
d22, which may account for previous experimental observations.
By demonstrating stress fluctuations ranging from −3 to +3 N/
m in unreconstructed Si films and from −12 to +12 N/m in
aSiO2−Si films, the observed results offer a greater
comprehension of the stiffening or softening effects that result
from the formation of native oxide.

On the experimental side, in situ bending test data are
obtained on a single Si NW with its intrinsic stress state
quantified by Raman spectroscopy. The resulting load−
deflection curve is then interpreted through a series of models
with increasing complexity, including the ExtZP model as the
most involved one. Findings demonstrate a spread of 85 GPa
for the modulus of elasticity. The results acquired from the
models are also compared and contrasted with the previous
literature that focused on the modulus of elasticity of ⟨110⟩-
oriented Si NWs. Considering the fact that Si NWs are one of
the most studied and most commonly employed nanoscale
building blocks, it would be reasonable to assume that other
materials suffer from the same extent of oversimplification in
the interpretation of bending test results. A similar conclusion
is reached for strength with variations of up to 3 GPa among
the aforementioned nanomechanical models. It is to be
emphasized that as a single test data was analyzed through
different models resulting in this significant level of variation,
this approach does not exclude the statistical nature of fracture.
It can similarly be improved by incorporating other surface
parameters such as roughness. Precise consideration of the
NW surface state is thus critical to comprehend the mechanical
behavior of Si NWs accurately. Although parameters such as
anisotropic treatment of NW surfaces including crystal
orientation of side surfaces and the presence of native oxide
have so far been excluded from the nanomechanical models,
this work shows their consideration makes a significant
difference. It thus highlights the need for a multiscale
theoretical framework to fully understand the size-dependent
mechanical behavior of Si NWs and other one-dimensional
nanostructures. This understanding will be crucial for the
improvement of design and reliability assessment, and
therefore the commercialization, of future nanoelectromechan-
ical systems.
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