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This work demonstrates the atomic vacancy effects on the phonon properties of armchair silicene nanoribbon in a step
by step process for the first time. The phonon localization effect figures out the fact that vacancies cause to
high-energy phonons become localized, whereas low-energy phonons can easily transmit. The vacancy reduces
high-energy phonon transmission severely compared to low-energy phonon. It is also found from phonon density of
states that high-frequency phonons soften towards the low-frequency region. The simulated phonon bandstructure ver-
ifies that most of the phonon branches transform to a nondegenerate state from a degenerate state and shifted toward a
lower frequency regime due to the presence of vacancies. The overall consequences of atomic vacancies on the phonon
thermal conductance disclose the reality that only a few atomic vacancies result in a vital reduction of phonon thermal

conductance. In addition, the entropy of the disordered system is investigated.
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Low dimensional nanomaterials are showing their poten-
tialities in the field of nanoelectronics. Among them, sil-
icon’s (Si) low dimensional allotropes are getting more
research interests due to their potential possibilities in
future nanoelectronic devices for compatibility with con-
ventional Si-based electronic technology. Silicene has
recently come into the limelight as an alternative to gra-
phene. However, silicene offers semimetallic properties
without a significant bandgap similar to graphene.
Therefore, opening a bandgap in a silicene sheet is man-

datory in implementing promising nanoelectronic devices.

One approach is to open a bandgap in silicene through
the quantum confinement of carriers by forming nano-
ribbon structures.

Just like graphene nanoribbons (GNRs), the electri-
cal''l, magnetical®, optical, thermal™, and mechanical”!
characteristics of silicene nanoribbons (SiNR) are deter-
mined by the structural size and chirality. Armchair edge
silicene nanoribbons (ASiNRs) are semiconducting and
nonmagnetic on the other hand the zigzag edge silicene
nanoribbons (ZSiNRs) are metallic and antiferromagnetic
in nature. The unusual and rare sp*/sp’ hybridization of
SiNR provides some unique physical properties. An-
gle-resolved photoemission spectroscopy proved that
quasiparticles at room temperature behave as massless
relativistic Dirac fermions in silicene nanoribbon because
of its cone-like dispersion of ® and n* bands around the
Fermi level. This would lead to quite high Fermi velocity
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of ~1.3x10°ms™ and very promising for forthcoming
applications™™. SiNRs also have a tunable bandgap de-
pending on the size and geometry. Under a transverse
electric field, ZSiNR turns into half-metallic and could be
used as an effective spin field-effect transistor'.
High-performance field-effect transistors could be con-
structed using ASINR as channel and ZSiNR as elec-
trodes'”!. The tunnel field-effect transistor could also be
developed by SiNR™,

The group led by Aufray et al® was the first to pro-
duce SiNR on a silver substrate by epitaxial growth. An-
other group of Tchalala et al'” developed SiNR on a
gold substrate by evaporating Si with direct current heat-
ing of a piece of Si wafer. During the growth and imple-
mentation of real devices using SiNR, defects like atomic
vacancies are not avoidable. Moreover, defects can be
engineered to develop the device performance!'').

Many theoretical analyses have been done on the elec-
trical properties of SINR!'*?%!. However, up to now, the
analyses on the thermal properties of SiNR are rare.
Phonon is the quantized unit of atomic vibration. Pho-
nons are strongly coupled with an electron in low dimen-
sional Si nanomaterials'*'’. Therefore, to understand elec-
tronic transport properties in those nanomaterials more
deeply, the investigation of phonon properties is manda-
tory.

As far as it is known to the authors, there is no litera-
ture on phonon characteristics of SiNR. Here we are
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interested to go through a well-arranged theoretical in-
quiry on phonon properties of ASiNR. Our investigation
is not only on pristine ASiNR but also with atomic va-
cancies. The quantum transport of phonons, phonon lo-
calization phenomena, phonon transmission for the whole
energy range, phonon density of states (PDOSs), phonon
dispersion relation within the whole Brillouin zone, and
entropy of pristine as well as vacancy disordered ASiNR
are tried to explore with first-principle calculations.

SiNR has a buckled plane, unlike a flat plane of GNR.
According to Cahangirov et al®?, the stable silicene sheet
is buckled but not planar, because of the tendency of sil-
icon atoms to form bonds mixture of sp*/sp’ hybridiza-
tion instead of only sp® hybridization. Here the bond
length between two Si atoms is taken as 2.24 A. The
buckling between Si-Si bonds is taken about 0.44 A for
the energetically most favorable and stable condition. A
total of 200 Si atoms in 10 ASiNR are taken as a sample
to carry out computer simulation. Fig.1(a) shows the low
buckled atomic structure of SiNR and Fig.1(b) shows 10
ASINR.
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Fig.1 (a) Low buckling of SiNR (side view) and (b) 10
ASiNR (top view)

All the simulations are performed in the Virtual
NanoLab software package. The analytical bond-order
potentials used here were reported by Erhart et al*). The
potentials can be calculated in the following way. The
cohesive energy is expressed as

E=Y [l =bV, ()] (M)
The repulsive and attractive factors are expressed as

Ve (r) = (D, /(S =1)exp[=fN2S (r—1;)]. 2)

Vi(r)=(SD, /(S =D)exp[-fN28(r-r)]. ()
where D, and r, stand as dimer energy and bond length,
respectively, f generates from the ground-state vibration-

al frequency of the dimer, and S is adjusted to the slope
of the Pauling plot. The cutoff function is
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where R and D represent the position and the width of the
cutoff region. The bond-order is
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where 2u, y, ¢, d, and h are three-body interactions and
depends on the type of atoms 7 and ;.

The geometry of ASiNR is optimized using force tol-
erance as 0.001 eV/A and stress tolerance as
0.000 1 eV/A. Lattice constraints are considered along
the x and y-vectors directions. Here the limited memory
Broyden Fletcher Goldfarb Shanno optimizer method is
employed with a maximum 200 number of steps. The
dynamical matrix is obtained with respect to real space
displacements of the basis by the harmonic approxima-
tion through the central finite difference method. The
Brillouin zone is sampled by Monkhorst pack-grid with
51x1x1 k-points grid. 60x1x1 k-points grid and average
1x10° eV Fermi level is used.

It is known that phonons are the heat carriers in
low-dimensional materials. In a broader sense, phonons
in low-dimensional materials can be divided into two
groups:  low-frequency  acoustic = phonons  and
high-frequency optic phonons. More specifically,
in-plane longitudinal acoustic (iLA) and in-plane longi-
tudinal optic (iLO) phonons are the main thermal energy
transmitters. That is why we have tried to observe the
transmission of these phonons. In Fig.2(a), it is found that
iLA phonons are transmitted perfectly in pristine ASiNR.
It is interesting that instead of atomic vacancy as shown
in Fig.2(b), the iLA phonons are transmitted without any
attenuation. This incident certifies quantum transport of
low-energy phonons. On the other hand, the iLO phonons
in Fig.2(c) show that in pristine ASiNR the phonons also
transmit easily. But in the vacancy-induced system as
shown in Fig.2(d) the iLO phonons are become localized.
Only two/three atoms are vibrating. These results are in
complete agreement with Refs.[24-36].

(a) (b) (c) (d)

Fig.2 Low-energy iLA phonon (a) without and (b) with
vacancies. High-energy iLO phonon (c) without and (d)
with vacancies

For more explanation of the above findings, the pho-
non transmission of the ASiNR is calculated over 0% to
5% atomic vacancies as shown in Fig.3. The effect of 1%
and 2% vacancies is not so significant in phonon trans-
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mission with 5% vacancy, the phonon transmission de-
creases about 70% of its pristine condition. The phonon

transmission diminishes for the whole range of frequency.

Specifically, the inhibition of phonon transmission is
greater in the high-frequency region. This is due to the
effect of optic phonon localization. Thus, acoustic pho-
nons are fundamental heat carriers in ASiNR.

0% Vacancy |4
1% Vacancy
2% Vacancy ||
5% Vacancy

T(E)

Fig.3 Phonon transmission of (10, 0) ASiNR over 0% to
5% vacancies

Now the PDOSs of ideal (0% vacancy) and non-ideal
(1%—5% vacancies) of ASINR are provided to further
investigate the phonon properties, as shown in Fig.4. The
PDOS of ideal ASiNR shows all the characteristics peaks
corresponding to silicene®®”). The discrete PDOS peaks
are called van Hove singularities originated from the
one-dimensionality of ASiNR. It is found that with an
increasing number of vacancies, both the high- and
low-frequency phonons are scattered into other states.
The high-frequency phonons tend to shift towards the
low-frequency region. The dangling bonds created by the
vacancies are the source of this shifting because weakly
bonded atoms vibrate with low-frequency. Again, some
sharp peaks are observed in the low-frequency region
with increasing vacancies.

Phonon Density of States
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Fig.4 PDOS of ideal and non-ideal AsiNR
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The phonon dispersion relation for the whole Brillouin
zone is also simulated. From Fig.5(a) and (b) of phonon
band structure, it is figured out that, the vacancies create
nondegenerate phonon branches (red lines). New branch-
es are created in both low- and high-frequency regions. In
pristine case, there are 31 phonon branches and in va-
cancy defected case the phonon branches raise to 47.
Clear evidence of the softening of high-frequency phonon
branches is obtained. All the findings give a closer look
at the phonons scattering by the atomic vacancies.
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Fig.5 Phonon bandstructures of ASiNR (a) without and
(b) with vacancy

The phonon dispersion relation for the whole Brillouin
zone is also simulated. From Fig.5(a) and (b) of phonon
band structure, it is figured out that, the vacancies create
nondegenerate phonon branches (red lines). New branch-
es are created in both low-frequency and high-frequency
regions. In pristine case, there are 31 phonon branches
and in vacancy defected case the phonon branches raise
to 47. Clear evidence of the softening of high-frequency
phonon branches is obtained. All the findings give a
closer look at the phonons scattering by the atomic va-
cancies.

The effects of changes in phonon properties ultimately
go on phonon thermal conductance. The phonon thermal
conductance gradually decreases with increasing vacan-
cies. In the report by Li et al®®, they showed the effects
of vacancy defects on phonon thermal conductivity and
found significant phonon-defect scattering with the dim-
inution of phonon thermal conductance. Their results
showed that phonon transportation in silicene is strongly
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affected by atomic vacancy concentrations. Our results in
Fig.6 shows that the phonon thermal conductance de-
creases 30% of pristine condition with 5% vacancies. The
phonon thermal conductance increases linearly up to
500 K but the curves tend to saturate beyond this temper-
ature.
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Fig.6 Phonon thermal conductance of ASIiNR over 0%
to 5% vacancies

In the end, an interesting property called entropy is
calculated (Tab.1). The entropy increases almost linearly
with respect to vacancies, as entropy reflects the degree
of disorder in a system.

Tab.1 Entropy of ASiNR over 0% to 5% vacancies

Vacancy concentration (%) Entropy (meV/K)
0 54.136 398 068 3
1 54.599 509 4459

2 55.723 837 468 2
3 57.326 6732459
4 59.219 904 673 2
5 63.901 151 6535

In this letter, an attempt is taken to explore the phonon
characteristics of pristine as well as vacancy disordered
ASINR. Various intriguing findings are observed. Among
them, quantum transport of acoustic phonon and localiza-
tion of optic phonon is quite interesting with vacancies.
The phonon transmission is suppressed for the whole
energy regime. The vacancy effects are much more in the
high-energy region than in the low-energy region. The
PDOSs indicate the scattering of phonon with atomic
vacancies. PDOSs soften towards lower frequency re-
gions due to the creation of dangling bonds with vacan-
cies. Nondegenerate phonon branches are created with
the presence of vacancies. The phonon thermal conduct-
ance reduces with increasing vacancies. The phonon
thermal conductance decreases by about 30% for 5% of
vacancy. The interesting property named entropy shows a
nearly linear relation with increasing vacancy concentra-
tions. We firmly believe that these findings will be a
milestone in developing future SiNR based nanodevices.
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