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PSI (5)-graphene is a dynamically and thermally stable two-dimensional (2D) allotrope of carbon composed
of 5-6-7 carbon rings. Herein, we study the opto/mechanical behavior of two graphene allotropes, W¥-
graphene and its hydrogenated form, W-graphane under uniaxial and biaxial strain using density
functional theory (DFT) calculations. We calculated the elastic constants and second Piola-Kirchhoff
(PK2) stresses, in which both nanostructures indicate a similar elasticity behavior to graphene. Also, the
plasmonic behavior of these structures in response to various strains has been studied. As a result,
plasmonic peaks varied up to about 2 eV under strain. Our findings reveal that these two structures have
a large peak in the ultraviolet (UV) region and can be tuned by different applied strain. In addition, ¥-
graphene has smaller peaks in the IR and UV regions. Therefore, both W-graphene and W-graphane can
be used as UV optomechanical sensors, whereas W-graphene could be used as an infrared (IR) and
visible sensor.
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meager Io,n/log ratio.”?* Therefore, the existence of such
restrictions led researchers to focus on either optimizing

1. Introduction
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Carbon has always been the focus of scientists and researchers
considerations, especially after it appeared as a 2D material
during experimentation with graphene.® Graphene, has
a hexagonal structure of carbon atoms, due to its intrinsic
unique specifications,” e.g. a semiconductor with zero bandgap
energy, high carrier mobility, bipolar transport, and strong sp>
junctions. These specifications excited the curiosity of scientists
to produce nanoelectronic devices, especially graphene-based
transistors.>* Carbon-based 2D materials also have other
applications including e.g. biosensing,>” catalysts in fuel
cells,®® solar cells,'™"* energy generation and storage,'>'* medi-
cine," metal-ion batteries'*'® and water treatment.'”*#

Despite the theoretical efforts, different graphene allotropes
are very challenging. Carbine, graphene, graphane, and biphe-
nylene have been investigated both in a practical and theoret-
ical manner'®° i.e. at first, the existence of a structure has been
predicted and then through a certain method, it has been
synthesized.

Although unique specifications like zero-gap can create an
advantage in certain kinds of devices such as optical detec-
tors,> the use of gapless materials such as graphene in
a transistor is impossible or extremely difficult, because of

“Computational Materials Science Laboratory, Nano Research and Training Center,
NRTC, Iran

*Department of Physics and Energy Engineering, Amirkabir University of Technology,
Tehran, Iran

‘Faculty of Science, Shahid Rajaee Teacher Training, 16875-163, Tehran, Iran, .
E-mail: j.beheshtian@sru.ac.ir

This journal is © The Royal Society of Chemistry 2020

structures® or the other allotropes of graphene, which will not
have gapless limitation, while maintaining graphene
strengths, simultaneously.

The existence of advanced synthesizing nanostructures
technologies e.g. chemical vapor deposition (CVD) and
epitaxy,” allows us to build a suitable structure in terms of its
practical need. Various allotropes of graphene have been re-
ported and predicted until now; one can refer to ¥-graphene,*®

a) b)

Fig. 1 The structure of (a) W-graphene and (b) W-graphane.
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Table 1 Lattice parameters in this work and ref. 26
doc

sp> a b c d, d, ds d, ds
W-Graphene (this work) v 6.68 4.82 13.96 1.5 1.43 1.41 1.41 1.42
W-Graphene (ref. 26) . 6.76 4.93 15.84 1.58 1.53 1.51 1.51 1.53
W-Graphane 6.7 4.84 14 1.53 1.51 1.52 1.53 1.52
T-Graphene™’ 3.42 3.42 10 1.383-1.468
Phagraphene® . 8.09 6.65 9.62 1.40-1.52
Biphenylene®"** . 9.00 7.49 — 1.40-1.45
Tetrahexadodectite***? . 6.78 6.69 — 1.37-1.49
Pentahexaoctite®>** . 3.78 5.85 15 1.37-1.49
Pentaheptite*>* . 4.78 4.78 — 1.39-1.50

popgraphene,” pentagraphene,” graphane and graphyne.*®
Some of these allotropes are hydrogenated forms of graphene
(graphane) and some are different in the crystalline structure
such as popgraphene. Based on the total energy calculations of
a structure, all allotropes of graphene have less stability than
graphene itself. As it is reported, graphenes' total energy is
—9.23 to —9.28 eV per atom,>*~*! while this value for biphenylene
is —8.82 eV per atom?®>** and for graphyne is —8.3 to —8.51 eV
per atom.*"*> Nevertheless, allotropes of graphene have more
strain sustainability than graphene itself; e.g. fracture strain for
graphyne, biphenylene, and graphene is 0.29-0.28 (ref. 33) and
0.22 (ref. 29) respectively.

Recently, Xiaoyin Li et al.*® theoretically studied the W-gra-
phene, which has a structure of 5-6-5 carbon rings and one-
atomic thickness like graphene sheets. Moreover, W-graphene
has metallic properties and maintains its characteristic against

external strain as reported in ref. 25. Another interesting char-
acteristic of W-graphene is a Li diffusion barrier about 0.265-
0.313 eV, which is 0.31 eV for graphene. Due to a large number
of hexagonal structures in its composition, its thermodynamic
stability is high. According to studies conducted, ¥-graphene
has a total energy of —9.07 eV per atom; more than other
different carbon allotropes. The Young's modulus of W-gra-
phene, graphene, and penta-graphene have been reported as
283.49, 342.2, and 263.8 N m™ " respectively, so W-graphene is
the most similar structure to graphene in terms of mechanical
properties and features.

One of the challenges with graphene for use in electronic
and optoelectronics devices is that there is no bandgap in its
electronic structure.*® One way for overcome this issue is
functionalization of graphene with hydrogen. Studies have
shown that the graphene lattice vector does not change
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Fig. 2 Harmonic area for W-graphene (up) and W-graphane (down).
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Table 2 Elastic constant for some graphene allotropes
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Cn C1z Coo Cee Unit
W-Graphene (this work) 266.78 70.72 276.27 98.03 Nm*
W-Graphene (ref. 26) 306.73 84.44 302.42 111.15 Nm*
W-Graphane (this work) 164.64 21.25 199.27 71.7 Nm*'
Graphene (experimental) 340 (ref. 48) Nm’
Graphene (DFT) 354.6 (ref. 48) 52 (ref. 49) 354.6 151.3 Nm™*
C-Graphane 230 (ref. 49) 50 (ref. 49) 230 90 Nm’
Penta-graphene 265 (ref. 50) —18 (ref. 50) 141.5 Nm*'

significantly with temperature after hydrogenation and indi-
cates application of graphene is in hydrogen storage.** So in
this paper, we have carried out a systematic investigation of
the structural stability and mechanical properties of ¥-gra-
phene and hydrogenated W-graphene (W-graphane) under
external strain. Subsequently, we will survey electronic and
optical properties in both cases under strain. The optical

eo{ " T 1T T T T T T T T
30

-30

-60 4
604 " T T T T T TNt T
304
04
-30 4
-60 4
604 " T T Tt T T T
304
04
-30 4
-60 4
604 " T T Tt T Tt T
30+
04
-304
-60 4
604 T T T
30+
04
-30
-60 4

D1-21

D1-Z2

D2-%1

PK2 (N/m)

D2-x2

D3-21

304
04
-304
604

D3-X2

PR I N O T AU I N
10 -5 0 5 10 15 20 25 30

Strain (%)

The PK2 results for W-graphene.

Fig. 3

This journal is © The Royal Society of Chemistry 2020

properties such as the dielectric function, absorption spec-
trum, plasmonic effects were analyzed in detail.

2. Computational method

To investigate the structural stability including total energy, the
energy of structures under strain, and applied force to each
atom, we use the Quantum ESPRESSO package.*® In these
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Fig. 4 The PK2 results for W-graphane.
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Table 3 Ultimate strain and its PK2 values for W-graphene and W-graphane in comparison with some references

Dl_El DI_EZ DZ_EI DZ_EZ D3_21 DS_EZ

Strain (%) PK2  Strain (%) PK2  Strain (%) PK2  Strain (%) PK2  Strain (%) PK2  Strain (%) PK2  Unit
W-Graphene 22.5 2.62 20.5 8.17 24.5 7.69 20.5 26.91 16.5 29.56 16.5 27.63 Nm*
W-Graphane 22.5 18.27 27 2.57 23 2.79 20 19.54 18.5 17.77 19 20.3
Graphene52 23 7 23 30.4 19 28.6 19 5.5 23 32.1 23 32.1
Graphane®® 25 3 25 21.4 17 189 17 1.2 23 20.8 23 20.8
Graphyne53 20 17.84 20 10.4 20 8.8 20 18.83 18 20.64 18 20.64

calculations, a 12-atom unit cell of W-graphene was with P2mg
plane symmetry (plane group no. 7). To increase the accuracy of
calculations, PAW*” pseudopotential and PBEsol exchange-
correlation function were used.*® In this case, the plane wave
energy cutoff was chosen as 950 eV with 8 x 8 x 1 k-point in
reciprocal space. The relaxation of the structure was performed
through the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
method.** Moreover, the total energy applied to each ion was
considered to be below 1 x 107 eV A~*. To remove influence
from the parallel planes, a vacuum space in the vertical direc-
tion to W-graphene plane was considered which obtained 15 A.
In addition, we have performed a similar calculation on the
hydrogenated structure of this carbon allotrope, which was
named as W-graphane.

3. Results and discussion

3.1. Lattice specifications

Our study begins with the optimization of W-graphene and W-
graphane as plotted in Fig. 1a and b respectively. A detailed
description of optimized structures is brought in Table 1 and
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Fig. 5 Band structure and DOS diagram for (a) ¥-graphene and (b) W-
graphane.
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compared with other reports. Our computation indicates that
lattice constants of a and b are 6.68 A and 4.82 A respectively,
which are almost equal to 6.70 A and 4.84 A in Li, et al
paper.”®

Atomic distances, except d; which equals 1.5 A, have values
between 1.41 to 1.43 A. The different lattice constant values in
this work have lesser quantities in comparison to similar ones
in ref. 26; which is originated from PBEsol in this work instead
of PBE. PBEsol is intended to improve on PBE for equilibrium
properties such as bond lengths and lattice parameters.®®
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Fig. 6 Evolution of bandgap with strain for ¥-graphane.
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PBEsol functional will give better results for elastic properties
including lattice parameters. All of these parameters are re-
ported in Table 1.

Fig. 1b shows the structure of optimized W-graphane ob-
tained through the DFT calculations. Moreover, similar to W-
graphene detailed optimized lattice constants are presented in
Table 1.

View Article Online
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Fig. 2 reveals that the depth of W-graphane is less than W-
graphene, and confirms that W-graphene is more strength than
W-graphane.

In order to study on the elastic behavior of W-graphene and
W-graphane, second-order elastic constants are considered
trough eqn (1). Afterward, elastic energy is calculated by using
eqn (2). In Table 2, the elastic constants for some allotropes of
graphene are reported. Constants in this table have defined as:**

c— ! ) L
3.2. Elastic properties T Aody \9ei0¢; )
In order to calculate the elastic properties of these materials, we | .
put them under three deformations tensors (D;, i = 1, 2, 3). Dy E(e) = 5C“gxxz + 5szgyyz + Caeéyy + 2566%,2 (2)
and D, constants are used for applied stresses in directions
a and b respectively. The D3 constant is used for symmetrical Ci Cp 0
stress in the ab direction. The elastic constants are calculated 1 &
from the stress matrix elements according to the percentage of E(e) = 3 (e1 & 2¢)= G G 0 &
the harmonic area which has a value between —2.5% to 7% as 0 0 Ciu—Cn 2e6
can be seen in Fig. 2. In the harmonic area, strain energy and 2
applied strain have a quadratic relation, although, beyond it, an (3)
area which is known as the anharmonic area, the degree of this
relation will be increased. The width and depth of these well like Ces = (C11 — C1)I2 (4)
curves, respectively, indicate the flexibility and strength of each
structure.
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In these equations, E and ¢ are the total energy and the strain,
respectively. 4, is the area of the free strain state and d denotes
thickness of the vacuum region over the structures. 2D mate-
rials with rectangular unit-cell which has an orthorhombic
symmetry, have four elastic constants named C;4, C13, C,,, and
C66'47

Graphene is still the hardest 2D carbon compound, accord-
ing to the elastic coefficients reported in Table 2. In the W-
graphene the presence of pentagonal and hexagonal rings
reduced its symmetry and stability compared to graphene. Even
though W-graphene does not have the same hardness as gra-
phene, it has a relatively good hardness compared to other
carbon compounds and has even higher elastic coefficients
than penta-graphene.

In addition, W-graphene has lower elastic coefficients than
W-graphane. The reason for this difference is the presence of
sp” and sp® hybridization as well as the buckling of the atoms in
W-graphane makes it 61% less stiff than W-graphene. This
difference can be used to distinguish graphene and graphane
materials.

In order to consider the influence of large strain on the
nonlinear behavior of a structure, the second Piola-Kirchhoff (PK2)
stresses (X) should be used. To find the PK2 we use the eqn (5):*

S =JF 'o(F YT (5)

View Article Online
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In eqn (5), F, J, and ¢ are deformation matrix, determinant of
deformation matrix, and true stress, respectively. True stress, is
calculated through the Quantum ESPRESSO package under the
DFT outline. The PK2 calculations results for ¥-graphene and
W-graphane are plotted in Fig. 3 and 4 respectively.

In Fig. 3 and 4, X; and ¥, are 11 and 22 elements in the main
diagonal of the stress matrix respectively. The red line in these
figures shows the boundary between the “elastic region”, left
side, and the “plastic region”, right side. The maximum of the
elastic region indicates the ultimate strain, which a material can
withstand under the strain. In the elastic region, a structure can
return to its initial state after removing the ultimate strain. It
should be taken into consideration, due to the existence of
some imperfections e.g. defects; the mentioned boundary is
placed in fewer strain values. In Table 3, PK2 values are re-
ported. As a result, ¥-graphane has more ultimate strain values
than W-graphene. However, the elastic region of W-graphene
and W-graphane is almost similar to that of graphene and has
similar flexibility.

3.3. Band structure

From a different perspective, the electronic properties of W-
graphene and W-graphane are considered in this work. Fig. 5a
shows the electronic band structure and density of states (DOS)
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Fig. 8 The evolution of static dielectric constant with strain for W-graphene (out-of-plane).
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of W-graphene and Fig. 5b shows the same characters for W¥-
graphene.

As can be seen in Fig. 5b, W-graphane has a 4.13 eV bandgap,
while W-graphene has no bandgap. As mentioned, the structure
of W-graphene maintains its metallicity under any kind of
deformation and strains.

Fig. 6 shows the bandgap versus strain for the W-graphane.
Due to the metallic and gapless properties of W-graphene under
strain, Fig. 6 shows the bandgap variations for ¥-graphane only.

To compare tensile and compressive strained W-graphane,
the bandgap of unstrained W-graphane, 4.13 eV is set to be
a reference. For direction, a (Fig. 6a), this value has been
decreased to 3.72 eV over —8% compression, and it has been
increased to 4.38 eV for tensile strain up to +16% strain. In other
words, under compression, the bandgap is decreased and under
tensile strain is increased. It should be noted that the contri-
bution of the conduction band (CB) in these changes is more
than the valence band (VB) (Fig. 6a). From —8% to +4% strain,
the variations growth is constant and in hundreds of meV. One
can see for +8% strain, VB moves toward positive energies
around 140 meV. Meanwhile, from this point onwards, the
variation enhances around tens of meV.

Previous studies have shown that biaxial strain do not form
a bandgap in the electron structure of graphene.** However,
under the influence of uniaxis strain in the direction of zigzag
and armchair, breaking the symmetry of the structure leads to
avery small band gap. The greatest gap in zigzag strain occurred
at 24%, which is 0.5 eV. Also, in the direction of armchair, the

View Article Online
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maximum gap occurs in the strain of 13%, which is 0.16 eV. In
contrast, the graphane is a semiconductor with a direct gap of
3.54 eV.”® The bandgap of graphane increases under the influ-
ence of uniaxis strain and reaches 5.5 eV at 15% strain, which is
approximately equal to the amount of W-graphane bandgap at
16% strain.

For direction b, from —8% to +16% of strain, the bandgap
changes from 2.68 eV to 4.48 eV, respectively. It should be noted
that the behavior of CB is different from the VB. The CB shift for
bandgap closing or opening is almost homogeneous. For VB, we
divide variations into three parts. The VB moves toward positive
energy with increasing compression. From an unstrained
structure up to +8% tensile strain, there is almost no variation.
And beyond this point, VB shows a slight increase in direction
to positive energies. For biaxial ab direction, the bandgap
opening happens from —8% to +16% strain and takes values
from 2.68 eV up to 5.12 eV for the above strain.

In practice, such a shift in the bandgap due to the increase in
system temperature could appear. Also, the distance between
valence and conduction band due to increasing the temperature
and energy band broadening will be reduced; therefore, the
absorption probability of photons with lesser energies could be
increased. The variation of the electronic bandgap related to
temperature is called the Varshni equation.*®

3.4. Optical properties

Complex dielectric function is used to define a solids linear
optical specification,*” which relates its macroscopic properties
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Fig. 9 The imaginary part of unstrained and strained W-graphene; (a) out-of-plane (b) in-plane.
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to its microscopic ones. In other words, the dielectric constant
of each system is a gauge to measure applied field linear
responsibility of each of those systems.*® The dielectric constant
relates to an applied field and defines the level of polarization
related to different parameters e.g. frequency, field, etc. The
imaginary part of the dielectric function (e,), assuming a single-
particle system, obtains from the eqn (6):*°

T e

T 2e0 2 2m)* hew?

Z‘ dkl (e, klp, 1, k) X (0 — o
JBZ

¢y

&,(w)

—w)

(6)
where j index indicates the light polarization, and p; represents
the momentum operator. This equation shows the interband
transition where (c,k| denotes the initial state vector and |»,k)
represents the final state vector. k, ¢, and v are the Bloch wave
vector, conduction band, and valence band respectively. Also, j
is x, y, or z in Cartesian coordinates. According to the Kramers—
Kronig relation, the real part of complex dielectric function
obtains from the eqn (7):*

® & (w')dw/

1 +
e(w)=1+ EVP .‘lw (7)

7
w —w

Using eqn (7) the Cauchy principal value, VP, is attained.
From dielectric function, one can obtain some optical proper-
ties e.g. absorption coefficient and refractive index.
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In the next step, we computed the real and imaginary parts of
the dielectric function of W-graphene and W-graphane. The real
part of dielectric function for compressive and tensile strained
W-graphene from —8% to 16% in a, b, and ab directions have
been reported in Fig. 7. In these figures, the L symbol is used
for out-of-plane or vertical polarization, and the || symbol is
used for in-plane or horizontal polarization.

From these figures, one can obtain the variations of static
dielectric constant in order to study the polarizability of
a structure.®® Since W-graphene is a conductor, same as gra-
phene, the real part of its' dielectric function for in-plane
polarizations and energies near zero eV, has singularities. For
energies over one eV, the real part of dielectric function fluc-
tuations encounter redshift and blue-shift with increasing
tensile and compressive strain, respectively.

The static dielectric constant for out-of-plane polarizations
in equilibrium for ¥-graphene has obtained 1.38. This value, as
can be seen in Fig. 8, also experienced a slight variation between
about 1.36 and 1.39 for related strain range and various
directions.

The real part of the dielectric function shows the response of
the material to the applied variable electric field while the
electric field hasn't been absorbed but its energy could be stored
and remitted or in terms the ability to permit the electric field
through the material. Fig. 7 shows that pick of the real part of
the dielectric function of W-graphene has blueshift under
compressive strains and redshift under tensile strain for both

Strain (%) 3.5
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Uniaxial a

Energy (eV)

10 15 20 25 0
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Fig. 10 The real part of dielectric function of unstrained and strained W-graphane; (a) out-of-plane, (b) in-plane.

26204 | RSC Adv, 2020, 10, 26197-26211

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03104f

Open Access Article. Published on 10 July 2020. Downloaded on 3/29/2026 4:35:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

in-plane and out-of-plane polarizations. The energy variations
for applied electromagnetic waves under in-plane polarization
and a, b, and ab directions in the range of —8% to +16% strain
are 11.36-10.23 eV, 11.38-10.19 eV, and 11.89-9.53 eV respec-
tively. Meanwhile, for out-of-plane polarization, these variations
are 11.5-7.25 eV, 11.9-9.06 eV, and 12.61-7.37 eV
correspondingly.

From the imaginary part of the dielectric function diagram,
one can acquire information about the optical absorption of
a structure. The peak of the aforementioned diagram defines
the optical absorption between valence and conduction bands
of that structure. The imaginary part of dielectric function
diagrams can be viewed in Fig. 9. According to this figure, the
equilibrium state of W-graphene has two peaks in 11.14 eV and
13.42 eV. For a strain of —8%, these two peaks convert to one
peak in 11.71 eV, 11.62 eV, and 12.16 eV for the directions a, b,
and ab respectively. For strain up to 16%, the mentioned peaks
move to 10.42 eV and 12.22 eV for a direction, 10.52 eV and
12.51 eV for b direction and 9.87 eV and 11.7 eV for ab direction.
Also, the in-plane absorption peak placed at 0.005 eV and any
change related to various types of strain for this peak is
observable.

Through a similar study, the variations result for the real part
of dielectric function related to W-graphane under different
values of strain are reported in Fig. 10. ¥-Graphane due to its
4.13 eV band gap has different optical behavior in comparison
with gapless W-graphene. The real part of dielectric function
diagram for both polarizations has negative quantities. This
diagram for out-of-plane polarizations has two peaks in 6.43
and 12.39 eV energies, whilst, for in-plane polarizations has one
peak in 9.33 eV energy and related to in and out-of-plane
polarizations, after 13.9 and 13.14 eV energies goes to nega-
tive amounts.

The real part of W-graphane dielectric function for in-plane
polarizations under uniaxial ¢ and biaxial ab strain has
noticeable variations. The peak of the diagram under tensile
strain directed to greater energies has about 0.58 and 1.11 eV
blue-shift up to 16% strain and under compression ones has
about 3.68 and 3.21 eV red-shift up to —8% leading to lesser
energies. Also, under uniaxial b strain in the range of —8% to
16% its peak has poor variations about 1.54 eV.

As mentioned before, the real part of W-graphane dielectric
function for out-of-plane polarization has two peaks in 6.43 and
12.39 eV energies. The place of the first peak, unlike its inten-
sity, isn't influenced by any kind of strain. Under compression
and tensile strain, the peaks' intensity will be decreased and
increased relatively. The second peak for a, b, and ab directions,
respectively, under tensile strain has 0.38, 0.28, and 0.82 eV red-
shift to lesser energies and under compression strain has 1.53,
1.02, and 2.16 eV blue-shift to greater energies.

Using Fig. 10, the static dielectric constant variations
progression is acquired as Fig. 11a for out-of-plane polarization.
Decreasing this constant is the result of increasing the tensile
strain; meanwhile, opposing behavior is displayed from
compression strain. Increasing the static dielectric constant is
the result of increasing the compression strain. According to
Fig. 11a, the variation range for mentioned constant related to

This journal is © The Royal Society of Chemistry 2020
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different directions is as follows: 1.63 < a direction < 1.79, 1.62 <
b direction < 1.81 and 1.51 < ab direction < 1.86.

For in-plane polarizations, two different progressions can be
seen. One progression (for b direction) is almost similar to an
out-of-plane one, with a range between 1.7 to 1.75 values.
However, a and ab directions behave completely differently. By
increasing the tensile strain, the static dielectric constant
increased, and with increasing the compression strain it expe-
rienced decreasing. The variation range according to Fig. 11b is
as follows: 1.66 < a direction < 2.07 and 1.71 < ab direction <
1.98.

The imaginary part of dielectric functions diagrams for W-
graphane, related to different polarization and directions are
reported in Fig. 12. The imaginary part of dielectric function
under in-plane polarizations for W-graphane has a peak in
11.45 eV. The mentioned peak for a and ab directions has
noticeable shifts. Tensile strain up to 16% in a and ab directions
move the peak to 7.56 and 7.52 eV energies, respectively.
Whereas for compression strain up to —8%, it moves to 11.04
and 11.83 eV energies related to the cited directions.

In accordance with Fig. 12, there are two peaks for out-of-
plane polarization, which are placed in 6.93 and 13.14 eV
points. Under tensile and compression strain over the range of
—8% to 16%, the first peak doesn't have a noticeable shift. The
maximum shift is about 0.36 eV, which is occurred in the ab
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Fig. 11 The static dielectric function for unstrained and strained W-
graphane and different directions, (a) out-plane polarization, (b) in-
plane polarization.
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direction. Whilst, the second peak under some kinds of strain
has more shifts. Although it doesn't have any significant shifts
for direction a, for b and ab directions it has a 0.63 eV red-shift
up to 16% for tensile strain and 0.64 eV blue-shift up to —8% for
compression strain in ab direction. Also, for direction b, for
strain up to —8% and 16%, it has 0.59 and 0.37 eV blue-shift and
red-shift in that order.

3.5. Absorption spectrum

Using the complex dielectric function, one can obtain the
absorption coefficient, according to eqn (8).* This optical
parameter is studied for both W-graphene and W-graphane
under mentioned polarizations and directions.

a(w) = @({812 +622}1/2 B 51)1/2 @®

Throughout in-plane polarization, the structure of W-gra-
phene has an absorption coefficient in all three IR, visible and
UV regions. In unstrained structure, there are three main peaks
at 0.28 eV, 2.8 €V, and 15.47 eV in relation to the mentioned
regions respectively. According to Fig. 13a, the place of the peak
in the IR region has almost remained constant. It should be
noted, one peak has been added to the IR region in relation to
the b direction and tensile strain, i.e. in about 1.5 eV. The peak
which is placed in the visible region, under compressive strain,
moves to 3.3 eV, 3.5 eV, and 3.36 €V for a, b and ab directions

26206 | RSC Adv, 2020, 10, 26197-2621

respectively. All movements are directed to the NUV region. The
situation for the tensile strain is completely different. For +16%
tensile strain, this peak moves to 3.53 eV, which is within the
NUV region. Meanwhile, for b and ab directions this shift is still
occurred in the visible region, i.e. 3.1 eV and 1.9 eV, respectively.
It should be also noted, there are still stronger peaks in the UV
region.

According to Fig. 13b, W-graphene also has a peak in the UV
region in relation to out-of-plane polarization and various
directions. The mentioned peak for tensile and compressive
strained structure indicates red-shift and blue-shift energy
displacements, respectively.

The absorption diagram of W-graphane, due to the existence
of an in-plane polarization, has a peak at 13.17 eV for
unstrained structure. This main peak for a, b and ab directions
moves to 13.56 €V, 13.66 eV and 13.79 eV under —8%
compressive strain, and shift to 11.56 eV, 12.55 eV and 8.48 eV
for 16% tensile strain. In other words, the absorption of W-
graphane, relating to tensile strain, moves from Extreme
Ultraviolet (EUV) to Vacuum Ultraviolet (VUV) region. Therefore,
one can say W-graphane, which has no absorption in the
infrared (IR) region, is suitable for ultraviolet (UV) detection
(Fig. 13c).

Due to out-of-plane polarization, unstrained ¥-graphane has
a peak at 14.17 eV. This main peak for compressive strain in
b and ab directions transfers to 14.36 eV and 14.83 eV, while for
the direction a is almost the same value. Under tensile strain,

This journal is © The Royal Society of Chemistry 2020
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phene (c) in-plane polarization (d) out-plane polarization.

this peak transfers to 13.47 eV, 13.65 eV, and 12.82 eV for q, b,
and ab directions, respectively. Similar to other optical param-
eters of W-graphane, the absorption diagram under tensile
strain have red-shift to low energies, whilst under compressive
strain has blue-shift towards high-level energies. In other
words, W-graphane under out-of-plane polarization is also a UV
detector with a slight difference. According to Fig. 13d, the
detection amount between Deep Ultraviolet (DUV) and EUV
regions, compared to parallel polarization, has been decreased.

In addition to the ultraviolet absorption of W-graphane, the
intensity of its optical absorption is an interesting point. The
absorption is in noticeable order of 10> cm™'. Therefore, W-
graphane is a UV absorber and visible wavelengths could be
transmitted without any absorption.

This journal is © The Royal Society of Chemistry 2020

3.6. Surface plasmon

Light with polarization parallel to the surface of 2D structures
can lead to a massive movement of electrons in matter. These
conditions are known as plasmonic behavior.> As a result, the
reaction of the material to in-plane polarization is very impor-
tant. When the real part of dielectric function is zero and the
imaginary part has a very small amount, according to eqn (9),*
electron energy loss function (EELF) is maximized and surface
plasmon will be formed in the material.

m{%@} = o ) ©)

Theoretical®** and practical® studies have shown, graphene
EELF has two peaks in 4.6 eV and 14.6 eV for in-plane
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Fig. 14 EELF for unstrained and strained W-graphene for (a) in-plane polarization (b) out-plane polarization and W-graphane (c) in-plane
polarization (d) out-plane polarization.

polarization. As the graphene band structure analysis has

revealed, the peak of EELF at 4.6 eV is related to m — 7* elec-
tron transition. In this transition, 7 is the Pz orbitals in VB, and
m* is the empty Pz orbitals of CB around the point M in

Table 4 EELF peak of unstrained and strained structures for uniaxial a

graphene first Brillouin zone (BZ). The existence of van Hove

singularity in the Pz orbital of CB and VB near point M is the
cause of this transition and concluded from the PDOS graph.®®
In this case, the collective behavior of electrons, under the

Strain (%)

Structure Polarization  —8 —4 0 4 8 12 16 Unit

W-Graphene In-plane 4.5 18.05 4.35 17.99 4.22 17.65 3.88 17.42 433 16.44 3.93 16.28 3.94 15.61 eV
Out-of-plane  — 16.75 — 16.26 — 1591 — 15.87 — 15.54 — 15.38 — 15.14

W-Graphane In-plane — 16.08 — 16.37 — 16.01 — 15.63 — 1547 — 14.51 — 14.15
Out-of-plane  — 15.28 — 16.68 — 16.20 — 16.04 — 15.82 — 15.53 — 15.28

Peak 1st an 1st an 1st an 1st an 1st an 1st an 1st an
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Table 5 EELF peak of unstrained and strained structures for uniaxial b
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Strain (%)

Structure Polarization  —8 —4 0 4 8 12 16 Unit
W-Graphene In-plane 5.24 1792 499 17.23 4.22 17.65 4 17.02 391 16.77 3.85 16.63 3.86 15.99 eV
Out-of-plane  — 16.54 — 16.12 — 1591 — 15.65 — 15.65 — 15.29 — 15.15
W-Graphane In-plane — 16.24 — 16.33 — 16.01 — 15.5 — 1546 — 15.11 — 14.90
Out-of-plane  — 17.02 — 16.67 — 16.20 15.83 — 15.73 — 15.49 — 15.25
Peak 1st 2nd 1st an 1st 2nd 1st an 1st 2nd 1st an 1st an
Table 6 EELF peak of unstrained and strained structures for uniaxial ab
Strain (%)
Structure Polarization  —8 —4 0 4 8 12 16 Unit
W-Graphene In-plane 4.87 18.78 4.38 17.92 4.22 17.65 3.89 16.65 3.66 15.32 3.4 14.36 3.18 14.28 eV
Out-of-plane  — 17.26 — 16.65 — 1591 — 15.45 — 15.07 — 14.48 — 14.09
W-Graphane In-plane — 16.79 — 16.66 — 16.01 — 15.62 — 14.89 — 13.95 — 13.21
Out-of-plane — 17.60 — 16.92 — 16.20 — 15.70 — 15.17 — 14.69 — 14.31
Peak 1st an 1st 2nd 1st an 1st 2nd 1st an 1st an 1st an

influence of the in-plane electric field of the incident electro-
magnetic wave, leads to the formation of @ + ¢ plasmon in
graphene. Also, the 14.6 eV EELF is according to ¢ — m*
transition which is known to as 7 + ¢ plasmon.** Since ™ + ¢
plasmon appears at high frequencies, researchers have been
less concerned. Wider the EELF graph in these plasmons is the
main difference from 7 plasmons which is leading to plasmon
lifetime difference.*

Since the study of the behavior of surface plasmons in the
fabrication of photonic circuits is very important, the behavior of
W-graphene and W-graphane plasmons has been studied in the
continuation of this section. As can be seen in Fig. 14, only W-
graphene for in-plane polarization has two EELF diagram peaks
that are placed in 4.22 and 17.65 eV (Fig. 14a) and other struc-
tures have only one peak. Therefore, the peak of W-graphene for
out-of-plane polarization placed in 15.91 eV (Fig. 14b). Likewise,
W-graphane for in-plane and out-of-plane polarization has a peak
in 16.01 eV (Figure 14c) and 16.20 eV (Fig. 14d) respectively. After
that, variations of these peaks related to strain have been studied
for both structures. As a result, one can say the previous peak
condition remained constant ie. W-graphene for in-plane
polarization has two peaks whilst other situations have one
peak in their EELF diagram. Tables 4-6 show the influence of
strain on the peaks of EELF briefly.

4. Conclusions

In conclusion, we have presented a detailed description of opto/
mechanical behavior of W-graphene and its hydrogenated, i.e.
W-graphane by using the DFT approach. Our findings show that
the elastic region of W-graphene and W-graphane are intended
in the range of 16.5% to 27%, which are similar to the range of
17% to 25% for graphene and graphane. Moreover, all

This journal is © The Royal Society of Chemistry 2020

unstrained and strained structures for various polarizations
have absorption coefficient in the UV region, except W-gra-
phene, which its response is in the range of IR to UV regions.
Therefore, W-graphene could be an IR and visible detector if in-
plane polarization had performed, otherwise, it can be used as
a UV detector. Only W-graphene in response to in-plane polar-
ization, similar to graphene, has two 4.22 eV and 17.65 eV
plasmonic peaks, which could be varied about 1 eV and 3.4 eV
for strained structures.

The static dielectric constant of strained W-graphene for in-
plane polarization doesn't show any distinguishable variations,
while out-of-plane polarization decrease with applied strain.
Also, the static dielectric constant of compressive strained W-
graphane for in-plane polarization decreases with strain, while
for tensile strained structure increases with strain. Our findings
of opto/mechanical behavior of W-graphene and its hydroge-
nated are key conceptual and fundamental advances, which
have important implications for the science-based engineering
of optomechanical sensors based on graphene.
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