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In this study, based on the first-principles calculations using the Density Functional Theory (DFT) employing Wien2k 
computing codes, the optical properties of penta-graphene such as the joint density of states, the real and imaginary part of 
the complex dielectric function, absorption, and reflectivity spectrum under special conditions such as strain effects, are 
studied. The behavior of the optical aspects of penta-graphene is analyzed. It can be concluded that this monolayer is 
suitable for use in designing optoelectronic devices, especially as sensors under the proposed conditions. 

Keywords: First-principles calculations, Density Functional Theory (DFT), Optical properties, Strain effects 

Carbon as a unique element, due to the covalent bond 
of each atom with its type or other types of atoms, has 
caused the creation of unlimited and very diverse 
carbon structures and nanostructures. Carbon 
allotropes such as nanofibers and nanostructures have 
an important contribution to nanotechnologies. The 
diverse and unique physicochemical allotropes of 
nanofibers and carbon structures have made these 
structures play a large role in modern and advanced 
technologies. Predicting new carbon compounds and 
structures with new electronic and optical aspects can 
play a significant role in constructing and producing 
new electronic and optical tools. The discovery of 
graphene has become a turning point for the 
beginning of extensive research on the physical 
properties of this carbon allotrope, such as dynamic, 
electronic, and optical properties for designing 
electronic and optoelectronic devices. Various types 
of two and three-dimensional carbon allotropes were 
discovered and predicted in different classifications. 
Some of the physical aspects such as the dynamic, 
electronic, and optical properties were investigated1-18. 
In this study, optical properties such as the joint 
density of states, the real and imaginary part of the 
complex dielectric function, absorption, and 
reflectivity spectrum of penta-graphene are 
investigated under strain effects based on the method 
of first-principles calculations using density 
functional theory (DFT), and changing the behavior 
of the optical aspects of this monolayer are analyzed. 

Calculation method 
To calculate the optical properties of the carbon 

nano-allotrope under applied conditions, density 
functional theory (DFT), from the Wien2k 
computational code19 is used. Wien2k is a 
computational code for processing crystalline and 
molecular structures and nanostructures with the full 
potential approximation and software based on the 
linear amplified flat wave method with the full 
potential, which is considered one of the most 
accurate methods for calculating the energy band 
structure. Using this software, it is possible to 
simulate crystal structures and nanostructures and 
predict many of their physical properties. Also, by 
solving the Kohn-Sham equations in a crystal lattice, 
the electronic and magnetic structure and other 
aspects such as charge and spin distribution are 
obtained. This calculation package determines the 
structural properties of crystals and molecules in the 
presence of impurity and under various 
approximations such as GGA, and LDA which can 
solve problems by the application of mean-field 
approximations, such as the Hubbard parameter. This 
study analyzes the optical properties following carbon 
nano-allotrope using the Wien2k computational code 
with the GGA generalized gradient approximation by 
selecting 1×12×12 and 1×25×25 meshing. For 
inverted points in the first Brillion zone, the (PBE) 
method is used20, and for the calculations of 
exchange-correlation interactions, the Monkhorst-
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Peck approximation is used22. Calculation input 
parameters RMTKmax = 7, Gmax = 14 Ry1/2, lmax = 10, 
and separation energy of the nucleus from the valence 
electrons equal to 8 Ry are selected and the 
calculations are performed with non-polar settings. 
Also, Kramers-Kronig relations and the random phase 
approximation method (RPA) are used to obtain 
different components of the dielectric function23. 

Results and Discussion 
Structural properties 

A new two-dimensional allotrope of carbon, called 
penta-graphene, was predicted as an indirect bandgap 
semiconductor in 201511. Then, by using DFT, the 
energy structure and electronic properties of the two-
dimensional penta-graphene nanostructure have been 
studied to understand the feasibility of synthesizing this 
nanostructure and its application in Nano-electronics. In 
this section, based on the principles of basic calculations 
related to the DFT, in line with new research, the optical 
properties of the optimized structure of the penta-
graphene unit cell under strain due to vertical 
compressive strain in the Z direction are investigated12. 
The final results show that according to the considered 
conditions, the desired nanostructure can be effective in 
the design of multi-purpose electro-optical devices. 

The two-dimensional crystal nanostructure of 
penta-graphene shown in Fig. 1, has space group no. 
113 and P-421m with a tetragonal lattice consisting of 
two types of carbon-carbon bond lengths (C1 and C2), 
where the atomic layer C2 with sp3 hybridization is 
located between two layers of C1 with sp2 
hybridization. According to Fig. 1, the constants of 
the penta-graphene network have been optimized 
using the thermodynamic mode of Birch-Murganan 
equations24: 

ሺܸሻܧ = ଴ܧ + ଽ஻బ௏బଵ଺ ൝ቈቀ௏బ௏ ቁଶ ଷൗ − 1቉ଷ ′଴ܤ ൡ +
ଽ஻బ௏బଵ଺ ൝ቈቀ௏బ௏ ቁଶ ଷൗ − 1቉ଶ ቈ6 − 4 ቀ௏బ௏ ቁଶ ଷൗ ቉ൡ			 		…(1) 

In Equation (1), the optimum volume energy is 
obtained with the lattice parameters (a, b) 
where	ܤ଴′ concerns the bulk modulus under pressure, 
B0 is the modulus in zero pressure, and V0 is the 
primary volume. Fig. 1 (a), shows the top and side 
views of the Penta-graphene 2D crystal supercell, and 
(b) indicates the volume vs energy curve for the
penta-graphene. The curve's minimum point in
Fig. 1(b) shows the optimized volume in the least
energy of the unit cell. From the obtained equilibrium
volume, the optimized lattice parameter is proposed
as a = b = 3.649Å, and the thickness between each
upper and lower layer of the C1 atom is called the
strain (δ), which is equal to 0.589Å. Consequently,
the total thickness of the 2D Penta-graphene
nanosheet is 1.178Å.

Table 1 demonstrates the calculated optimized 
structural data of Penta-graphene such as lattice 
parameter, strains constant, bond length, and 
optimized energy by using the PBE-GGA 
approximation method12.  

Results of the investigation of the structural 
properties of this 2D carbon allotrope indicate that 
optimized penta-graphene nanostructure is known as 

Fig. 1 — (a) Top and side views of the penta-graphene supercell (b) Energy vs. volume unit cell of penta-graphene 

Table 1 — Optimized structural data of Penta-graphene 
by PBE-GGA method. 

Method Optimized 
lattice (Å) 

Strain (Å) Bond length 
(Å) 

Eopt(Ry) 

PBE-
GGA 

a = b = 3.649 δ = 0.589 C1-C2 = 1.543 
C1-C1 = 1.342 

–456.735
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an indirect band gap semiconductor, it has structural 
data following previous studies27,28. Also according to 
Fig. 2, the band gap and total energy are calculated 
under strain reduction up to 12%. The results show 
that when the strain constant is reduced, the total 
energy and consequently, stability of the system 
slightly decreases according to the blue curve in 
Fig. 2. The band gap shifts under the effect of strain 
variation shown by the violet curve in Fig. 2, which 
illustrates by imposing vertical stress, the band gap of 
penta-graphene is reduced. 

Optical properties 
In this part, some significant optical properties such 

as joint density of states, real and imaginary parts of 
the complex dielectric function, absorption, 
reflectivity spectrum, and energy loss, of the penta-
graphene, in optimal state and strain variation 
condition up to 12 percent, are examined in the 0-30 
eV energy range. Taking into account the fact that to 
make variations in the strain, it is necessary to apply 
stress in the vertical direction on the nanosheet, the 
optical properties in the Z polarization direction are 
investigated and plotted. 

The joint density of states (joint DOS) of the 
optical inter-band transitions from the occupied states 
to the unoccupied states is investigated and shown in 
Fig. 3. This figure illustrates the joint DOS spectrum 
of the penta-graphene in the Z direction, without 
stress and under vertical stress conditions with 4, 8, 
and 12 percent to reduce strain constant. Fig. 3 shows 
that the joint DOS spectrum decreases with 
application stress in the nanomaterial. According to 
Fig. 3, due to the active stress, the strain parameter 
decreases in the Z-direction. In such a way that the 
sharp peak with the energy of about 11 eV in the non-
stressed state, with stress, applied up to 12 percent on 
the penta-graphene, decreases the slope and moves 
towards the energy of about 14 eV. 

Complex dielectric function, which consists of two 
parts, real and imaginary components as an 
operational factor to recognize all optical aspects such 
as absorption and reflectivity spectrum, is given by 
the following equation25: ߝ௖௢௠௣௟௘௫ = 	ℜ + 	iℑε		 		…		(2) 

The real component of the dielectric function 
obtained using the Kramers-Kronig relation is as 
follows: 

ℜߝఈఉሺ߱ሻ = ఈఉߜ + ଶగ ׬.ݎܲ ℑఌഀഁሺఠ′ሻఠ′మିఠమ∞଴ ߱′݀߱′        … (3) 

Where ܲݎ. indicates the Cauchy principal value. 
Also, the effective factor in the inter-band optical 
transmissions between occupied (ik) and unoccupied 
electron states (fk) can be considered as the imaginary 
part of the complex dielectric function, the equation 
of which is: ℑߝఈఉሺ߱ሻ = ସగ௘మ௠మఠమ ∑ ׬ ଶௗయ௞ሺଶగሻయ |݇݅ۦ| ఈܲ|݂݇ۧ|ଶ௜,௝ ௜݂௞(1−௙݂௞)ܧ)ߜ௙௞ − ௜௞ܧ − ℎത߱) … (4) 

The real and imaginary plots of the dielectric 
function related to the penta-graphene in the 
Z direction, without stress and under vertical stress 
conditions with 4, 8, and 12 percent to reduce strain 

Fig. 2 — Band gap and total energy variation of penta-graphene 
under the strain effects 

Fig. 3 — Joint Density of States (DOS) of the penta-graphene 
under stress condition. 
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constant, are displayed in Fig. 4 and, Fig. 5, 
respectively. As shown in Fig. 4, a sharp peak of 
transition occurred at about 6 eV in the non-stressed 
state, which decreases by increasing the stress up to 
12%. Next sharp peaks are formed for modes affected 
by bucking for stresses of 8 and 12 percent, at higher 
energies in the range of 10 to 12 eV. Also According 
to Fig. 5, by applying stress in the imaginary part, in 
addition to reducing the peak of transition in the 
energy of about 10 eV, we see a rebound of transition 
peaks for stress states of 8 and 12 percent in energy of 
about 13 to14 eV. These indicate the matching of the 
optical and electronic behaviors of this semiconductor 
under these conditions. 

Two important aspects for the exploration of 
optical properties are undoubtedly absorption and 
reflectivity. Fig. 6 and Fig. 7 respectively, illustrate 
the 2D nanostructure of the penta-graphene 
absorption and reflectivity spectrums in the Z 

direction, which are affected by changes in strain on 
this material by applying stresses with values of zero, 
4, 8, and 12 percent. According to the figures, the 
absorption and reflectivity spectrums, from visible 
light energy to about 11 eV, are reduced by applying 
stresses up to 12%. This trend continues for a 4% 
stress state for higher optic energies up to 30 eV. But 
in energies between 13 – 15 eV for states of 8 and 
12% stress, a rapid rise in the absorption and 
reflectivity amplitudes is observed by creating sharp 
peaks at 14 eV. These changes in optical behavior in 
these conditions are related to the electronic behaviors 
of this material, in the transformation of the indirect 
band into a direct band semiconductor, along with 
reducing the band gap. 

At the end of this section, the energy loss spectrum 
(ELOSS) of penta-graphene has been examined under 
the conditions of this study. According to Fig. 8, the 
energy loss spectrum of this structure under 
compressive strain is relatively reduced by 8%. But at 
12% strain reduction, sudden and rapid changes occur 

Fig. 4 — Real part plot of the dielectric function of the penta-
graphene under stress condition 

Fig. 5 — Imaginary part of the dielectric function of the penta-
graphene under stress 

Fig. 6 — The absorption of the penta-graphene under strain 
stresses 

Fig. 7 — Reflectivity spectrum of the penta-graphene under strain 
stresses 
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in the sharp peak, which indicates the plasma 
frequency of the structure, which shifts from the 
energy of 21 to 22 electron volts to the energy of 
15 eV. 

Conclusions 
To summarize this study, as a new approach and 

research, the optical aspects of penta-graphene were 
investigated by first-principles calculation within the 
framework of density functional theory (DFT) using 
the Wien2k computational code. The optical 
properties of penta-graphene as 2D carbon 
nanostructure under strain conditions show a relative 
reduction in optical spectrums up to 4% strain, and 
also for 8 and 12% strains, the behavioral change is 
observed in optical properties, indicating well-
matched properties with the electronic ones under 
these conditions. Finally, it can be concluded that 
these nanostructures are suitable for use in designing 
optoelectronic devices, especially as sensors under the 
proposed conditions. 
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