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1. Introduction

Investigation on the mechanical properties and
fracture phenomenon of silicon doped graphene by
molecular dynamics simulationf

Md. Habibur Rahman,‘@* Shailee Mitra, Mohammad Motalab and Pritom Bose (&

Silicon doping is an effective way to modulate the bandgap of graphene that might open the door for
graphene to the semiconductor industries. However, the mechanical properties of silicon doped
graphene (SiG) also plays an important role to realize its full potential application in the electronics
industry. Electronic and optical properties of silicon doped graphene are well studied, but, our
understanding of mechanical and fracture properties of the doped structure is still in its infancy. In this
study, molecular dynamics (MD) simulations are conducted to investigate the tensile properties of SiG by
varying the concentration of silicon. It is found that as the concentration of silicon increases, both
fracture stress and strain of graphene reduces substantially. Our MD results also suggest that only 5% of
silicon doping can reduce the Young's modulus of graphene by ~15.5% along the armchair direction and
~13.5% along the zigzag direction. Tensile properties of silicon doped graphene have been compared
with boron and nitrogen doped graphene. The effect of temperature, defects and crack length on the
stress—strain behavior of SiG has also been investigated. Temperature studies reveal that SiG is less
sensitive to temperature compared to free stranding graphene, additionally, increasing temperature
causes deterioration of both fracture stress and strain of SiG. Both defects and cracks reduce the
fracture stress and fracture strain of SiG remarkably, but the sensitivity to defects and cracks for SiG is
larger compared to graphene. Fracture toughness of pre-cracked SiG has been investigated and results
from MD simulations are compared with Griffith's theory. It has been found that for nano-cracks, SiG
with larger crack length deviates more from Griffith's criterion and the degree of deviation is larger
compared to graphene. Fracture phenomenon of pre-cracked SiG and the effect of strain rate on the
tensile properties of SiG have been reported as well. These results will aid the design of SiG based
semiconducting nanodevices.

numerical approaches have been conducted to open and extract
a useful bandgap in graphene and to modulate the electronic

Two dimensional (2D) materials such as graphene, silicene,
hBN, germanene and stanene exhibit interesting electronic,
mechanical and thermal properties.”” Among them, graphene
stands out because of its remarkable mechanical, electrical,
thermal and other physical properties.*** Graphene has already
been successfully deployed in electronic sensors, solar cells,
transistors, batteries, capacitors, composites and in many other
fields.**** Different experimental and numerical simulations
have been conducted to investigate the physical properties (i.e.,
mechanical, electrical and thermal) of graphene.*** Semi-
conductor application of graphene becomes limited due to its
semimetal nature, viz., zero intrinsic bandgap in graphene due
to the Dirac like band structure.*® Several experimental and
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properties.”»** The literature reveals that BN co-doping,
encapsulating with hydrogen and fluorine functionalized hBN,
aluminium, phosphorous, sulphur and silicon doping are a few
chemical and physio-adsorbing methods to open a useful
bandgap of graphene. Hu et al. reported DFT calculations for
the bandgap opening of bilayer graphene by single and double
molecular doping.?®

Using first-principles calculation, Tang et al. investigated
tunable bandgap of graphene on functionalized hexagonal
boron nitride with hydrogen and fluorine.”” They demonstrated
that hydrogenation and fluorination on the boron-nitride
substrate could remarkably alter the electronic properties of
graphene. Their studies show that a finite 79 meV bandgap in
graphene is opened and can be effectively modulated by
adjusting the spacing of the interlayer, increasing the number
of boron nitride layers and also adding an external electrical
field. In addition, they also concluded that graphene on modi-
fied hexagonal boron-nitride with a tunable bandgap may
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provide an effective way for fabricating high-performance
graphene-based nanodevices.”” Besides, Fan et al. stated that
bandgap of graphene could be effectively opened by adding
small boron and nitrogen into the graphene domain.*® They
found that a small bandgap in the Dirac points could be opened
by random doping with boron or nitrogen without modulating
the Fermi level.> Houmad et al.** investigated the underlying
mechanism that could open the bandgap of graphene through
silicon doping. They measured the bandgap of graphene with
and without silicon doping, showing that silicon doping opens
the bandgap of graphene, and improves its optical conduc-
tivity.>* They stated that silicon-doped graphene could be used
effectively in solar cell application.>

Zhang et al. synthesized a monolayer of silicon-doped gra-
phene (SiG) with a wide surface area using a SiH, flow in
a chemical vapor deposition (CVD) chamber.*> Measurements
of Raman and X-ray photoelectron spectroscopy show that the
silicon atoms are doped into graphene lattice at a doping level
of 2.7-4.5% and electrical measurements based on a field-effect
transistor demonstrate that a useful bandgap was opened with
the aid of silicon doping. Most notably, the opening of
a bandgap can be accomplished without a significant deterio-
ration in carrier mobility as well as the work function of
monolayer SiG.>* This makes silicon doping an important
technique for engineering the bandgap of monolayer
graphene.*

Some literature has reported silicon doped graphene (SiG) as
a promising metal-free catalyst for N,O, SO,, CO reduction and
green energy as well.**>® Chen et al. stated that silicon-doped
graphene can be an ideal NO, NO, detection sensor, and N,O
reduction metal-free catalyst. Their research showed that while
adsorption of these molecules on pristine graphene is very
weak, silicon doping increases the interaction of these mole-
cules (nitrogen and oxygen) in different ways with graphene.*
Esrafili et al. stated that silicon doped graphene could serve as
a low-cost and effective metal-free catalyst for an oxidation
reaction to SO,.** Mortazavi et al* performed molecular
dynamics (MD) simulation on the thermal conductivity and the
tensile properties of boron-doped graphene. They stated that
Young's modulus and fracture strength of graphene could be
decreased by approximately 5% and 8%, respectively by only 4%
boron doping.** Another literature by Mortazavi et al. docu-
mented the tensile mechanical response of nitrogen-doped
graphene using molecular dynamics (MD) simulation,* where
they demonstrated that the fracture stress of graphene could be
decreased by more than 35% by having only 2% of the nitrogen
atoms.*’

However, issues like temperature-dependent tensile proper-
ties, defects, crack and fracture phenomenon, are elusive within
the potential use of monolayer SiG in terms of percentage of
silicon. The mechanical properties such as fracture stress,
fracture strain in terms of temperature, defects, crack length
and strain rate of monolayer SiG are important to investigate
extensively both in theory and experiment for ensuring perfor-
mance reliability, mechanical endurance and the life-time of
SiG based nanodevices. Therefore, the current work aims to
investigate the mechanical properties of monolayer SiG. At first,
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the effects of silicon concentrations on the fracture stress and
strain of graphene have been reported. Next, temperature
studies have also been carried out to explore the thermo-
mechanical properties of SiG at various temperature. Defects
and crack play an important role which dictates the tensile
properties of materials under loading condition, keeping this in
mind, the authors of this article have also documented the
effect of vacancy defect concentrations, crack length as well as
strain rate on the tensile properties of SiG. Finally, the fracture
phenomenon of pre-cracked SiG has been explored.

2. Computational method

In this investigation, molecular dynamics simulations have
been performed using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS)* package for calcu-
lating the tensile properties of SiG. To define the interatomic
interactions between C-C, Si-Si and C-Si atoms in the MD
calculation, modified Tersoff potential has been utilized.****
Atomistic visualization is done with the aid of OVITO.* For our
study, we have used a structure of 30 nm x 30 nm SiG con-
taining different percentage of carbon and silicon atoms.
Carbon atoms are replaced by silicon atoms randomly with
required percentage with the aid of atomsk.*®

Fig. 1 shows graphene doped with 2% silicon atoms. For
investigating mono vacancy, different percentage of carbon
atoms are removed from SiG. To generate a crack, a line of
atoms are removed from the center of SiG with different
lengths. The thickness of SiG nanosheet has been assumed to
be 0.335 nm." During the simulation process, periodic
boundary conditions have been applied along the X, Y and Z
axis, maintaining a 5 nm gap in the simulation box along the Z-
axis to suppress the interaction between the SiG and its periodic
image.>* The equations of motion are solved numerically with
a time step of 1 fs using the Velocity Verlet algorithm.*” At first,
the energy of the system is minimized with the aid of the
Conjugate Gradient (CG) minimization scheme.*® Further NVE,
NPT and NVT equilibration are performed for 50 ps, 60 ps and
20 ps, respectively.*® Appropriate convergence of the potential
energy and target thermodynamic variables are ensured in each
of the relaxation steps. Finally, the uniaxial tensile load is
applied along with armchair and zigzag direction. Three
different strain rate such as 10® s7*,10° s™* and 10'° s™* have
been used in this study with infrequent thermo-stating.*® It is
worth to mention that these high strain rates are routinely used
in the typical atomistic simulations.*'** The atomic stress in
our simulation is calculated using Virial stress theorem®®
(Readers are referred to the ESIT file of this article). Note that for
each simulation three samples with the different initial condi-
tion (i.e., molecular velocity) have been taken and correspond-
ing errors induced from the temperature fluctuation during MD
simulation have been added to the results.

To establish the validity of our computational approach and
the interatomic potential function, Young's modulus of gra-
phene is compared with published literature at 300 K temper-
ature (Table 1).
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Initial coordinates of 30 nm x 30 nm 2% silicon-doped graphene (2% SiG) with a magnified view showing both armchair and zigzag

Table 1 Comparison of mechanical properties of graphene with existing literature

Loading direction

Young's modulus

Armchair loading
Zigzag loading

To further validate the interatomic potential function, the
bond length of C-Si after the relaxation of the SiG has been
calculated as ~0.172 nm at 100 K which is in good agreement
with the literature (0.179 nm).”* The bond length of C-C after
the relaxation of SiG at 100 K has been calculated as ~0.141 nm
which is also in good agreement with the literature."®

3. Results and discussions

3.1 Stress-strain behavior of graphene in terms of
concentration of silicon

Fig. 2(a) and (b) represent the stress-strain curve of SiG for
different percentage of silicon for armchair and zigzag direc-
tion, respectively at 300 K considering a strain rate of 10° (s~ ).
The concentration of silicon in graphene is varied from 1 to 5%
and then corresponding stress-strain response of SiG is recor-
ded. At lower strain, stress-strain relation is linear and then
stress rises nonlinearly with strain up to its peak point called
ultimate tensile stress and after that, material catastrophically
fails and exhibits brittle failure which is analogous to other 2D
materials such as graphene,' stanene,>* silicene,' and ger-
manene.’ It is worth to mention that even after doping gra-
phene with silicon atoms, the stress—strain curve demonstrates
brittle fracture (i.e., no flow stress is observed). Another obser-
vation is that the mechanical properties of SiG maintain the
characteristic anisotropies of planar honeycomb structures. The
properties in the armchair and zigzag directions are

31320 | RSC Adv, 2020, 10, 31318-31332

~930 GPa [present calculation], 1 + 0.1 TPa,** ~890 GPa,*® ~961 GPa (ref. 50)
~912 GPa [present calculation], 1 4+ 0.1 TPa,** ~830 GPa,*® ~911 GPa (ref. 50)

considerably different due to the bond angle and bond orien-
tation with respect to the applied loading. It is also evident from
the stress-strain graph that the area under the stress-strain
curves shows a gradual decay with increasing concentration of
silicon. Hence, the total energy density absorbed by the material
up to fracture, viz., fracture toughness decreases with the
increasing concentration of silicon doping in graphene.

Fig. 2(c) and (d) display the variation of fracture stress and
fracture strain with varying percentage of silicon. It has been
observed that as the concentration of silicon increases, both
fracture stress and fracture strain decreases gradually. Our MD
simulation results suggest that only 5% silicon doping on gra-
phene reduces the fracture stress and strain by ~31.5% and
~44.13%, respectively for armchair loading, ~37.5% and
~42.5% for zigzag loading. Thus the mechanical properties of
graphene deteriorate substantially as the concentration of
silicon in graphene has been increased. The reason may be
attributed to the reduced bond strength, local bond rotation,
out of plane deformation and void formation due to silicon
doping (Fig. 3).

The bond energy of C-C (346 kJ mol ') is larger than C-Si
(318 k] mol ") bond and so, it requires lower strain to break the
C-Si bond compared to C-C bond.**** In the case of 5% SiG,
there is a significant amount of C-Si bond present, so it has the
lowest fracture stress and strain.>® Additionally, when we doped
silicon in graphene, this process leads to the bond rotation, out
of plane deformation of graphene lattice, which changes the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Stress—strain curve of SiG under (a) armchair (b) zigzag loading for different percentage of silicon doping. Variations of (c) fracture stress
and (d) fracture strain with the percentage of silicon doping for both armchair and zigzag loading at 300 K.
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Fig. 3 (a and c) Initial coordinates of SiG where 2% silicon is randomly doped. (b) SiG during relaxation at 300 K, lattice distortion and bond

rotation is evident. (d—g) Atomic arrangements of SiG during the armchair tensile simulation at the various strain level. It is evident that, due to
lattice distortion and bond rotation caused by silicon doping, fracture nucleates from the zone where the concentration of silicon is maximum.
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atomic arrangements of graphene. It may be attributed to an
electron impact of silicon on its adjacent carbon atoms and
atomic size of silicon compared to carbon.***® This bond rota-
tion and atomic rearrangements of graphene after silicon
doping cause a lattice distortion, which results in lower fracture
stress and strain of SiG compared to graphene which has been
profoundly illustrated in Fig. 3. Besides an initial void is formed
in the place where the concentration of silicon is maximum.
Shortly after the creation of the first gap, further debonding
occurs among the closest pair of atoms as the strain continues
to increase. Finally, the coalescence of the voids results in the
specimen being fully ruptured (Fig. 3).***® Thus it can be said
that SiG nucleates fracture where we have the highest concen-
tration of silicon atoms in the graphene domain. It is also
evident from Fig. 2(c) and (d) that mechanical properties of
graphene deteriorate, irrespective of chirality, as we increase the
concentration of silicon in graphene. At higher doping
concentration, graphene lattice is highly distorted and out of
plane deformation occurs. So, failure nucleation is now dictated
by the degree of lattice distortion caused by an enhanced
amount of silicon sites and directional dependency of
mechanical properties slowly diminishes.

In the present investigation, Young's modulus was calcu-
lated by fitting the curve using linear regression on the initial
linear portion (strain value within 2% to 3%) of the stress-strain
curve. Fig. 4 suggests a strong inverse relationship of Young's
modulus with the percentage of silicon doping in graphene. As
the concentration of silicon increases, a large number of C-Si
bond is constructed as well as lattice distortion occurs which
raises instability in graphene thus reduces the tensile strength
of graphene. A lower value of stress is, therefore, required to
cause the same amount of deformation which results in
lowering the value of Young's modulus as the concentration of
silicon increases. Besides it has been found that only 5% silicon
reduces Young's modulus of graphene by ~15.5% for armchair
direction and ~13.5% for zigzag direction. Chirality effect on
Young's modulus of graphene deteriorates as we increase the
concentration of silicon which is evident from Fig. 4 and the
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Fig. 4 Variations of Young's modulus of graphene with silicon

concentration for both armchair and zigzag loading at 300 K.
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reason is discussed earlier. As the concentration of silicon
increases, lattice distortion as well as void in graphene
increases which deteriorates directional dependency of the
mechanical properties of graphene.

Previously Mortazavi et al. reported that in the case of 4%
boron-doped graphene, Young's modulus and fracture stress is
reduced by ~5% and ~8%, respectively.*® They demonstrated
that boron atoms as a doping element have a negligible effect
on the mechanical properties of graphene.** Despite lattice
distortion caused by doping with boron atom, the bond energy
of C-B is (356 k] mol ') larger than C-C bond
(346 kJ mol ™ ').>5 Thus the lattice distortion effect is neutral-
ized by high C-B bond energy. That's why boron doping doesn't
affect the mechanical properties of graphene considerably.
Comparing our MD simulations results with Mortazavi et al. it
can be inferred that the mechanical properties of graphene are
more sensitive to silicon doping compared to boron doping.
Another investigation was done by Mortazavi et al. in the case of
nitrogen-doped graphene, suggests that Young's modulus of
graphene doesn't considerably change for nitrogen concentra-
tion up to 6% but only 2% nitrogen atom reduces the fracture
strength of graphene by more than ~35%.* This is because the
bond energy of C-N (305 k] mol ') is smaller than C-C
(346 kJ mol ") bond.*>*>* Therefore, it requires a lower tensile
strain to break the C-N bond compared to the C-C bond. So the
fracture stress of graphene is more sensitive to nitrogen doping
compared to silicon but Young's modulus of graphene is more
sensitive to silicon doping than nitrogen.

Based on our MD simulation, in terms of tensile strength,
SiG is still better than silicene,'>*® germanene,® stanene,*®
bilayer germanene,® phosphorene,” MoS,°*** and borophene.*
Besides, SiG (1-2% silicon) is the material which has physical
strength similar to hBN.'>*

Next, we considered 2% SiG to understand the effect of
temperature, defects, crack length, strain rate, fracture toughness
on the tensile mechanical properties and fracture phenomenon of
pre-cracked SiG. Note that for reporting the effect of temperature,
defects, crack length, fracture toughness on the tensile properties
of SiG, a strain rate of 10° (s~ *) has been considered.

3.2 Effect of temperature on the stress-strain behavior of
SiG
Fig. 5(a) and (b) display the stress-strain response of SiG nano-
sheet at different temperatures for both armchair and zigzag
loading respectively. Simulations have been performed at 5
different temperature such as 100, 300, 600, 900 and 1200 Kelvin.
It can be seen that as temperature increases area under the
stress-strain curve that is fracture toughness of SiG decreases
monotonically. It is worth to mention that there is no brittle to
ductile transition temperature has been found within this
temperature regime. So it can be said that SiG exhibits brittle type
failure in extremely high temperature which is analogous to other
2D materials such as graphene,® and hBN.?

The results of the stress-strain response are translated into
Fig. 5(c) and (d) which represent the variations of fracture stress
and strain for both armchair and zigzag loading with varying

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Stress—strain curve of SiG under (a) armchair (b) zigzag loading for different temperature. Variations of (c) fracture stress and (d) fracture
strain of SiG with temperature for both armchair and zigzag directional loading.

temperature. It can be seen from these graphs that as temper-
ature increases, both fracture stress and strain decreases thus
showing an inverse relationship with temperature. This is
because C-C, C-Si and Si-Si bonds experience higher thermal
fluctuation and vibration at a higher temperature. This causes
an increased mean distance between atoms, resulting from
high atomic kinetic energy and mobility>**® which reflect our
MD simulation depicted in Fig. 6. Since both graphene and SiG
is a brittle material as mentioned earlier, once bond breaks, the
fracture is initiated immediately followed by catastrophic
failure.

On the other hand, the C-C, C-Si and Si-Si bonds remain
stable at a lower temperature experiencing insignificant
thermal vibration or fluctuation due to temperature. Therefore,
it breaks at higher tensile strain and gives high fracture stress. It
is evident from these graphs, chiral effects, however, slowly
diminishes with temperature. This corroborates that, at
a higher temperature, thermal fluctuation dictates the failure
mechanism over the elastic failure. We also found a loose
temperature dependence of elastic modulus that indicates
a small volumetric expansion of the doped nanosheet over
a wide range of temperature. Additionally, we simulated some
samples of graphene to compare the sensitivity of SiG to
temperature and corresponding results are displayed in Table 2.

This journal is © The Royal Society of Chemistry 2020

Based on the above calculations, it could be inferred that in
terms of fracture stress and strain, the temperature sensitivity
of SiG is quite low compared to pristine graphene. This is
because, the atomic mass of silicon (28.08 amu) is greater than
carbon (12.01 amu), therefore it fluctuates less from its mean
position due to thermal vibration.***>*” That's why the tensile
strength of SiG does not considerably change with varying
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Fig. 6 Variations of bond length between C—-C and C-Siin relaxed SiG
nanosheet with temperature during MD simulation.
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Table 2 Comparison of mechanical properties (fracture stress and fracture strain) of SiG with graphene concerning temperature

Material

Armchair direction

Zigzag direction

Comments

Graphene

At 100 K, ~130 GPa and ~25%

At 100 K, ~124 GPa and ~22.4%

Armchair: ~22% and ~35.1%

At 600 K, ~101 GPa and ~16.2%

Silicon doped At 100 K, ~110 GPa and ~19%

graphene (SiG)

At 600 K, ~87.5 GPa and ~13.5%

temperature compared to pristine graphene. This interesting
finding also establishes the validity of our computational

approach with continuum physics and experimental data.>*>>%

3.3 Effect of vacancy defects on the stress-strain behavior of
SiG

Fig. 7(a) and (b) represent the stress-stress response of SiG for
different concentration of defects (mono-vacancy) at 300 K.
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At 600 K, ~100 GPa and ~17.9%

At 100 K, ~99.2 GPa and ~14.4%

At 600 K, ~83.3 GPa and ~11.8%
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Defects are introduced by removing carbon atoms randomly
from the nanosheet as shown in Fig. S1 (ESIT of this article).
Atomic defects are found in 2D materials, such as vacancies
and other point defects. During the manufacturing processes of
2D materials, these defects can be formed by ion or electron
irradiation.** Specifically, mono-vacancies can result in local
magnetic moments, whereas di-vacancies cause a direct-
indirect bandgap transition, it has been stated that the
defects have a strong influence on electrical, mechanical and
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Fig. 7 Stress—strain curve of SiG under (a) armchair (b) zigzag directional loading for different percentage of defects. Variations of (c) fracture
stress and (d) fracture strain with the percentage of defects for both armchair and zigzag loading at 300 K.
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thermal properties. However, it remains unclear how those
defects affect the tensile properties of SiG.7%*%

Defects are varied from 0.01 to 0.05% and the corresponding
stress-strain response is recorded. It can be seen from these
stress—strain curves that, as the concentration of defects increases,
the peak value of the stress—strain curve decreases gradually. It is
also evident from these graphs that SiG is very sensitive to defects,
only 0.01% random carbon vacancy reduces the peak value in the
stress-strain curve remarkably. It can also be observed that
defected SiG exhibits brittle type fracture, which is analogous to
other 2D materials. These results are translated into Fig. 7(c) and
(d) showing variations of fracture stress and strain with the
concentration of defects. From these figures, it can be seen that as
the concentration of defects increases, both fracture stress and
strain reduces monotonically.

These findings can be due to the missing random atoms that
destroy the integrity of the stress field. Bond breakage occurs
when the atomic fluctuation overcomes the coherent force,
resulting in a disordered structure and an increase in the poten-
tial energy of the structure. Removing an atom from the structure
creates a hole around the nearby atoms and some dangling
bonds. This eventually allows for further fluctuation at the
constituent bonds and contributes to chemical instabilities at the
atoms that have been removed. Accordingly, in a stretched matrix
both stress accumulation and mechanical instability happen
which is also evident from MD simulation, profoundly illustrated
in Fig. 8.7%*% Finally, this stress concentration around the
vacancy defect results in the collapse of the surrounding
members' bond systems, and the creation of the initial crack.'”*%

5.00 % Strain

0.00 % Strain

».

@ Carbon
@ silicon

12.45 % Strain
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The bonds in the defected area may, therefore, split much earlier
during the deformation. As the percentage of defect increases, the
ultimate tensile strength and critical strain of the material weaken
considerably due to the impact of stress concentration.””*** It is
also worth to mention that, only a few concentration of defects
reduces the fracture stress and strain of SiG substantially, but the
further increment of defects don't affect the tensile properties (i.e.
fracture stress and strain) of SiG significantly. This is because,
defects, sometimes induce dislocation in the lattice, which
hinders the nucleation of fracture and arrest the immediate
catastrophic fracture as reported earlier.”®* The anomaly for
fracture stress and strain (0.03% vacancy for armchair loading
and 0.02% vacancy for zigzag loading) could be attributed from
the initial void produced by the bond break is blunt in form, this
nucleation of void acts as a crack and it is stated that the radius of
crack tip delays material failure.” This kind of anomaly is reported
earlier for stanene.”

Our MD calculations suggest that only 0.05% random
removal of carbon from SiG reduces the fracture stress and
fracture strain by ~21% and ~32.2%, respectively for armchair
loading, and ~16.7% and ~22%, respectively for zigzag loading.
We also simulated the tensile properties of the defected gra-
phene sheet. Our MD results suggest that only 0.05% random
carbon vacancy reduces the fracture strength and strain of
graphene by ~19% and ~30% respectively for armchair direc-
tion and ~14% and ~20% respectively for zigzag direction.
Defective graphene could endure more tensile strain compared
to defect induced SiG. This reason is profoundly discussed in
Section 3.4.

34
2808

e

Loading Direction

<>

Fig. 8 Fracture nucleation process of vacancy induced SiG for various strain level (armchair loading), it is evident that an initial void is created
where a carbon atom is removed. Besides, the lattice structure of graphene is also distorted by doping with a silicon atom, which is profoundly
illustrated in these figures. As expected, noticeable fracture nucleation is occurring from the void created by removal of the carbon atom. The
combined effect of the void (via removal of carbon atom) and lattice distortion (by doping with silicon) promotes the fracture nucleation of SiG

much earlier compared to free-standing graphene.
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3.4 Effect of crack length on the stress-strain behavior of SiG

In this investigation, we simulated the tensile properties of pre-
cracked SiG under uniaxial tension along the perpendicular to
crack direction at 300 K and initial coordinates of the pre-cracked
SiG nanosheet has been provided in the ESI of this article
(Fig. S21). The stress-strain response of pre-cracked SiG for
armchair and zigzag directed crack has been shown in Fig. 9(a)
and (b). It is evident from the stress-strain curve, as the crack
length increases the area under the curve, that's the energy
absorbed by the material before fracture monotonically decreases.
Besides, stress—strain curves of pre-cracked SiG exhibits brittle
type failure. We note that the fracture is a size-dependent process.
In our MD simulations, we restricted our simulations to 30 nm x
30 nm sheet. At the nanoscale, SiG shows predominantly a brittle
fracture behavior with a high crack propagation speed. For such
a brittle nature, the material fracture is primarily dictated by the
edge energy and at a moderate crack length, the fracture charac-
teristics of the specimen are essentially predicted by Griffith's
fracture criterion. For a more practical size domain, this study can
be easily extended to the continuum domain using effective
coarse-graining and adaptive atomistic-continuum numerical
method reported by Budarapu et al.” and another literature by
Budarapu et al.”* It is expected that results from MD simulations
will match very well with the atomistic finite element based
calculations.”

The results from stress—strain graphs are translated into Fig.
9(c) and (d) for better understanding. It is evident that as the
crack length increases both fracture stress and strain decreases.
This may be attributed to the faster bond breaking between C-C
and C-Si and Si-Si is initiated by larger cracks by forming
a plastic zone at the crack tip and this kind of fracture
phenomenon is reported earlier for graphene,'®” silicene,'**®
hBN,* and stanene.>** Owing to the high local stress at the
crack tip this plastic zone induces an irreversible deformation
and thus facilitates bond breaking.'**® The anomaly for fracture
stress and strain as a function of crack length may be attributed
to the bluntness of the crack tip that formed an asymmetric
blunt crack to retain a particular crack length in the center of
the nanosheet.>'* Note that only 3 nm armchair directed crack
reduces the fracture stress and strain of SiG by ~32.5% and
~36.30%, respectively while only 3 nm zigzag directed crack
reduces the fracture stress and strain by ~42% and ~48%,
respectively.

To investigate the crack sensitivity of SiG compared to free-
standing graphene, we also simulated the tensile properties of
pre-cracked graphene. It has been found that only 3 nm
armchair directed crack reduces the fracture stress and strain of
graphene by ~24% and ~29%, respectively. For zigzag directed
crack, the decrement is ~31% and ~42%. As mentioned earlier,
loading is always applied perpendicular to crack direction. So, it
can be inferred that the degree of sensitivity to crack for SiG is
larger compared to free-standing graphene. This could be
attributed to the out plane deformation, lattice distortion, void,
and reduction in bond energy of graphene, induced from
silicon doping which promotes faster bond-breaking when
a tensile load is applied.
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3.5 Fracture toughness of SiG

Griffith theory is used to predict the theoretical fracture
toughness of SiG.'>™

1 ET

Ila

Of =

i)
where E is Young's modulus of SiG, I is the edge energy for SiG
and ‘@’ is half of the crack length of the nanosheet. The function
f(Q) is a geometrical factor which can be determined by the
following equation given below -

0.5
f(Q) = sec (HTQ> [1—0.025Q° + 0.06Q"]

Here, Q = 2a/W; W is the width of the SiG with a central crack
of length 2a. The edge energy I" has been calculated by dividing
the difference between the energy of the SiG samples with and
without cracks with newly created surface area. In this present
investigation, we assumed an average value of I' for all crack
lengths for the theoretical prediction of fracture toughness
(o¢/a) by Griffith theory.'

The MD prediction of the fracture toughness is calculated by
on/a, where oy is the fracture stress of the pre-cracked SiG.'°
From Fig. 10, it is evident that the estimated fracture toughness
by MD simulations deviates from Griffith's theory. It is well
known that Griffith's fracture criteria account for surface energy
barrier to be the only restriction for crack propagation.
According to this model, once the strain energy overcomes the
surface energy, a fracture starts to propagate. However, in
practice, atomically sharp crack tips become blunt due to local
lattice relaxation of dangling atoms. Hence, local plastic zones
are initiated near these crack tips. For a propagating crack, an
additional plastic dissipation is now required to overcome. In
our simulations, we observed crack widening, crack tip blunting
and local distortions. This inherent deformation induces
a plastic zone and thus larger available energy is required to
initiate fracture process than that is predicted by Griffith's
model. This type of lattice trapping effect was previously
observed in graphene and its elemental analogues.' For both
armchair and zigzag crack, we notice that fracture toughness
enhances with crack length, a feature that is not present in
Griffith prediction. This implies that plastic dissipation is larger
with larger cracks. We observe that at larger crack lengths there
are additional local crack closing by 8 atom type defect forma-
tion. This defect has a bond parallel to loading direction and
takes a significant amount of load. (Readers are referred to
Fig. S3, ESIf of this article). Such local relaxation and crack
closing are made possible by the silicon sites close to the crack.
Since equilibrium C-Si bonds are larger than C-C bonds, they
narrow down nearby crack opening and facilitate the edge
healing. Since this behavior is promoted by local availability of
silicon sites, crack edge healing is more pronounced for larger
cracks. It rises the plastic dissipation for larger crack samples,
deviating large cracked samples more from the Griffith
prediction.®* Also, note that both graphene and SiG demon-
strate a hexagonal lattice structure and a perfectly elliptically

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Fracture toughness of SiG with the varying crack length for
both armchair and zigzag directed crack at 300 K.

crack can't be maintained while Griffith's criterion is based on
continuum mechanics assuming a perfectly elliptical crack. For
even larger crack the fracture toughness is expected to approach
towards the Griffith line again, indicating that a continuum
view is viable at a very large crack.”

This journal is © The Royal Society of Chemistry 2020

Rakib et al. reported fracture toughness of pre-cracked gra-
phene by both MD simulation and Griffith's theory.*
Comparing our MD results with Rakib et al. it can be com-
mented that, between SiG and graphene, MD prediction of
fracture toughness of SiG with larger crack length deviates more
from Griffith's criterion which indicates a larger plastic dissi-
pation in the presence of silicon atoms. This is because, as the
strain energy release rate is higher in pre-cracked SiG compared
to graphene due to the lattice distortion and out of plane
deformation around the crack tip caused by doping with silicon.

3.6 Fracture phenomenon of pre-cracked SiG

Fig. 11 shows the fracture phenomenon of 3 nm (a) armchair
and (b) zigzag directed pre-cracked SiG for various strain level at
300 K. Loading is applied perpendicular to crack direction. It
can be seen from Fig. 11(a) and (b), before applying the tensile
load, lattice distortion is evident around the crack, caused by
silicon doping. Our stress-based color-coding scheme expresses
the fracture phenomenon with a clear understanding and also
note that a zoomed inset of the critical region around the crack
tip is provided.

Failure should always start from the crack ends as stated by
the classical stress concentration theory* and our simulation

RSC Adv, 2020, 10, 31318-31332 | 31327
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results are in good agreement with that. The development of the
red dumb-bell shaped regions at both ends of the cracks results
from the high concentration of localized stress where irrevers-
ible deformation takes place. Additional loading increases the
area of these zones and thus initiates the propagation of
cracks.'®*® At ~4% strain, the first bonds start to break near the
crack tips and a defected area is generated accompanied by
crack tip blunting (Fig. 11(a) and (b)). The resulting blunt crack-
tip absorbs strain energy by further distortion and resist
immediate crack propagation until ~7% of strain. Besides, the

31328 | RSC Adv, 2020, 10, 31318-31332

repeatedly generated and annihilated dangling bond around
the crack tip arrest the immediate catastrophic fracture. The
similar kind of fracture characteristic is previously reported for
defected graphene by Lehtinen et al.®® and Lee et al.*® At such
high strain, with the growing stress concentration around the
crack tip, a notable crack begins to spread, bond breakdown
accumulates. Series of load parallel bonds between adjacent
zigzag lines dissociate and create line defect along the zigzag
direction that slows down crack propagation but cannot the
arrest the brittle fracture. The pattern of fracture is observed to

This journal is © The Royal Society of Chemistry 2020
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adopt the fracture behavior of typical 2D materials.>® For both
armchair and zigzag cracks, we found that crack propagates
preferentially to the zigzag direction (Fig. 11 and S4 of ESIT of
this article), a trivial behavior of honeycomb crystal. This zigzag
edge preference is attributed to smaller bond density thus
a smaller cost of energy for bond rupture.

Fracture phenomenon of pre-cracked graphene is reported
earlier by Rakib et al.*® For 3 nm pre-cracked graphene they
found that nucleation of fracture occurs at 8.98% strain for
armchair directed crack, and 9.34% strain for zigzag directed
crack.’ But in the case of SiG, nucleation of fracture occurs too
early, compared to graphene. This is because of lattice distor-
tion, void, bond instability around the crack tip, caused by
doping of silicon atom as mentioned earlier. Since atomic
arrangement has already been distorted, by substitutional
silicon atom, so pre-cracked SiG can't resist bond-breaking
considerably at high strain compared to graphene.

3.7 Effect of strain rate on the mechanical properties of SiG

According to the theory of solid fracture, the strain rate is an
important factor which affects the tensile properties of

This journal is © The Royal Society of Chemistry 2020

materials under loading condition. Besides, the high strain rate
during MD simulation urges us to investigate the mechanical
properties of SiG in terms of strain rate.

The stress-strain response of SiG at various strain rate have
been depicted in Fig. 12(a) and (b). It is evident that as strain
rate increases, both fracture stress and strain increases as well.
This is because at high strain rate material doesn't get enough
time to break the interatomic bond thus showing a high tensile
strength.®** On the other side, slower strain rate provides more
time for atoms to oscillate from its mean position and thus
increases the ability for atoms to overcome the energy threshold
needed to break bonds.

Fracture stress and strain rate for a particular temperature
can be related by,**°

og=C¢"

This equation can be written as,

Ing=In(C)+mlnz
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where, o represents fracture stress, ¢ represents strain rate, C is
an arbitrary constant, m is the strain rate sensitivity. At
a particular temperature and strain, m denotes the ratio of
change in In ¢ to the change in In ¢. The value of m is obtained
from the slope of the plot depicted in Fig. 12c. For the armchair
and zigzag direction the equations are,

Inog=2475+0.0261In¢

In ¢ = 25.01 + 0.00869 In &

It can be observed that the sensitivity of strain rate along
with armchair direction is ~3 times greater than zigzag direc-
tion. This is because, in pristine graphene and SiG, two bonds
in a unit cell are parallel to the armchair loading direction.
These bonds are sensitive when subjected to the loading and
strain rate as well. But in the case of zigzag direction, there are
no bonds that are parallel to the loading direction.

4. Conclusions

In conclusion, the effect of silicon concentration on the
mechanical properties of graphene has been studied. Modified
Tersoff potential has been employed to define the interatomic
interaction of atoms in the SiG systems. It is found that as the
concentration of silicon increases both fracture stress and
strain reduces notably. This reason is attributed to the reduc-
tion of bond energy, lattice distortion, out of plane deformation
of graphene lattice, induced from doping with the silicon atom.
The stress-strain curves show brittle type fracture for all
concentration of silicon on graphene. Our MD simulation
results suggest that only 5% silicon doping on graphene
reduces the fracture stress and strain by ~31.5% and ~44.13%,
respectively for armchair loading and, ~37.5% and ~42.5% for
zigzag loading. Young's modulus demonstrates a strong inverse
relationship with the concentration of silicon doping. It is
found that as the concentration of silicon increases, chirality
effects on the tensile properties of SiG deteriorates. Effect of
temperature, defects and crack length on the mechanical
behavior of SiG has been explored. Temperature studies suggest
that decreasing the temperature increases the fracture stress
and strain of SiG. Besides, we found that the degree of sensi-
tivity to temperature of SiG is less than free-standing graphene.
Defects and crack reduce the mechanical strength of SiG,
moreover, SiG is more sensitive to defects and crack compared
to graphene. Fracture toughness of SiG is investigated with
varying crack length and compared with Griffith's theory. It has
been found that samples with smaller cracks demonstrate
a nice agreement with Griffith's criterion but the magnitude of
fracture toughness for samples with large crack shows a larger
deviation. So it can be concluded that Griffith's theory of brittle
type fracture can't accurately predict the fracture of materials at
the nanoscale. Fracture studies of pre-cracked SiG suggest that
notable fracture nucleation occurs too early for SiG compared to
free-standing graphene. Though bond-breaking is initiated too
early for SiG, the catastrophic fracture is delayed due to the

31330 | RSC Adv, 2020, 10, 31318-31332
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continuously generated and annihilated dangling bond around
the crack tip, induced by silicon doping. Finally, we have
investigated the tensile properties of SiG by varying the strain
rate. As expected, at high strain rate SiG shows high tensile
strength and the reason is elucidated in this paper.
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