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ABSTRACT

Introduction: In 2D materials, the boundary of silicene formed as nanoribbons plays an essen-
tial role in synthesis and can be controlled to achieve different characteristics. Our study aims to
investigate the structural preference depending on the pressure tolerance and boundary depen-
dency. Methods: The main methodology used in our study is molecular dynamics simulation with
Stillinger Weber potentials. Our simulation was carried out on 2D models of honeycomb silicene
obtained through high and low pressurized cooling from the liquid state and then heat annealing
for a decent time. The final configuration of silicene will be investigated in terms of structures and
thermodynamic properties. Results: We found that the effect of the cooling process under high
pressure formed a 4-fold ring structure, while at low pressure, 2D honeycomb networks were re-
covered but with different degrees of defects depending on the boundary condition. The main
difference between several transitions of 2D silicene is discussed via the evolution of total energy
and the change in coordination number and bond-ring distribution. Conclusions: This study pro-
vides insights into the dependency of the structure of silicene on the pressure and boundary, repre-
sented by the first-order transition at low pressure and a congregation of disordered low-numbered
rings into the ordered tetragonal formation at high pressure. Notably, our results have shown that
silicene nanoribbon materials can be controlled by pressure to obtain unfamiliar structures such as

pentagonal and tetragonal networks.
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INTRODUCTION

For material science in the last decade, two-
dimensional groups of materials led by graphene
have attracted extensive attention from our scien-
tific community. The properties of graphene have
promoted many new studies in 2D materials in
which silicene has become a potential candidate for
developing semiconductor generation 2. Unlike the
flat monolayer in graphene, silicene has a buckling
structure. In addition, silicene preserves all the
advantages of bulk silicon materials as its electronic
configuration, and isotropic affinity can easily be
put into practice due to compatibility with current
semiconductor technology. In addition, silicene
has several outstanding properties in applications
such as ferromagnetic, semimetallic, quantum
Hall effect, giant reluctance, optoelectronics, spin
electrons, and superconducting materials "%, Many
2D structures of silicene and Si configurations, such
as SiC, silicene bilayer, and defective silicene, have
been studied recently’"1%. 'The free-standing 2D
structure of silicene associated with amorphous and

rapid cooling liquid has been studied in theory and

experiment =12, Amorphous silicene was found to
form through the fast quenching rate in Ref. 13. The
results have shown that the 2D amorphous structure
of silicene is very complex, including many types
of rings, mainly from 3-fold rings to 6-fold rings.
In addition, a study by Deb et al. showed a phase
transition of amorphous silicene due to the pressure
effect between the low-density and high-density
phases accompanying the liquid-amorphous phase
transition from approximately 900 K to 1300 K 14,

Recently, H.A. Huy et al. studied the phase transition
from the disordered amorphous/liquid state of 2D sil-
icene to the “Cairo-tiling” pattern of penta-silicene
and the 4-fold ring structure of tetra-silicene at high
density by the MD simulation method !°. These re-
sults estimate the critical pressure while the density of
phase changes and can be used as a reference for fu-
ture silicene development. This conclusion was also
confirmed by M. Qiao et al. in 2017'°. In 2019, V.V.
Hoang et al. showed that due to very weak interac-
tions with the walls, the structural features of the final
configuration of tetra-silicene should be identical to
those of free-standing tetra-silicene !”. In addition to
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hexa-silicene materials, the cooling process and ther-
mal stability of penta-silicene materials have also been
studied under the high-pressure effect of the amor-
phous state!8. The thermal stability of the models
demonstrates that materials can be controlled by pres-
sure to obtain the desired structure. In experiments,
silicene is synthesized via epitaxial growth as nanorib-
bons, which are called SiNRs!®. In nanoribbon for-
mation, the size effect has been considered an impor-
tant factor in controlling many characteristics. Due
to the confinement of the charge carrier in the low-
dimensional structure, manipulating the ring size and
thus the band gap could be feasible. In fact, the elec-
tronic transport study of graphene nanoribbons by
M.Y. Han et al. revealed that the energy gap scales in-
versely with the ribbon width 2. Recently, an experi-
ment discovered that single- and double-strand SiNR
formation could comprise pentagonal rings?!. This
is similar to the penta-graphene formation growth on
Cu substrates found by K. Xia et al. in 201622, The
different formations of the 2D structure could involve
a variation in the strain applied (which is considered
equal to the pressure of the model). Therefore, our
study aims to investigate the variation in SiNR struc-
ture under low- and high-pressure conditions.

MATERIALS AND METHODS

This study is carried out via the molecular dynamics
(MD) method to model SiNRs. The potential of Si-
Si interactions was proposed by E. H. Stillinger & T.A.
Weber?23, where the pair and three-atom interaction
is expressed as:

U=Y,;Y-U(rij)
FA Y Y4 Yies Us (rijsries 6ij)

The first two-body term U, consists of ionic repulsion

(1)

and attraction for short-range interaction:

Uz(r):Ae[B<G>p(G>q]e(r—(;6> )

r r
The second term Uj is a summary of all triplets of a

three-body interaction:

Us (r,'j,rik, eijk) =& [COS Gijk —COS 60]2

(o) ) ©
ij—a.co e rix —a.o

xe \Tij

Details of the SW potential, including the parame-
ters, can be found in Ref.?>. SW potential has been
widely used for the simulation of Si or Si-based sys-
tems for the last 30 years. In the study of 2D silicene,
the SW potential has several advantages, such as be-
ing parameterized easily and appropriately determin-
ing the melting/crystallization temperature. Recent
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studies of our simulated silicene cooling models from
the melting state using SW potential give good re-
sults 13-15:18.24,25

Models of 6-fold ring structures with both zigzag and
armchair boundaries are investigated in two cases:
low-pressure (0.31 Mbar) and high-pressure (0.73
Mbar). The simulated models consist of 104 atoms,
and the details of the relaxed size for the four models
are presented in Table 1.

The initial temperatures of the models are 50 K. As
shown in Figure 1, these models are melted isovolu-
metric with melting rate ¥ = 2 x 10" K/s until the
temperature of the models reaches 3500 K and then
relaxed for a while until they completely melt. After
that, the models are cooled with the same rate y =2 x
101! K/s down to 300 K and then relaxed in a time t =
10 ns corresponding to the heat annealing process to
investigate the stable province over time. The simula-
tion process is compared under two different pressure
conditions to determine the effect of pressure on the
formation of the material structure.

T(K)
4000

Relaxation

3000 -

Melting Cooling

2000

10004

0 Relaxation|
Relaxation t

Figure 1: Simulated process of SiNRs.

The MD simulation process was calculated via the
LAMMPS package based on the Nose-Hoover baro-
stat implemented for controlling the pressure?2°.
The ensemble conditions NVT are applied for low-
pressure models, while NPT conditions are used in
high-pressure simulations. For nanoribbon model-
ing, periodic boundary conditions (PBCs) are applied
only in the x Cartesian directions. In the zand y direc-
tions, a fixed boundary with elastic reflection behavior
is applied. The temperature is corrected via simple ve-
locity rescaling, and the Verlet algorithm is employed.
For analysis, we employed ISAACS software with the
‘shortest path’ rule to calculate the ring statistics?’.
The selected cutting radius is 107 = 2.85 A in cal-
culating the coordination number, bond-angle distri-
bution, and interatomic distance distributions of the
models. The cutoff radius is determined by the posi-
tion of the first minimum after the first peak in the ra-
dial distribution function (RDF) of models obtained
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Table 1: Describe in detail the size of all models obtained after relaxation at 50 K

Model

The low-pressure armchair boundary model
The high-pressure armchair boundary model
The low-pressure zigzag boundary model

The high-pressure zigzag boundary model

Lx (A) Ly (A) Lz (A)
1783.32 36.85 0.44
1530.99 36.83 0.44
1936.86 35.71 0.44
1936.71 31.54 0.44

at the final compression process. VMD software is
used for 2D visualization of atomic configurations 28,
The results are averaged over two independent runs to

improve the statistics.

RESULTS

Results of the SiNRs after solidification un-
der different pressure conditions

First, we present the final result of SiNRs manifested
from the solidification process under two different
pressure conditions. Figure 2 describes the visual im-
ages of the structure obtained after cooling and relax-
ing at 300 K of SiNRs in two boundaries under dif-
ferent pressure conditions. At low pressure, both the
armchair and zigzag SiNRs tend to recover the hon-
eycomb structure in Figure 2a and c; however, the
armchair model exhibits a less homogeneous ribbon
structure with several domains of the pentagonal ring.
At high pressure, the honeycomb structure will be re-
placed by the 4-fold ring formation or the pentago-
nal ring, as shown in Figure 2¢, d-1, and d-2. From
the ring formation in Figure 2d-1, the zigzag model
could manifest several domains of the "Cairo-tiling”
pentagonal ring sandwiched between two 4-fold ring
formations. Another possible location for the "Cairo-
tiling” pentagonal ring is the grain boundary, as seen
in Figure 2d-2. Hence, we show that when cooled un-
der high pressure, the armchair model appears to have
a more homogeneous 4-fold ring structure than the
zigzag model. Insights into the dependency of SiNRs
on the width boundary are discussed in the next sec-
tion.

Detailed analysis of the SiNR structure

To study the structural details of the models, we in-
vestigate the radial distribution function, interatomic
distance, and bond-angle distribution of all models at
300 K. The RDF describes the distribution of bonding
distances between Si atoms from 0 A < 10 A. Figure 3a
shows the RDF of the models at 300 K when the struc-
tural models stabilize. It shows a significant difference
between the models. In the high-pressure models, the
distances of the first, second, and third peaks are r|

=244 A, ry = 1.4r(, and r3 = 2r{, while in the low-
pressure models, they are r; =2.33 A, rp = 1.73r1, and
r3 = 2r;.  From Table 2, the high-pressure models
correspond to a 4-fold ring structure, while the low-
pressure SiNRs still maintain the honeycomb struc-
ture of 6-fold rings. The average Si-Si bonding charac-
teristics in Figure 2b show that the impact of pressure
on the structural ring formation in the nanoribbon
is noticeable. Similarly, the peaks of the Si-Si inter-
atomic distance in the high-pressure models shift to a
higher value, indicating sp? <+ sp> hybridization from
3-coordinated to 4-coordinated rings. Meanwhile,
the interatomic distances of low-pressure SiNRs are
slightly higher than those of pristine silicene, which
has a Si-Si bond at 2.28 A. We also indicate that the
boundary affects the distribution of interatomic dis-
tances in SiNRs at 300 K. The broadening of inter-
atomic distances in low-pressure zigzag SiNRs shifts at
higher values, expressing less defective 6-fold ring for-
mation. In high-pressure models, zigzag SiNRs have
a broader distribution, which means that their ring
structure is less uniform than that of armchair SiNRs.
Figure 4 shows the bond-angle distribution of the fi-
nal models. In the low-pressure models, the distri-
bution with a sharp peak at 118° is close to the value
of 116.3° of the 6-fold ring ideal models. However,
this distribution is quite broad, ranging from 90° to
151° in the zigzag boundary model, while the arm-
chair boundary model has a wide distribution from
47° to 180°. The distribution ratio at the sharp peak of
the zigzag boundary model is higher than that in the
armchair boundary model. A broad distribution rep-
resents structural defects in the models, so the zigzag
boundary model has fewer defects than the armchair
model. Similarly, the bond-angle distribution in the
high-pressure models has two sharp peaks at 88° and
162°. This value features the 4-fold ring structure.
In addition, the graph of the bond-angle distribution
in the high-pressure models also shows that the arm-
chair boundary model is less defective (ratio of higher
peaks and fewer minor peaks). The broad angular
distribution is associated with the defective pentag-
onal structure of “Cairo-tiling” in both low-pressure
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Figure 2: Visual models of the SiNR structure at 300 K: (a) low-pressure armchair, (b) high-pressure armchair,
(c) low-pressure zigzag, and (d-1, d-2) high-pressure zigzag in two runs.
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Figure 3: The radial distribution function (a) and interatomic distance (b) at 300 K of the investigated mod-
els
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Table 2: Comparison of positions of Si-Si distances of ring structure shapes'®.

Structure of ring The first distance The second distance ~ The third distance The fourth distance
6 r r =1.73r ry =2r ry =2.62r;

5 r = 1.42r r3 =1.67r ry =2rq

4 r rp = 1.41r, ry =2r rg =2.24r

and high-pressure models. Our findings correspond
to the confirmation of the pressure effect on the struc-
tural model in our previous discussion. We also note
that this pressure effect is similar to what is found

18 and

in the compression of 2D amorphous silicene
confined silicene from the melt!”. Furthermore, the
boundary dependency of the SiNR structure is con-
siderable and could lead to different arrangements at

low and high pressures.

—— Armchair Low-pressure
—— Armchair High-pressure

——Zigzag Low-pressure
, — Zigzag High-pressure

0.104

0.054

Fraction

0.00

0 60 120 180
Bond angle (°)

Figure 4: Bond-angle distribution between Si
atoms in 300 K temperature models

The obtained structures from Figure 2 are consis-
tent with the RDF function and bond-angle dis-
tribution results in Figure 3 and Figure 4. From
the overall features of the RDF and bonding analysis
above, the SiNR structure can be rearranged into sev-
eral morphology patterns depending on the bound-
ary and high-pressure conditions. Indeed, our simu-
lated SiNRs with a 6-fold ring structure recovered at
low pressure with different defective degrees. Mean-
while, the 4-fold ring structure is formed at high pres-
sure. Interestingly, a significant amount of “Cairo-
tiling” pentagonal structure could manifest in the
zigzag models in two models.

DISCUSSION

Thermodynamic properties of SiNRs in the
cooling process

To obtain more insight into the phase transition, we
calculated the total energy of the systems during the

cooling process. The dependence of the system’s to-
tal energy on the temperature during the cooling pro-
cess at low-pressure and high-pressure conditions is
shown in Figure 5. We found that at 300 K, the low-
pressure model has lower total energy than the high-
pressure model in both armchair and zigzag bound-
aries. This tendency indicates that the model cooled at
low pressure undergoes a structural transition, while
the high-pressure model does not express any signif-
icant change. The curves of the total energy of both
armchair and zigzag boundaries at high pressure are
less disrupted compared to the low-pressure transi-
tions. Here, we also found that the different bound-
aries in SiNRs could lead to two distinct cooling pro-
cesses. As shown in Figure 5a and Figure 5b, thereisa
remarkable difference in the energy variation and the
phase transition temperature between the armchair
and zigzag boundaries. In the armchair boundary,
the phase transition temperature T¢ = 1400 K, while
in the zigzag boundary, T¢ = 1550 K with the low-
pressure condition and T¢ = 1500 K with the high-
pressure condition. Regarding the structures in Fig-
ure 2 that obtained the same cooling process from the
melting state, the energy evolution of the four SiNR
models will indicate the general dependency of the ap-
plied pressure on the final preferred formation mani-
fested at low temperature. The energy curves suggest
that the low-pressure structural transition is a first-
order transition driven by the transformation of dis-
ordered low-numbered rings into a stable honeycomb
structure. Meanwhile, the high-pressure model is a
congregation of disordered low-numbered rings into
a fine-ordered tetragonal formation.

More detail on the SiNRs structure during their solid-
ifications will be analyzed via the coordination num-
ber and bond-ring distribution of models in the cool-
ing process, as shown in Figure 6 and Figure 7. Un-
der low-pressure conditions, the 3-coordinated ratio
of the armchair model is approximately 80%, and in
the zigzag model, it is 90%, with some ratios of 4-
coordinated and 2-coordinated. Similarly, most of the
atoms participate in the 6-coordinated structure (Fig-
ure 7a, Figure 7c) with a ratio of over 70% in the zigzag
model and approximately 45% in the armchair model.
In the models that are cooled under low pressure, both
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Figure 5: The dependence of total energy on temperature in two armchair and zigzag boundary models:

(a) armchair boundary (b) zigzag boundary
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Figure 6: The dependence of the coordination number on temperature in the cooling process: (a) low-
pressure armchair, (b) high-pressure armchair, (c) low-pressure zigzag, and (d) high-pressure zigzag.
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Figure 7: Bond-ring distribution between atoms in the cooling process: (a) low-pressure armchair, (b) high-
pressure armchair, (c) low-pressure zigzag, and (d) high-pressure zigzag.

boundary forms are obtained in 3-coordinated mod-
els with a high ratio. However, the ring distribution
expresses a significant proportion of the 5-fold rings
(40%) in the low-pressure armchair boundary model,
indicating that this structure has a complex forma-
tion. Meanwhile, the low-pressure zigzag boundary
model only contains approximately 21% of the 5-fold
ring. These 5-fold rings take the shape of “Cairo-
tiling” first introduced in 2D ice sheets by J. Chen et
al. in 2016% and are similar to the structure of com-
pressed amorphous silicene by H. A. Huy ef al. in
201918, As seen from the result in Figure 1a, there is
a domain of "Cairo-tiling” pentagonal ring formation
sandwiched between two honeycomb domains. In
Figure 2c, the presence of pentagonal rings only exists
as defects in the low-pressure zigzag boundary model.
Therefore, the low-pressure model obtained from the
zigzag boundary is more homogenous than the arm-
chair boundary model. In high-pressure conditions,
the coordination numbers in the zigzag and armchair
boundaries also differ. The 4-coordinated ratio of the
armchair model at 300 K is nearly 90%, while the ratio
of the zigzag model is approximately 70% and appears
2-coordinated in this model. This difference indicated
that the model cooled under high pressure will obtain

high 4-coordinated ratios, which is characteristic of
the 4-fold ring structure. Indeed, Figure 7b and Fig-
ure 7d show that the number of atoms participating
in the 4-fold ring structure in the armchair model is
100%, and in the zigzag model, it is 75%. Therefore,
the high-pressure model is formed as a gradual in-
crease of the 4-fold rings in the liquid state (composed
as a mixture of 3, 4, and 5-fold rings) into the domi-
nant 4-fold ring formation. In contrast, during cool-
ing at low pressure, the 3- and 4-fold rings are dimin-
ished and replaced by the 5- and 6-fold rings, resulting
in two structures, as shown in Figure 2a and c. Hence,
the pressure condition triggers sp><> sp> in 2D sil-
icene, similar to what occurs in silicon '* and amor-
phous silicene 1>, Each condition favors the interme-
diate pentagonal ring as defective domains or grain
boundaries depending on the initial ribbon bound-
ary. This phenomenon provides a hint into the fabri-
cation of unfamiliar 2D structures by controlling the
pressure conditions and emphasizes the role of the
ribbon boundary in the detailed structure of 2D sil-
icene.

CONCLUSIONS

We studied the material forming process at differ-
ent pressures by the MD simulation method with SW
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interaction potential. We found that the armchair
and zigzag boundaries have distinct effects on the fi-
nal configuration. The calculated results also show
that the 6-fold ring structure still contains different
degrees of defective domains, especially if the ini-
tial boundary is armchair. At high-pressure cool-
ing, the 4-fold ring structure is approximately 0.74
Mbar, with the armchair boundary model exhibiting
an almost ideal 4-fold ring structure. The thermo-
dynamic evolution and ring distribution analysis im-
ply that low pressure is a first-order transition from
low-numbered rings to attain the well-known honey-
comb network. However, at high pressure, the low-
numbered rings are likely to aggregate into a fine
tetragonal structure. Therefore, the results of the pref-
erence of the SiNR structure for boundary and pres-
sure conditions could have directional meaning in
fabrication. Controlling the material structure under
the effect of pressure could be useful for the practical
synthesis of different potential nanoribbon structures.
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