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Abstract: A new two-dimensional (2D) carbon allotrope, namely Tetrahexcarbon (TH-carbon) semiconductor monolayer
with a direct band gap resides in the visible region of the electromagnetic spectra, has been recently proposed theoretically.
Herein, the influences of biaxial strains on the electrical and optical aspects of 2D TH-carbon are computationally
investigated. To this end, first-principles calculations based on the properties of the density functional theory were
employed. According to our simulations, the electronic and optical properties of 2D TH-carbon are effectively sensitive to
the external strain effects. This obtained strain sensitivity suggests that this 2D material could be a promising material for
usage in new electronic technologies.
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1. Introduction

Since the discovery of graphene [1], the two-dimensional
(2D) carbon allotrope with unusual dynamical, electronic
and optical properties [2—7] and promising application for
designing electronic and optoelectronic devices, and many
investigations have been conducted to find new possible 2D
monolayer materials [2—13]. In this way, a variety of new
carbon-based materials have been attained or predicted
[14-22].

Among the carbon allotropes, 2D pure hexagon gra-
phene which is a gapless semiconductor [23] and the bulk
pentagon carbon allotrope, namely T12-carbon [24], which
is a wide gap semiconductor, have attracted great interest
due to their exceptional physical aspects. Inspired from
T12-carbon, by using density functional theory (DFT), a
new 2D monolayer allotrope of carbon with pentagon

crystal configuration called penta-graphene has been pro-
posed [25]. Short after, the electronic and optical properties
of penta-graphene have been widely investigated and it has
been shown that its electronic and optical properties can be
effectively modulated by applying strain effects [26].
Moreover, by using which can be derived from penta-
graphene structure, a new stable allotrope of carbon called
Tetrahexcarbon (TH-carbon) [21] is predicted. It has been
found that the new proposed carbon allotrope, i.e., TH-
carbon, shows interesting characteristics such as a direct
band gap, remarkable electrical properties and high elec-
tron mobility suggest it for usage in nanoelectronics and
optoelectronic devices. Therefore, it is worth to conduct
more investigating on its physical aspects.

It is well known that the physical properties of a 2D
material may be engineered by different methods such as
chemical functionalizing [27-29], doping [30-32],
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mechanical loading [33—35] or strain engineering [36—41].
More recently, the possibility of manipulating the physical
and chemical properties of 2D TH-carbon monolayer by
controlled hydrogenation has been systematically studied
by Kilik et al. [42]. In their investigation, Kilik et al.
accessed the pristine TH-carbon and its various hydro-
genated configurations and show the phononic and elec-
tronic band gap of the TH-carbon can be tuned by
hydrogenation and a direct—indirect—direct band gap tran-
sitions have been also observed.

In the field of 2D monolayer materials investigation, the
strain engineering has recently attracted a lot of interest
from many researchers. The main goal of strain effects
investigations is to get accurate insights into the effects of
mechanical strains on the electronic, optical and photonic
performance of 2D materials and to establish high-perfor-
mance 2D-material-based devices. The strain effects can be
occurred not only by an external strain but also via the
mismatch between lattice constants of the synthesized
material and substrate; therefore, the impact of the strain on
the electronic and optical features of a newly designed 2D
material is essentially an important task.

In this letter, by employing first-principles calculations
based on the state of the density functional theory (DFT),
the optimized structure data of TH-carbon unit cell are
acquired by means of two approximation methods, i.e.,
Perdew—Burke—Ernzerhof (PBE) [43], and Heyd—Scuseria—
Ernzerhof (HSEO6) hybrid functional theory [44] level of
theories. After that, the electronic and optical aspects of
TH-carbon under biaxial stress and strain condition are
analyzed and the outcome results will be beneficial for next
experimental attempts for usage to design the optoelec-
tronic applications.

2. Computational methods and details

To investigate the electronic and optical aspects, first-
principles calculations in the framework of DFT, as
embodied in WIEN2k computational code [45], have been
used. In these calculations, the Kohn—Sham wave functions
are expanded by non-spin-polarized full potential linear
augmented plane waves plus local orbital (FPLAPW +
LO) method and the exchange—correlation term is repre-
sented by generalized gradient approximation in the form
of Perdew—Burke—Ernzerhof (GGA-PBE) [43] theory. In
order to procure accurate band gaps, the electronic band
structures are also examined by Heyd—Scuseria—Ernzerhof
(HSEO06) hybrid functional theory [44]. For electronic and
optical calculations, using the Monkhorst—Pack approxi-
mation [46], k-point meshes of 12 x 12 x 1 and
25 x 25 x 1 are selected, respectively. Furthermore, the
computational input parameters of RyrKmax = 7, Gmax =

14 R;’ 2, Imax = 10 are undertaken, in which the separation
energy of -8 R, is chosen to separate the core from the
valance electrons. Finally, in the optical properties evalu-
ation, the Kramers—Kronig relations [47] and the random
phase approximation (RPA) method [48] are applied.

3. Results and discussion

TH-carbon is a new stable allotrope of carbon which is
derived from penta-graphene. A unit cell of a 2D TH-
carbon monolayer is shown in Fig. 1. In a unit cell of a TH-
carbon monolayer, there are different hybrid orbitals with
two kinds of carbon atoms (C1 and C2), and the structure is
formed by combination of sp* and sp>-hybridized carbon
atoms [21]. A 2D TH-carbon monolayer structure from
different views is shown in Fig. 1(a)—(c).

To obtain the optimized lattice constants of the TH-
carbon, the Brich-Murnaghan [49] thermodynamically
equation state is employed, which is indicated as:

Y T T T T
43 44 45 45 47 43

Lattice Constant (A”)

Fig. 1 (a) A unit cell of the TH-carbon monolayer, (b) a supercell of
the TH-carbon monolayer and (c) the energy vs volume of a unit cell
of the TH-carbon monolayer
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where By is the derivative of the bulk modulus with respect
to pressure, and By is the bulk modulus without pressure.
Vy is the initial considered volume, and V is the deformed
volume. By using the above equation, the energy of unit
cell versus the unit cell volume can be calculated. In this
scheme, the optimized volume of the optimized unit cell is
demonstrated by the minimum point of the obtained curve.
Consequently, by using the obtained volume for the opti-
mized unit cell, the optimized lattice constants can be
simply calculated. The energy versus the lattice constant of
a unit cell of the TH-carbon is plotted in Fig. 1(c).

Based on our calculation, the optimized lattice param-
eters of a = 4.52A° and b = 6.10A° were obtained which
are in a good agreement with those reported in previous
works [21, 42].

Now, let us calculate the cohesive energy of the 2D TH-
carbon to validate its stability. The cohesive energy of TH-
carbon/unit cell can be written as:

Ecoh = (mEc — Egt ) /m (2)

where Epy.c is total energy of TH-carbon, E¢ is isolated
energy of carbon atom and m refers to the number of
carbon atoms in each TH-carbon unit cell. In this calcu-
lation, a simple cubic cell with lattice parameters of 15 A
consisting of a carbon atom at its center is considered to
find the energy of the carbon atom. According to our cal-
culations, the cohesive energy is obtained for TH-carbon
with value of 7.97 (eV/atom), indicating the stability of this
structure.

To investigate the electronic and optical characters of
the monolayer under stain conditions, we first examined the
band structures and the density of states of the strain-free
structure. Based on our calculation, the optimized 2D TH-
carbon is a direct semiconductor with a band gap of around
1.65 eV (2.662 eV) obtained by using PBE (HSEO06)
approximation as its valence band maximum (VBM), and
conduction band minimum (CBM) is located at I" point.
Figure 2 illustrates the band structure and the total density
of states (TDOS) for the pristine TH-carbon monolayer.
Figure 3 shows the partial density of states (PDOS) of the
strain-free TH-carbon. As shown in Fig. 3, it was found
that both VBM and CBM for the proposed TH-carbon
monolayer semiconductor are mainly contributed by the
C1-2p and C2-2p electrons.

To understand the optical properties of the monolayer,
we first calculated the complex dielectric function of the
material. It is well known that by having the complex
dielectric function, all other optical parameters can be
simply derived. The complex dielectric function is given
by the following equation:

g(w) = &1(w) +ier(w) (3)

Here, ¢;(w) and &;(w) are the real and imaginary parts of
the function. This function describes the process of light
propagation through the material. Positive value for &(w)
reveals the light absorption property of the material at a
given frequency. On the other hand, the imaginary part of
the dielectric function refers to the Ohmic resistance of the
material, i.e., a pure dielectric exhibits zero value for the
imaginary part of dielectric function.

The imaginary part of the complex dielectric function
can be obtained from the matrix element between the
occupied and unoccupied states [50, 51],

o= S [ G
{\<lk|mf>|f( 1F)o (B — B — o) ).

Here, i and f present initial and final states, respectively,
and Ef refers to the corresponding eigenvalue, f* indicates
the Fermi distribution and P, indicates the « as component
of the momentum operator. Having the imaginary part of
the complex dielectric function, one can simply calculate
the real part of the function, ¢;(w), by the Kramers—
Kronig relationship

(4)

(@) = 0y 2P, / d(). (5)

Here, P, refers to the momentum matrix element
between o and ff bands  with  the same  crystal
momentum K (Cauchy principal value).

In Fig. 4, the imaginary and real parts of the complex
dielectric function, the absorption coefficient and the
reflectivity of the strain-free TH-carbon, in X and Z
polarization direction, are plotted. The static dielectric
function, €;(0), which is an important quantity representing
the dielectric response to the static electric field, is calcu-
lated as &(0) ~ 3.05. Also, ¢;(c0) describes the response
of the material to the high-energy photons which is cal-
culated as

e1(0) =~ 0.8. As shown in Fig. 4, the remarkable peaks
of both real and imaginary parts of the complex dielectric
function occur at visible region of the electromagnetic
spectra. In more detail, the main peak of the real dielectric
function appears at E = 3.28 eV with the value of 6.5, and
the main peak of the imaginary dielectric functions is at
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Fig. 2 The band structures

(PBE and HSE06 method) and
total DOS (PBE method) of
optimized TH-carbon

e DOS-total
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Energy (eV)

Fig. 3 The partial DOS of TH- 0.6

carbon crystal in free states

Density Of States (DOS)

Ground State

E = 3.82 eV with the value of 7.4. The real and imaginary
parts of the complex dielectric function for the 2D TH-
carbon including more details are given in Fig. 4 (left
panel). Furthermore, the absorption and the reflectivity of
the TH-carbon monolayer are shown in Fig. 4 (right panel).
It is clear that for perpendicular polarization, the mono-
layer shows a remarkable absorption peak appears at the
border of the visible region of the electromagnetic spectra.
As shown in Fig. 4 (right panel), the first main peak of the
absorption curve appears at £ = 3.93 eV with the absorp-
tion value of 66 x 10* cm~!. However, another remarkable
peak appears at E = 5.70 eV with the absorption value of
about 74 x 10*cm~!. Moreover, as shown in Fig. 4 (right
panel), the first significant reflectivity peak occurs at
3.90 eV with the reflection of about 33%. The absorption
and reflectivity of the 2D TH-carbon including more details
are given in Fig. 4 (right panel).

Photon Energy (eV)

Next, the electronic and optical aspects of TH-carbon
under biaxial strain conditions are investigated. First, let us
evaluate the influences of strains on the total energy and
band gap of the monolayer.

The band structures of the TH-carbon under biaxial
stress and strain conditions of the energy band structures
are given in Fig. 5. As shown in Fig. 5, under tensile strain
conditions, the band gap first decreases slightly (up to 4%
tensile strain), and then, it increases, while it remains direct
as its VBM, and CBM remains at I" point. To be more
precise, for the case of 2%, 4% and 6% tensile strains the
band gap of 1.622, 1.614 and 1.657 eV was obtained,
respectively. On the other hand, by applying biaxial com-
pressive strains, the direct band gap of the monolayer first
increases (up to 2% compressive strain) and then it
decreases as its values for 2%, 4% and 6% compressive
strains are 1.720 eV, 1.515 and 1.107 eV, respectively. The
variation of the band gap and total energy of a unit cell of
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Fig. 4 The imaginary and real parts of the complex dielectric function (left panel figures) and the absorption and the reflectivity coefficient (right
panel) of the strain-free TH-carbon in X and Z polarization direction are plotted

(-6%) (-4%)

Energy (eV)

Energy (eV)

Fig. 5 The energy band structure plots of the TH-carbon under biaxial stress and strain condition calculated by PBE level of theory
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Fig. 6 The band gap and total Stress Strain
energy of TH-carbon under 1.8 r v v T ' : T -0.16
strain and stress [ 0.18
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‘\ /
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Table 1 Structural data, band gap, total energy and energy of strain for TH-carbon in this work
Stress and strain (%) -6 —4 -2 0 2 4 6
a (A% 4.25 4.34 443 4.52 4.61 4.70 4.79
b (A% 5.72 5.84 5.96 6.10 6.21 6.33 6.45
Band gap-PBE 1.11 1.52 1.72 1.65 1.62 1.61 1.66
Band gap-HSEO06 2.24 2.66 2.74 2.66 2.62 2.60 2.63
Total energy — 913.1785 — 913.2678 — 913.3206 — 913.3396 — 913.3277 — 913.2886 — 913.2248
Es (eV/atom) 0.01343 0.00598 0.00158 0 0.00099 0.00425 0.00956
Fig. 7 The real part plot of the (-6%) (-4%) (-2%) (0%) (+2%) (+4%) (+6%)
dielectric function of TH-carbon 8
under stress and strain 1 . .
2 z_direction
6 s z_direction
& 5a 574
S Z
» 44 e
=) 3
m < \ g
S
O
~
2 v T v T v T v T v T v
0 5 10 15 20 25 30

Photon Energy (eV)

2D TH-carbon is plotted in Fig. 6. Table 1 summarizes the = — 6% compressive strains to 6% tensile strain. The real
calculated structural and electrical properties of 2D TH-  and imaginary spectra of the complex dielectric function of
carbon under strain conditions. the 2D TH-carbon monolayer in Z direction are plotted in

Finally, we investigate the optical properties of the 2D  Figs. 7 and 8, respectively. According to Fig. 7, for the
TH-carbon monolayer under different stains varying from  strain-free structure, the main peak of the real part of the
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Fig. 8 The imaginary part plot — (-6%) (-4%) (-2%) 0%) (+2%) (+4%) (+6%)
of the dielectric function of TH- 8 . .
carbon under stress and strain ] z_direction
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Fig. 9 The absorption of TH- —_—(-6%)
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complex dielectric function increases by increasing the
external tensile strain up to 6%. On the other hand by
applying compressive strain, this peak slightly decreases.
Furthermore, as shown in Fig. 8, the imaginary part of the
dielectric function shows also a similar behavior under
considered conditions. Generally, by applying both tensile
and compressive strains, slight variations are observed in
the real and imaginary component of the dielectric function
of material.

At last, the absorption of the TH-carbon under the
considered strain conditions for the incident lights normal
to the monolayer surface is plotted in Fig. 9. According to
Fig. 9, by increasing tensile and compressive strains, little
red and blue shifts occur in the absorption spectra of the 2D
TH-carbon monolayer. The observed optical characteristics
for the TH-carbon monolayer suggest this material as a
potential material for use as an optical sensor.

LJ LJ
10 15 20 25 30
Photon Energy (eV)

4. Conclusions

In summary, by first-principles calculation in the frame-
work of the density functional theory, the electronic and
optical properties of the TH-carbon as a new 2D carbon
allotrope, which is a direct band gap semiconductor, under
biaxial strain condition, are studied. Based on our calcu-
lation, TH-carbon is a direct band gap semiconductor with
a band gap of 1.65eV (2.66 eV) obtained from PBE
(HSEO06) level of theory. Analysis of the electronic aspects
indicates that under strain conditions up to — 6% com-
pressive strain condition, the energy band gap decreases
from 1.65 to 1.11 eV, whereas the tensile strain up to 6%
conducts to insignificant changes in the band gap. It is
worth noting under effect of stress and strain, this structure
remains direct band gap semiconductor as its CBM and
VBM are located at the I' point. Furthermore, our
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investigation on the optical properties reveals strain-in-
duced relative shifting in the optical spectra of the mono-
layer. According to our theoretical finding, it is concluded
that this nanostructure may be suitable for usage in electro-
optic devices under the considered conditions especially in
electronic and optical sensors.
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