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Abstract

Molecular dynamics simulations are employed to study the effect of native ox-
ide on the size-dependent mechanical properties of silicon nanowires. Despite
their immense potential as essential building blocks in nanoelectromechanical
systems, mechanical behavior of silicon nanowires still needs further atten-
tion for a full understanding. The leading source of ambiguity can be traced
back to the fact that the presence of native oxide on silicon nanowire surfaces
is ignored when interpreting nanomechanical test data, when it comes, for ex-
ample, to converting force and deflection measurements to stress and strain.
This problem needs immediate attention, because, first, nanowires have a sig-
nificant surface area, and second, native oxide is the dominant surface state.
With prior work reporting conflicting dimensional and computational view-
points regarding the effect of native oxide on silicon nanowires properties,
size dependence of nanowire mechanical properties is investigated here with
great attention placed on critical size and atomistic simulation perspectives.
For this purpose, Tersoff-Munetoh and modified Stillinger-Weber potentials
are employed in this intensive computational study to address the influence of
size and crystal orientation on nanowire elastic behavior and tensile strength.
As a result, a striking set of differences is obtained. First, the presence of
native oxide layer is observed to decrease both the modulus of elasticity and
the ultimate strength. The reduction in the modulus of elasticity is observed



to be as much as 30% and 40% for < 100 > and < 110 >-oriented nanowires,
respectively. Similarly, the reduction in the ultimate strength is estimated
to be as much as 20% using the modified Stillinger-Weber potential, which
proved to be more suitable for strength analysis compared to Tersoff-Munetoh
potential. Finally, the failure behavior is studied through the ductile failure
probability calculations, where a higher size-dependent failure probability is
observed for decreasing nanowire width upon oxidation. These results shed
light on the background of existing inconsistencies between experimental and
numerical findings in the literature, as opposing trends for silicon nanowire
stiffness and strength were reported with decreasing size. The study pro-
vides a guideline to quantify the scale effect in silicon nanowire mechanical
behavior as a combined outcome of oxide thickness, nanowire size and crystal
orientation and thus to reduce the extent of uncertainties originating from
inadequate interpretation of nanomechanical test data.

Keywords: Silicon nanowire, molecular dynamics, tensile behavior, native
oxide, elastic modulus, strength

1. Introduction

Among the low-dimensional nanoscale materials that increasingly find ap-
plications in high-performance devices of diverse nature, nanowires (NWs)
and nanotubes are of particular interest due to their utilization in the fields
of electronics, energy harvesting and storage, sensing and communications
(1, 2, 3, 4,5, 6]. In the specific case of silicon (Si) NWs, this trend is fueled
by a multitude of applications ranging from gate-all-around transistors [7, §]
to next-generation mass spectrometers [9, 10] with the latter representing
a nanoelectromechanical system (NEMS) [11]. Such NEMS devices entail
the potential of extreme miniaturization of today’s sensors. Demonstrated
by a series of exploratory studies [12, 13, 14], this miniaturization brings
about the benefits of improved sensitivity and power consumption in sensor
applications. Due to its ease of integration with electronics, maturity of fab-
rication technologies, and well-understood transduction via piezoresistivity,
Si remains in the forefront of the miniaturization effort [2, 4]. As Si NWs
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serve as the core mechanical building block in NEMS applications, a solid
understanding of the scale effect on the mechanical properties is an inherent
part in NEMS design and implementation. However, it is also the very scale
that poses significant challenges for NW characterization [4, 15].

These challenges take different forms in experimental and modeling stud-
ies. In mechanical characterization experiments, physical requirements for
reliable testing, such as alignment of the Si NW sample with respect to load-
ing axis and imposing suitable boundary conditions are very stringent [16].
Various testing techniques including bending, uniaxial loading, indentation,
and resonance address certain aspects of these requirements with varying
levels of success [4, 5, 17]. In addition to the issues related to the mechani-
cal nature of testing, challenges due to processing and metrology — sample
preparation, device calibration and setup resolution in addition to the ex-
traordinary challenges of in-situ characterization — contribute to the fact
that the resulting spread in measurements remains significant. As a result,
Si NW strength below the critical dimension of 400 nm is currently reported
to cover several orders of magnitude ranging from 100 M Pa up to 21 G Pa,
the theoretical strength of the crystal [4, 5, 15]. On the other hand, theo-
retical approaches including molecular dynamics (MD) simulations, ab initio
and first-principal methods [4, 2| are very powerful techniques to study the
mechanical properties using the force fields. In a similar fashion, such efforts
also result in a wide range of estimations of Si NW mechanical properties
[4]. This can be predominantly attributed to an inconsistent use of constitu-
tive models for the study of surface bond reconstruction and nonlinearity in
elasticity [4, 5, 2], and thus deserves a closer scrutiny.

Size-dependent mechanical properties of Si NWs have been modeled by
MD simulations considering primarily parameters such as the NW diameter
[18, 19, 20, 21, 22, 23] and its geometrical shape [24, 25, 26]. Surface-related
properties of NWs were also addressed [21, 24] taking surface stress [27] and
side surface crystalline orientations [28] into account. In addition to atomic
simulations, continuum formulation was employed as well to address size
dependence [4, 27]. However, most studies — both MD and continuum —
considered the unreconstructed and passivated Si NW surfaces [29, 22, 30,
31, 32] while studying surface stress [27] and surface elasticity [33], thereby
ignoring the presence of the native oxide as the primary surface structure
(34, 35, 36, 37]. This native oxide layer, known to be amorphous silicon
dioxide (aSiOs) [38, 39], affects the local structure through creating interfaces
and introducing defects [40, 41, 42]. This becomes especially significant at
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the nanoscale, where minuscule variations in the oxide thickness and shape
can lead to major changes in Si NW properties [43, 44, 45, 46, 47, 48, 49].
Despite the degree to which the native oxide is expected to affect Si NW
mechanical behavior, to our knowledge, very limited work has been reported
so far. For example, the existence of a compressive stress near the aSiO,/Si
interface was demonstrated in Si NWs [50] which can alter the surface stress
state due to surface reconstruction. Another study on bending properties of
oxidized Si NWs reported the reduction in NW stiffness due to the oxide layer
when compared with pure Si NWs [49]. More recently, the effect of the native
oxide was investigated via MD tensile modeling, where the effective modulus
of elasticity and fracture strength were reported to decrease with increasing
oxide thickness [51, 46]. Furthermore, predicting a negligible size effect in the
case of Si nanocantilevers, findings of such theoretical studies remain in stark
contrast with those of experimental investigations [44, 52]. In addition to the
surface state, such disagreement between theory and experiment can also
be linked to the specific interatomic potential used in MD simulations [25].
There are numerous interatomic potentials developed for Si and oxygen (O)
including the Tersoff-Munetoh [53], Stillinger-Weber (SW) [54, 55|, modified
SW [56], and Vashishta [57] potentials. Similar to the elastic behavior, size-
dependent brittle-to-ductile transition and orientation-dependent failure of
Si NWs were previously studied using various interatomic models [29, 20,
58, 59, 21]. In this regard, there are studies putting forward both the slip
mechanism [26, 60] and the crystal-to-amorphous phase transition [61, 62] as
the source of ductility.

It is against this background that the present work is concerned with the
mechanical behavior of Si NWs with a native oxide surface layer. MD sim-
ulations are used to model Si NW tensile behavior with an unreconstructed
surface and native oxide using the Tersoff- Munetoh [53] and modified SW
[56] potentials. The impact of the native oxide on the modulus of elasticity,
yield and ultimate strength is studied in < 100 > and < 110 >, the two
most relevant crystallographic orientations found in top-down fabrication of
Si NWs [4]. Furthermore, due to expected rectangular/square geometry of
NWs upon top-down fabrication, the selection of the cross-sections are de-
cided to be square opposite to circular cross-sections commonly encountered
in < 111 > oriented Si NWs as outcome of bottom-up fabrication attempts
[4, 63]. In the remainder of this paper, details of the interatomic poten-
tials and simulation methods are discussed first. This is followed by a case
study on the native oxide effect on two different orientations with varying
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interatomic potential, oxide thickness and NW length-to-width ratio. Fur-
thermore, the analytical approach based on the core-shell model is employed
for the comparison with MD results. The paper is concluded with a study on
the orientation and interatomic-potential-dependent failure behavior in the
presence of native oxide.

2. Materials and Methods

In this section, first the description of methods used to perform atomistic
study on tensile behavior of Si NWs with and without native oxide is given.
This includes geometrical definition and interatomic potentials used in this
study. This is followed by the details of the analytic model, utilized for the
estimation of the effective modulus of elasticity of NWs. MD simulations
are employed to study the impact of native oxide on the tensile behavior of
Si NWs. NWs with native oxide are denoted as aSiO9-Si NWs throughout
the rest of this work. Si NWs with unreconstructed surfaces are simply de-
noted as Si NWs. MD simulations are carried out on Si NWs along < 100 >
and < 110 > crystal orientations using LAMMPS [64]. The initial configu-
rations of Si NWs and aSiO,-Si NWs are schematically shown in Figure 1.
Periodic boundary conditions (B.C.s) were applied along z-direction, while
applying fixed boundary condition along y- and z-directions to model a part
of an infinite NW. The interaction between atoms in Si NWs and aSiO»-Si
NWs are modeled by the Tersoff-Munetoh [53] (TM), and modified SW [56]
(m-SW) potentials. The details of the corresponding expressions and coeffi-
cients of the formulations for the TM and m-SW potentials can be found in
the associated references. [53, 56] Figure 1 shows the geometrical definitions
of the NW including width (W), oxide thickness (¢), and length (L) while
the length-to-width (L/W) ratio is denoted as the aspect ratio (AR). MD
simulations are performed at a temperature of 10 K to obtain a quasi-static
system. An initial velocity with a Gaussian distribution was assigned at a
temperature of 10 K. This was followed by the energy minimization using the
conjugate gradient method as a static relaxation. This energy minimization
removes any excessive stress in the atomic structure for the dynamic equilib-
rium step. Then the structure was dynamically equilibrated at 10 K for 60
ps using the Nose-Hoover isobaric-isothermal (NPT) ensemble with a time
step of 1 fs. After the equilibration, the simulation cell was deformed along
the NW longitudinal direction with a strain rate of ¢ = 5 x 10%s~!, which is
in the range of strain rates suitable for tensile tests in MD simulations. [29]



Silicon
Native Oxide

Figure 1: Cross-sections of models for (a) Si NWs and (b) aSiO2-Si NWs studied here where
surface condition of NWs are represented with close-ups. Si and O atoms are shown with
blue and red spheres respectively. (c) The simulation box with a representative aSiO5-Si
NW with periodic B.C. applied along the NW direction (z) and non-periodic B.C.s applied
along two other directions (y-direction and z-direction). Dimensional parameters defining
NW sizes as width (W), length (L) and native oxide thickness (¢) are shown here.

For a quasistatic system with negligible thermal oscillations, atomic stress
based on the virial theorem [65] can be written as:

N N

mi= g [ 03 s T D ] 1)

a=1 f#a

where )y stands for the atomic volume in an undeformed system with N as
the total number of atoms. Atomic distances between atoms « and 3 are

represented as 7. v§ stands for the position of atom « along j direction, i.e.

vj‘ﬁ =vj — UB and V represents the interatomic potential. The virial stress
can be computed as a sum over all atoms (and atom pairs) in the simulation
cell and then divided by the cell volume, i.e. the volume of the NW in this
work.

The structure of aSiO9-Si NWs can be considered as an aSiO, layer encap-
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sulating a crystalline Si core. Hence, the core-shell model can be utilized as
the basic approach to implement the surface effect on the elastic response.
The core-shell model describes the NW as a combination of a core and a
surface region with a distinct set of elastic properties. Considering a finite
thickness of ¢ for the surface layer, the modulus of elasticity of the NW, £
under tensile load is given in Eqn. 2 where the moduli of elasticity of bulk
Si and aSiO, are denoted by Eg; and E,g;0,, respectively [66, 67].
Eusio, t t?

E = Egll + 4(E—Si 1>(W W)] (2)
Although the core-shell models are capable of considering the surface effect, a
close estimation of E,g;0, and ¢ are required. In this work, Eg; and E,gs;0, are
computed via tensile MD simulations, while Eqn. 2 is used for the estimation
of the accuracy and trends of NW tensile simulation results. To estimate Fg;
and F,s,0,, tensile tests are performed with the TM and m-SW potentials
using periodic boundary conditions in all directions. Thus, the effect of native
oxide on the mechanical behavior of Si NWs is studied using both MD and
analytical models.

3. Results and Discussion

The influence of native oxide on the mechanical properties of Si NWs
will be presented in this section through studying i) modulus of elasticity,
ii) ultimate strength, and iii) fracture behavior. Results will be presented in
the following sequence:

e In the first step, the reliability of interatomic potentials is studied for
Si NWs and aSiO,-Si NWs of the same size.

e Then, the effect of oxide thickness and AR is investigated using TM
and m-SW interatomic potentials.

e Next, a comparison with the core-shell model is carried out to evaluate
limits associated with using analytical methods to estimate the modulus of
elasticity.

e Then the impact of the native oxide on the ultimate strength of Si NWs
is studied based on both potentials.

e This is followed by a benchmark study on the role of crystal orientation
on the performance of interatomic potentials.

e At the end of this section, the failure behavior of aSiO,-Si NWs is
compared to that of Si NWs.
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Figure 2: Stress-strain curves of Si NWs and aSiO3-Si NWs modeled using the (a) TM,
and (b) m-SW potentials. The associated orientations of Si crystal in NWs as < 100 >-Si
and < 110 >-Si are depicted with solid and dashed lines, respectively. The corresponding
change in stress-strain curves of Si NWs with native oxide (blue curves) compared to Si
NWs with unreconstructed surface (red curves) exhibit the change in modulus of elasticity
(slope of stress strain curve at strains <4%) and ultimate strength (maximum stress) of
NWs due to presence of native oxide.

For a comparison of the TM and m-SW interatomic models, the mechan-
ical properties of NWs are studied with L = 100 nm, W =5 nm, and t = 0.5
nm. Figure 2 depicts the stress-strain curves for Si NWs and aSiOs-Si NWs
modeled with both potentials. For small strains, the stress-strain relation is
linear representing the elastic regime for all NWs, where the modulus of elas-
ticity can be directly estimated. The stress then changes non-linearly reach-
ing the ultimate strength. Beyond this point, and accompanied by necking,
it decreases until fracture. The modulus of elasticity and ultimate strength
measured from the stress-strain curves for Si NWs and aSiOs-Si NWs are
summarized in Table 1. Results show a reduction in the modulus of elas-
ticity of aSiO9-Si NWs compared to that of Si NWs. This change is about
25% and 30% for NWs along < 100 > and < 110 > crystal orientations,
respectively.

The yield stress and strain analysis are performed by defining the starting
point of deviation of the stress-strain curves from the linear curve with the
slope of the predicted modulus of elasticity below 4% strain. The linear
regime associated with stress-strain curves used for the modulus of elasticity
estimations is given in Supplementary S.3. The stress-strain curves for NWs



Table 1: Modulus of elasticity and ultimate strength values calculated using different
interatomic potentials for Si NWs and aSiO3-Si NWs.

NW Potential Modulus of Elasticity Ultimate Strength
(GPa) (GPa)
Si < 100 > ™ 85.6 41.0
aSi0,-Si < 100 > 63.4 30.6
Si< 110 > 145.8 79.4
aSi0y-Si < 110 > 101.6 47.8
Si < 100 > m-SW 97.1 16.9
aSi0y-Si < 100 > 73.0 15.3
Si< 110 > 128.4 22.3
aSi0y-Si < 110 > 91.7 14.8

modeled with the TM potential in Figure 2(a) show a linear increase up to a
yield strain of 7.5% for Si NWs, whereas such deformation is limited to 4%
for aSi0,-Si NWs. Such yield analysis shows a decrease in the yield strength
from 5.6 GPa and 11.6 GPa for Si NWs to 2.5 GPa and 5.8 GPa for aSiOs-
Si NWs in < 100 > and < 110 >, respectively. A similar inspection with
the m-SW potential demonstrated in Figure 2(b) shows a yield strain and
a yield strength of 10% and 9.7 GPa decrease to 5.5% and 5.0 GPa upon
oxidation, respectively. Exploration of yield strain and strength for < 110 >-
oriented Si NW and aSiO-Si NWs using the m-SW potential indicates a
similar reduction from 8% and 10.3 GPa to 5% and 4.9 G Pa, respectively.
In the non-linear region of the stress-strain plots in Figure 2, a reduc-
tion in Si NW ultimate strength is observed for both crystal orientations.
A decrease of 33% and 21% is obtained with the TM and m-SW potentials,
respectively. Regardless of the surface state, there is a significant difference
between the TM and m-SW potentials in predicting the ultimate strength.
The reliability of these two potentials can be studied through comparing Fig-
ure 2 with experimental studies [4, 17, 15, 2]. The ultimate strength reported
in experimental observations ranges between 10 G Pa up to 23 G Pa [4], where
the ultimate strength predicted for aSiO5-Si NWs modeled by the m-SW po-
tential is in a similar range. In contrast, the TM potential overestimates the
ultimate strength which can be linked to the soft cut-off scheme in the Tersoff
potential [68, 69, 84]. Despite similarities of stress-strain curves obtained via
both interatomic potentials for strains < 0.1, the overestimation of strength
using the TM potential is reflected in results shown in Supplementary S.2.
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This overestimation in the TM potential can be linked to the cut-off distance
considered in the empirical model [68, 70, 71]. With prior examples of failure
strength overprediction observed at nanoscale modelling efforts, it should be
noted that recent MD simulations with Tersoff and Tersoff-like potentials
would estimate the fracture strength and strain due to the problem of the
cut-off function [68]. Further discussion and details on the discrepancies be-
tween the TM and m-SW potentials to predict the mechanical properties is
provided in Supplementary S.2. Despite this challenge, the TM potential
will be still used to study the native oxide effect on the mechanical behavior
of NWs, considering that the TM potential is capable to accurately model
the modulus of elasticity reduction due to the native oxide effect. Previously
reported modulus of elasticity for Si NWs by experimental efforts [4, 17] is
in the range of 65 GPa up to 230 GPa, comparable with the estimated mod-
ulus of elasticity for aSiO,-Si NWs using the TM and mod-SW potentials as
summarized in Table 1. Considering the deficiency of the TM potential to
model the ultimate strength values, comparison of the fracture behavior with
experimental work [4] will be carried out via m-SW potential only. A similar
reduction in the mechanical properties of Si NWs with amorphous silica layer
was reported previously [46]. As discussed earlier, the strain rate considered
here is in the same range as those of previous MD studies of NW tensile
tests [29]. The impact of the strain rate on the modeling of Si and aSiO,-Si
NWs NW tensile properties by the TM and m-SW potentials is presented in
Supplementary S.1. The findings exhibit an almost negligible change of the
modulus of elasticity and ultimate strength.

Having studied the performance of interatomic potentials, the impact of
t on the mechanical properties of Si NWs is studied next. The native oxide
thickness depends on parameters such as the crystallographic orientation and
surface preparation [72]. Previous theoretical studies report a native oxide
thickness ranging between 0.2 nm to 1.0 nm [46]. However, the oxide can
be as thick as 2.0 nm using thermal oxidation processes [73]. To understand
the influence of native oxide on the elastic behavior, at first, the effect of
t is investigated for various AR. Tensile tests are carried out on NWs with
W =5nm to9 nm and t = 0.5 nm and 1.0 nm.

Figure 3 shows the modulus of elasticity according to the TM and m-SW
potentials. Results generally exhibit a negligible dependence of the modulus
of elasticity on AR for both surface states. The only considerable increase
in the modulus of elasticity is observed for aSiO,-Si NWs with W = 6 nm,
if AR < 15. Further examination of the results in Figure 3 reveals a signif-
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Figure 3: The modulus of elasticity as a function of AR for Si NWs and aSiO2-Si NWs
along (a) < 100 > and (b) < 110 > crystal orientations modeled by the TM potential and
along (c¢) < 100 > and (d) < 110 > crystal orientations modeled by the m-SW potential.
Different widths (and different native oxide thicknesses for aSiO2-Si NWs) of NWs are
examined where Si NWs and aSiO,-Si NWs are color-coded with red and blue color codes
on modulus of elasticity vs. AR graphs with different levels of reduction due to combined
effects of size, native oxide thickness, crystalline orientation, and interatomic potential
effects.

icant reduction of modulus of elasticity with increasing ¢, a direct result of
the native oxide. However, the size effect on the modulus of elasticity for Si
NWs remains insignificant in both crystal orientations. In addition, there is
a size-dependent elastic response in aSiO9-Si NWs, where increasing W at
a constant ¢, increases the modulus of elasticity. This size effect becomes
negligible in aSi05-Si NWs of < 100 > modeled by the m-SW potentials,
which can be traced back to the combined effect of W, crystal orientation
and interatomic potential.

In addition to the interatomic potential, crystal orientation has a drastic
impact on the modulus of elasticity. As discussed earlier in the context of
native oxide effect on modulus of elasticity of Si NWs, the results in Fig-
ure 3(b) and Figure 3(d) also confirm that native oxide reduces the modulus
of elasticity for < 110 >-oriented aSiO,-Si NWs in a range of 15% to 42%,
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Table 2: Modulus of elasticity of the bulk, Fs; and E,gi0,.
Material ~ Potential Modulus of Elasticity of the Bulk (G Pa)

Si < 100 > T™ 87.4
Si< 110 > 133.1
aSi0y 59.4
Si <100 > m-SW 94.1
Si< 110 > 120.3
aSiOq 111.7

depending on W and ¢t. This change on the modulus of elasticity as a result
of native oxide is in a range of 12% to 32% for < 100 > NWs as shown in
Figure 3(a) and Figure 3(c). This observation indicates that the native oxide
effect on the elastic behavior in < 110 > is stronger compared to < 100 >.
This can be linked to a larger difference between the elastic moduli of aSiOq
and Si < 110 > compared to Si along < 100 >. The comparison of the
modulus of elasticity for Si NWs and aSiO,-Si NWs exhibits a drastic effect
of the native oxide on NWs with smaller W. For instance, the reduction in
modulus of elasticity observed for aSiO5-Si NWs of W of 5 nm and 6 nm is
more significant compared to W of 8 nm and 9 nm.

In the next step, an analytical model, i.e. the core-shell model, is used
to verify the impact of the native oxide on the size-dependent elastic behav-
ior of Si NWs. For this purpose, Eg; and E,s;0, of Eqn. 2 are predicted
using MD simulations and are listed in Table 2. These results are in good
agreement with previous theoretical and MD studies [49, 74] as well as ex-
perimental measurements [75]. A modulus of elasticity around 70-75 G Pa
was reported previously [76, 77, 78, 79, 80, 81] for aSiO,, while in this study
the TM potential predicts a lower E,g,0, compared to the m-SW potential
as shown in Table 2. To examine the native oxide effect on the modulus of
elasticity by the core-shell model, different oxide thicknesses are considered
for aSiO5-Si NWs as shown in Figure 4. Starting from the TM potential,
the modulus of elasticity of NWs of < 100 > modeled by MD changes from
70 GPa to 55 GPa with t increasing from 0.25 nm to 1.0 nm, while the
core-shell model predicts a reduction from 80 GPa to 70 G Pa. Similarly, the
modulus of elasticity of < 110 > NWs decreases with increasing ¢ using both
MD and core-shell methods, while some deviation between the predictions
is observed. This discrepancy between MD simulations and the core-shell
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model increases in the case of the m-SW potential, where MD simulations
predict a change from 80 GPa to 70 GPa in contrast to the core-shell model
estimating an almost constant F of 100 GPa. A similar difference between
MD simulations and core-shell model is observed in < 110 > NWs as well.
MD results show a reduction in £ from 105 GPa to 85 GPa by changing
t from 0.25 nm to 1.0 nm, while the core-shell model estimates an almost
constant £ of 120 GPa. Stress-strain curves associated with each modulus
of elasticity estimation depicted in Figure 4 are presented in Supplementary
S.2. A previous MD study on the oxide effect in Si NWs reported a similar
reduction in E with increasing ¢ [46]. Despite such differences between mod-
ulus of elasticity predictions using MD and core-shell model, both methods
clearly confirm the reduction due to the native oxide effect in aSiO5-Si NWs.
The difference between the predictions of the modulus of elasticity by the
core-shell model and MD can be traced back to the non-continuous elastic-
ity definition in core-shell model at the interface of bulk core Si and surface
shell oxide regions. Such general assumption in core-shell model violates the
continuity condition at the interface of the two layers and leads to unphys-
ical interpretations of NW elastic response. To address this shortcoming,
alternative approaches such as the modified core-shell models were proposed
(82, 33]. Similarly, core-shell model also falls short of considering intrinsic
effects such as stresses generated due to the formation of native oxide on
NW surfaces with recent studies revealing stresses up to 2 GPa induced in
Si NWs as a direct outcome of native oxide formation [83].

As the next stage, the TM and m-SW potentials are used to study the
effect of native oxide on the ultimate strength of Si NWs and aSiO5-Si NWs.
The case of AR = 20 was already discussed in connection with Table 1. Fig-
ure 5 now depicts the ultimate strength as a function of AR. First of all,
results regularly exhibit reduction of strength with oxidation. This reduc-
tion is in the range of 5% to 40% in the case of < 100 >-oriented aSiO5-Si
NWs, depending on W, t and interatomic potential, as shown in Figure 5(a)
and Figure 5(c). For < 110 >, the reduction in strength is between 29% to
42% as depicted in Figure 5(b) and Figure 5(d). The amount of reduction
in the ultimate strength for aSiO,-Si NWs of < 110 > is higher compared to
NWs of < 100 >. This could be traced back to the differences between the
ultimate strengths of core crystals compared to the native oxide. Analyzing
the impact of ¢ on the ultimate strength of aSiO,-Si NWs as a function of
AR reveals a decreasing ultimate strength of aSiO,-Si NWs with increasing
t. The SW potential predicts a raise in the ultimate strength with increasing
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Figure 4: The modulus of elasticity predicted based on the core-shell model and MD
simulations for aSiO2-Si NWs of core Si thickness of 4 nm and AR = 20 along (a) < 100 >
and (b) < 110 > as a function of the native oxide thickness, ¢. Results demonstrate and
compare the level of success in modulus of elasticity estimation for aSiO5-Si via analytical
and MD methods with combined effects native oxide thickness, interatomic potential, and
crystalline orientation of Si.

AR of Si NWs, while the size effect on the ultimate strength is negligible for
aSi09-Si NWs. This is in agreement with previous studies, where the impact
of oxide layer on the ultimate strength of Si NWs covered with amorphous
silica was demonstrated as a reduction from 25 GPa to 8 GPa [46]. Results
obtained here for Si NWs can be compared with previous MD simulations.
For instance, elastic properties in Table 1 are comparable with previous stud-
ies on < 100 > Si NWs with estimations ranging from 40 GPa up to 125 GPa
depending on the NW size, interatomic potential and thermodynamic state
such as temperature [21, 25, 18, 28]. Similarly, modulus of elasticity values
reported for < 110 > Si NWs [29, 20, 25, 18, 19, 23, 22] are comparable with
results presented in Table 1 ranging between 60 GPa to 170 GPa. Param-
eters such as cross-section, AR, temperature, and the interatomic potential
cause such a wide range of prediction for modulus of elasticity of Si NWs of
different orientations.

After studying the elastic and strength properties, the native oxide effect
on the fracture behavior is examined next. Previous studies report different
fracture properties in Si NWs, where a range of ductile, brittle or a mixture of
both were observed among MD models using different potentials such as the
Tersoff-T3, SW and modified Embedded Atom Method (MEAM) potentials
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Figure 5: The ultimate strength as a function of AR for Si NWs and aSiO,-Si NWs along
(a) < 100 > and (b) < 110 > crystal orientations modeled by the TM potential and
along (¢) < 100 > and (d) < 110 > crystal orientations modeled by the m-SW potential.
Different widths (and different native oxide thicknesses for aSiOs-Si NWs) of NWs are
examined where Si NWs and aSiO5-Si NWs are color-coded with red and blue color codes
on ultimate strength vs. AR graphs with different levels of reduction due to combined
effects of size, native oxide thickness, crystalline orientation, and interatomic potential
effects.
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29, 22, 21, 20, 23, 46]. To distinguish the brittle fracture from the ductile
behavior, various parameters are recommended as ductility measures by var-
ious studies focusing on fracture of NWs [29, 22]. The ductility parameter
suggested by Kang and Cai [29] combines the effect of ideal tensile strength
and ideal shear strength with Schmid factor predicting a ductile fracture be-
havior for the Tersoff and SW potentials and reporting brittle fracture modes
mostly for the MEAM potentials. In contrast, Xu and Kim [22] introduced a
definition to quantify the slip deformation due to the development of cleav-
age surfaces on (110) plane and {111} plane family, while the brittle fracture
in Si NWs were reported similar to the findings of the ductility parameter
model [29], confirming a consistent brittle behavior.

To quantify the ductile/brittle failure, a parameter denoted as the ductile
failure probability (p) was introduced considering complete brittle and com-
plete ductile failure for p = 0 and p = 1, respectively [22]. The definition of
this parameter is based on the type of fracture categorized as full and partial
failures due to necking and slip or cleavage in above mentioned planar direc-
tions. The ductile failure parameter is defined as p = (Wy—Wyai)/Wo, where
Wy is the nominal width and Wy, is the width at the failure as shown in
Figure 6(a). The criterion for the full necking case is taken as p > p., = 0.5
as suggested previously [22], where the NW remains connected even after
the width reduces to less than a half of the nominal value. For all NWs
studied in this work, ductile fracture was consistently observed as expected
from the TM and m-SW potentials, an observation in parallel with previous
findings [29, 20, 31]. Similar ductile fracture was observed for aSiO2-Si NWs
as shown in Figure 6(b) demonstrating full necking during failure. Initiation
of the partial reduction in W is represented in left snapshots of Figure 6(a)
and Figure 6(b). W is reduced to less than a half of its nominal value due
to the full necking while both parts remain connected as shown in the right
snapshots of respective figures.

Some partial necking behavior was also observed in aSiO,-Si NWs while
most of NWs failed due to a full necking. Ductile failure probability calcula-
tions were performed on NWs represented in Figure 5 and AR = 20. Results
in Figure 6(c) show a reduction in the ductile probability with increasing W,
indicating an increased probability of ductile fracture with reduced W in both
crystal orientations modeled by TM and m-SW potentials. The reduction
in ductile failure probability with increasing W as depicted in Figure 6(c)
agrees well with previous reports on ductility of Si NWs using Tersoff or
MEAM-based interatomic potentials [29, 22]. Moreover, Figure 6(c) also ex-
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Figure 6: Full necking failure of NWs in (a) Si NW, and (b) aSiO2-Si NW (Blue spheres
represent Si and red spheres denote O atoms) where the nominal width (Wy) shown in
left images and width at failure (Wy) of the NWs are used for ductile failure probability
calculations. (c¢) Ductile failure probability of Si NWs and aSiO2-Si NWs with associated
failure probability estimations color-coded for Si NWs with and without native oxide in
red and blue, respectively. The ductile failure probability calculations are conducted for
different width of NWs while examining both crystalline orientations (< 100 >-Si and
< 110 >-Si) and both interatomic potentials (TM and m-SW) studied in this work.

hibits ductile failure estimation for aSiOs-Si NWs NWs via both interatomic
potentials. The deviations obtained for failure predictions of aSiO5-Si NWs
NWs are associated with crystallographic orientation, critical dimension, and
oxide layer thickness effects. Hence, ductile failure mechanisms can be cap-
tured in Si NWs with a native oxide surface using two common interatomic
potentials for Si-O interactions, namely Tersoff and SW. A similar change in
the fracture behavior was reported previously for Si NWs [20, 22]. Failure
analysis also shows an insignificant dependence of ductile failure probability
on NW orientation. Two leading parameters in such a probability analysis
are strain rate and temperature, while previous studies demonstrated slightly
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less ductile behavior at lower strain rates and lower temperatures [29, 22, 46].
This work utilized a moderate strain rate which is more suitable for tensile
simulation of NWs at low temperatures below 10 K for the minimization of
the kinetic effects. As a result, a higher size-dependent failure probability for
aSi05-Si NWs is obtained with a W of 5 nm and 6 nm compared to W of
8 nm and 9 nm as depicted in Figure 6(c). Similarly, previous works on the
failure behavior of Si NWs with amorphous silica layer show that NWs with
thinner oxide layers fail by necking, while increasing the oxide thickness leads
to brittle fracture of Si NWs [46]. Calculating p for aSiO,-Si NWs at differ-
ent temperatures can be helpful for the examination of the brittle-to-ductile
transition temperature in Si NWs [22, 29].

4. Conclusion

This work investigates the effect of native oxide on the size-dependent
mechanical behavior of Si NWs. For this purpose, mechanical properties of
pure Si NWs and aSiO,-Si NWs are compared using MD simulations with
TM and m-SW interatomic potentials. The uniaxial tensile deformation is
imposed with a strain rate of ¢ = 5x10%s~! at temperatures below 10 K while
using periodic B.C.s along the NW length and applying fixed B.C.s along the
other two axes. The effect of critical factors such as crystal orientation, oxide
thickness, interatomic potential, and AR are examined. The following set of
conclusions can be made:

e Both interatomic potentials are found to be reliable for modeling the
modulus of elasticity of Si NWs and aSiO»-Si NWs. On the other hand, the
m-SW potential is found to estimate the ultimate strength comparable to
previous theoretical and experimental findings. In contrast, the TM potential
overestimates the ultimate strength, which can be linked to the soft cut-off
scheme in the Tersoff potential.

e Furthermore, the core-shell model is used to verify the impact of native
oxide on the size-dependent elastic behavior of Si NWs.

e Results demonstrate an insignificant size effect on the elastic behavior of
Si NWs for both crystal orientations, while the native oxide layer reduces the
modulus of elasticity considerably with increasing oxide thickness. Similarly,
the ultimate strength of aSiO,-Si NWs is found to be drastically lower than
that of Si NWs due to the presence of native oxide. Moreover, the ultimate
strength estimations exhibit a negligible AR effect for Si NWs and aSiO,-Si
NWs.
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e The reduction in the modulus of elasticity can be as significant as 42%,
while strength is observed to diminish by 21%. Such significant reductions
in mechanical properties of Si NWs are clear indications of the size effect
particularly elaborated as core Si size and native oxide thickness for aSiO,-Si
NWs in this study.

e To quantify the failure behavior of aSiO9-Si NWs, ductile failure proba-
bility is calculated with mixed behavior observed with full necking failure as
the most dominant fracture condition. With decreasing NW width, a higher
probability of ductile fracture is observed in Si NWs compared to aSiOs-Si
NWs.

e The significant variations in properties and failure mode of Si NWs com-
pared to those exhibited by aSiO,-Si NWs verifies the extremely important
and useful outcome of including the native oxide in the interpretation of size
dependence of Si NW properties.

e Finally, the contribution of native oxide should be assessed further via
combining computational and experimental efforts to examine the physical
mechanisms behind size-dependent mechanical behavior of Si NWs.

In fact, various studies considered Si NW surface as a significant factor
contributing to mechanical properties including failure mechanisms. How-
ever, the present study clearly reveals the important role played by the native
oxide layer on the size-dependent mechanical behavior of Si NWs. By doing
S0, it also sheds further light on the background of various conflicting reports
in the literature such as opposing trends of modulus of elasticity estimations
with reduced size scale. The findings can serve as a powerful tool for inter-
pretation of size-dependency in properties of Si NWs, as — to the best of our
knowledge — no previous MD study exists for inspection of size-dependent
properties in Si NWs with native oxide surface condition. The reductions
observed in Si NW modulus of elasticity and strength due to the presence
of native oxide heavily depend on the thickness of oxide layer. With the
probability of ductile failure fracture reduced for Si NWs and aSiO,-Si NWs
with increasing W, further study on the prediction of the critical dimension
for the initiation of brittle fracture is suggested. Methods such as ideal shear
strength calculation of Ref. [29] can be used for this purpose. This is a
very valuable insight for the interpretation of experimental observations and
extraction of properties from measured data. Elimination of assumptions
such as pure Si surface instead of native oxide will further help reduce both
the discrepancies between computational and experimental findings and the
resulting scatter in estimated modulus of elasticity and fracture strength of
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Si NWs. Overall, the present study highlights the importance of native oxide
layer on the size-dependent mechanical behavior of Si NWs shedding further
light on the background of various conflicting reports in the literature. This
work can be extended by incorporating a detailed analysis of the interface
between the crystalline Si core and native oxide as well as an examination of
further — such as thermal — properties of Si NWs.
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