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We investigated the effects of the strain, edges, and width of penta-graphene nanoribbons on their
electronic structure and transport properties using tight-binding approximation. We considered three
different geometries of penta-graphene nanoribbons. In the first case, both the upper and lower edges
have a zigzag shape. In the second case, the upper edge has a zigzag pattern, and the lower edge has
a beard shape. In the third case, both the upper and lower edges are considered to be beard-shaped.
The hopping parameters were evaluated based on Slater–Koster integrals. The Slater–Koster coefficients
were evaluated using the TBStudio software package. In our model, we do not apply arbitrary amounts
of strain to the structure. For the stability of the structure, we chose the allowable amounts of strain
by using the calculated strain–stress curve. Based on the tight-binding approximation, the magnitude
of the bandgap in each type of penta-graphene nanoribbon is reduced as the applied strain increases.
In addition, the band structures of the three geometries changed, and the bandgap decreased with an
increase in width. Hence, such configurations of penta-graphene nanoribbons are expected to be widely
used in nano-electronic devices. Finally, we investigated transport properties using a tight-binding model
and a generalized Green’s function method in the Landauer–Buttiker formalism. By tuning the width
of the penta-graphene nanoribbons and applying strain, the maximum current and a lower threshold
voltage are achieved. With an increase in the width of the nanoribbon, the intensity of the current and
the available energy levels have increased. Our calculated results may suggest potential applications
of penta-graphene nanoribbons in spin electronics, nano-electronic devices, and solar cells. In addition,
we provide theoretical guidance for regulating the properties of penta-graphene nanoribbons by applying
strain, edge modifications, and different widths.

topics: penta-graphene nanoribbon, tight-binding approximation, electronic and transport properties,
strain and edge modifications

1. Introduction

In the last two decades, there has been a dra-
matic surge in the study of two-dimensional (2D)
crystalline materials. The first realized 2D mate-
rial, an isolated single layer of carbon hexagons con-
sisting of SP2 hybridized carbon–carbon bonding
with Pz-electrons, called graphene, has a number of
unique properties that make it interesting for both
fundamental studies and future applications [1]. De-
spite its remarkable properties, it has a major draw-
back — the intrinsic zero bandgap in the pristine
graphene [1–3] that hinders its applications and
performance in electronic and optoelectronic de-
vices [4] and sparks the search for other 2D materi-
als with desirable properties. Accordingly, the issue
of producing a controllable and tunable bandgap in
graphene-based materials without degrading their

high carrier mobility has attracted intense atten-
tion for applications in visible optoelectronic ele-
ments. Beyond the already synthesized hexagonal
2D materials, such as transition metal dichalco-
genides (TMDCs) [5–8], the hexagonal boron ni-
tride (h-BN) [9], borophene [10–12], silicone [13, 14],
phosphorene [15–17], and MXenes [18, 19], there are
many of 2D materials with promising properties be-
ing proposed theoretically [20, 21].

Hexagons are the most common building blocks
in the atomic structures of these existing and pre-
dicted 2D materials, which share a similar hexago-
nal lattice to graphene. The unique features of these
materials are attributed to their hexagonal sym-
metries. In 2015, a new 2D carbon allotrope with
a pentagonal structure resembling the Cairo pen-
tagonal tiling was reported by Zhang et al. [22].
State-of-the-art theoretical calculations along with
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a combination of first-principles calculations con-
firmed that the new carbon polymorph is dy-
namically and mechanically stable and can with-
stand temperatures as high as 1000 K. Since the
penta-graphene (PG) prediction, there have been
many theoretical and experimental studies explor-
ing the applicability and development of new pen-
tagonal materials with qualities superior to the ex-
isting ones, including hydrogenated PG [23], penta-
PdSe2 [24–26], penta-BN2 [27], penta-Pt2N4 [28],
penta-AgN3 [29], penta-SiC2 [30], penta-CN2 [31],
TiC2 [32], PdSe2 [24], and penta-silicene nanorib-
bons [33]. Recently, stable penta-silicene was found
by reducing the Coulomb interaction of silicon
dimers [34]. This first pentagonal arrangement of
carbon atoms, a structure that contains both SP3-
like and SP2-like hybridizations of carbon bonds, is
called penta-graphene (PG) [22, 35–38], and its pro-
totype was first proposed in iron-based structures
with exotic magnetic frustration [39].

Penta-graphene is known to possess several
unique characteristics, including (i) reduced ther-
mal conductivity compared to graphene [40–42],
(ii) unusual in-plane negative Poisson ratio [22, 43]
due to the Coulombic repulsion between the nearby
SP3 bonds caused by the tetrahedral character of
the SP3-like hybridization, ultrahigh ideal strength
outperforming graphene, and other interesting elec-
tronic properties [22, 44], which make it a potential
candidate for wide applications in optoelectronic
and photovoltaic devices. Its room-temperature
thermal conductivity is about 167 W/(m K) [44],
which is much lower than that of graphene (above
3000 W/(m K) [45]). Additionally, (iii) penta-
graphene is a semiconductor presenting bandgap
values of about 2.24–4.3 eV [22, 46], which makes
it attractive for optoelectronic applications that
have no need to functionalize PG for opening the
bandgap as is the case with graphene. (iv) Regard-
less of its chirality, the 2D PG can be rolled up to
form a one-dimensional semiconducting pentagon-
based nanotube. Meanwhile, as the PG surface is
not precisely flat, it has a higher chance for the
adsorption of adsorbing molecules, which broad-
ens the options for using PG as an active layer in
novel sensor prototypes [22] and gas sensor applica-
tions [47].

On the one hand, in order to be integrated
into planar circuitry, either graphene or other
carbon allotropes should be used as nanoribbons
with controlled width and precise spatial arrange-
ment. Thus, converting 2D materials into one-
dimensional (1D) nanoribbons has been of both fun-
damental and technological interest during the past
two decades because of the interesting electronic
and physical properties intrinsically associated with
their low dimensionality and quantum confinement
effect. On the other hand, tuning the physical prop-
erties of nanoribbons by external fields is an impor-
tant issue for using these materials in various appli-
cations in the nanoscience and/or nanotechnology

Fig. 1. Top and side views of the PG lattice. The
unit cell comprising 6 carbon atoms is enclosed in
a black square. Atoms with coordination number
4 are labeled as C1, those with coordination num-
ber 3 are labeled as C2; here t′1, t′2, t′′1 , t′′2 , t1, and
t2 are hopping parameters after applying strain,
while t and t′ — hopping parameters before apply-
ing strain.

communities. The large bandgap of PG suggests the
need to develop gap-tuning strategies to tailor this
material for optoelectronic applications. Various ex-
perimental and theoretical approaches have been
proposed in this field. Applying a staggered sub-
lattice potential and strain are two important ways
to achieve such tuning. The tuning of the electronic
properties of materials is at the heart of modern
electronics. Strain engineering, as an efficient strat-
egy to tune the electronic properties of materials
and explore new quantum states in condensed mat-
ter physics, gives rise to an emerging research field
referred to as “straintronics” [48] that lies at the
heart of modern electronics in atomically thin ma-
terials. Strain engineering is also a key strategy for
manipulating the magnetic coupling in 2D nanos-
tructures [49]. Motivated by the search for materials
for spintronics, many studies have been performed
to examine the effectiveness of mechanical strain in
modulating the magnetic properties of 2D layered
materials [49, 50].

In this study, the effects of uniaxial strain, edges,
and width on the electronic structure and trans-
port properties of three configurations of penta-
graphene nanoribbons (PGNRs) were studied using
tight-binding approximation (TBA) and nonequi-
librium Green’s function (NEGF) formalism. Us-
ing the calculated strain–stress curve, the allowable
amounts of strain were applied. This study paves
the way for the design and fabrication of PG-based
electronic devices.

2. Structure

The atomic configuration of PG is shown
in Fig. 1. The optimized crystal structure of the
2D pentagon-based phase was generated by exfoli-
ating a single layer of T12-carbon. The structure
possesses P421m symmetry (space group no. 113)
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with a tetragonal lattice. The optimized lattice
constants are a = b = 3.64 Å. The PG lattice
exhibited a small buckling thickness (h) in the
out-of-plane direction, in contrast to the planar
structure of graphene. The top view shows that
the new phase was composed entirely of carbon
pentagons, forming a beautiful pattern known as
Cairo pentagonal tiling. From the side view, buck-
ling h = 0.6 Å is observed, leading to a 2D sheet
with a total thickness of 1.20 Å. This structure has
two hybridizations, i.e., SP2 and SP3. The Carbon
atoms C1 and C2 in the unit cell have different
coordination numbers owing to their different
hybridizations. The SP3 and SP2 hybridizations
are denoted as C1 and C2, respectively, where the
C1:C2 ratio is 1:2. The bond length of a single
bond (C1–C2) is 1.55 Å, and the bond length of
the double bond (C2–C2) is 1.34 Å. The origin
of the Cartesian coordinate system was chosen to
be located on the red atom at the center of the
unit cell, and the diameters of our penta-graphene
structure were set to be along the x- and y-axes.
The z-axis is in the direction normal to the PG
plane, which will be chosen as atoms 1, 2, 5, 7, 8,
and 9 in this work. The coordinates of these atoms
are

r1 =
(√3

2
,
1

2
, h
)
, r2 =

(√
3, 0, 0

)
,

r5 = (0.86, 1.23, h) , r7 =
(
−1

2
,

√
3

2
,−h

)
,

r8 = (−0.86, 1.23,−h) , r9 = (2.08, 1.2,−h) .
(1)

3. Tight-binding approximation

One of the simplest methods for calculating the
band structure of a material is tight-binding ap-
proximation (TBA). TBA has been available for
electronic structure calculations since it was first
proposed by Felix Bloch in 1928 [51]. Because it uti-
lizes symmetries and semi-empirical formalism for
parameters instead of explicit functions and exact
forms, it often serves as an initial step in under-
standing the nature of electronic structures. A key
point in TBA is the concept of localized orbitals.
Wave functions are understood in terms of a lin-
ear combination of highly localized atomic orbitals.
The unit cell in Fig. 1 is denoted by a square and
consists of one C1 atom and four C2 atoms. Each
C1 atom in the unit cell is connected to the C2

atom by the hopping parameter, t′. In addition,
each C2 atom is connected to its nearest neigh-
boring C2 atom using the hopping parameter t.
The hopping parameters were evaluated based on
Slater–Koster (SK) integrals. Using the TBStudio
software package, the SK coefficients were evalu-
ated [52] by fitting the band energies of the TB
model to those of the first-principles calculations,

Fig. 2. Fit of PG energy band structures calcu-
lated with DFT (blue solid lines) and TB (crim-
son solid lines). There is a good agreement between
them near the Fermi level.

TABLE I

Slater–Koster tight-binding parameters (in [eV]) for
penta-graphen evaluated using TBStudio, where
ES = −7.39.

On-site energies of C [eV]
EPy = 1.50 EPz = 1.13 EPx = 1.23

Hopping parameters
Bond 1 Bond 2 Bond 3
VSSσ = −3.26 VSSσ = −3.93 VSSσ = −0.08

VSPσ = 3.67 VSPσ = 3.10 VSPσ = −0.08

VPPσ = 4.46 VPPσ = 4.34 VPPσ = 0.13

VPPπ = −2.06 VPPπ = −2.82 VPPπ = −0.18

as shown in Fig. 2. First-principle calculations were
carried out using OpenMX [53]. Thus, PG-based
nanostructures, such as nanoribbons, can be de-
scribed using this approach. The final TB parameter
values are listed in Table I.

In this study, we considered only the nearest
neighbors (see Fig. 3). Bond 1 (C1–C2 which is
marked with red color), bond 2 (C2–C2 which is
marked with green color), and, more specifically,
the Pz orbitals of carbon atoms are considered be-
cause the frontier bands of penta-graphene (close
to the Fermi level) are dominated by the Pz states
of hybridized C atoms [54]. Also, the on-site energy
values were considered to be the same for all carbon
atoms.

The bond length and angle have been deformed
by applying strain to the system. This implies that
the initial hopping values (t and t′) are changed.
Therefore, as shown in Fig. 3, after applying strain,
the PG structure has six hopping parameters: t1, t2,
t′1, t′2, t′′1 , and t′′2 . Hence, we describe the electronic
band structure of PG obtained using the TBA
model. The tight-binding Hamiltonian for PGNR
is [55–62]

H =
∑
i,j

ti,j c
†
i cj +

∑
i

Ui c
†
i ci, (2)
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Fig. 3. (a) Top and (b, c) side views of the PG lat-
tice. The black square indicates unit cell, the links
shown in red (C1–C2) and green (C2–C2) are near-
est neighbors. Also, the black dashed indicate next
nearest neighbors.

where c+i (cj) is the creation (annihilation) operator
of an electron on site i (j), ti,j is the hopping en-
ergy between sites i and j, and the summations run
over all site-pairs with nonzero hopping. In (2), Ui is
the on-site energy of the i-th atom. In this work,
only nearest neighborhood hopping, including two
types of intra-layer hopping and one type of inter-
layer hopping, was considered. Using an accurate
tight-binding model, the momentum space disper-
sion of a PG nanoribbon was directly calculated.
We assumed a periodic boundary condition along
the ribbon in the x-direction. Applying Bloch’s the-
orem, performing the Fourier transformation along
the x-direction, the Hamiltonian in k space can be
written as [58–61]

H (k) = H00 +H01 e
− ikxa +H†01 e

ikxa, (3)
where a is the unit-cell length along the x-axis.
Also, H00 and H01 describe coupling within a prin-
cipal unit cell (intra-unit cell) and between the ad-
jacent principal unit cells (inter-unit cell), respec-
tively, which can be mapped from the real space
tight-binding model given by (2). Based on the TBA
model, the electronic Hamiltonian for the PG in real
space can be written as

H =


Hp1p1 Hp1q1 0 0

Hq1p1 Hq1q1 Hq1p2 0

0 Hp2q1 Hp2p2 Hp2q2

0 0 Hq2p2 Hq2q2

 , (4)

where Hpipi(qiqi) and Hpiqi(qipi) are the intra- and
inter-unit cell (M×N)×(M ×N) matrices, respec-
tively.

We investigate the effects of strain, edges, and
the width of penta-graphene nanoribbon (PGNR)
on the electronic structure. We considered three
different PGNR geometries. In the first case, both
the upper and lower edges have a zigzag (ZZ) form.

In the second case, the upper edge has a zigzag
pattern, and the lower edge is beard-shaped (ZB).
In the third case, both the upper and lower edges
are considered to be beard-shaped (BB). For each
of the above cases, we determined the Hamiltonian
using the TBA method and investigated the effect
of strain, edges, and width of the PGNR on the
electronic structure. If the width of the NR is de-
noted by M , the allowable values for M in con-
sidered cases of ZZ, ZB, and BB are Mn = 3n,
Mn = a1 + (n− 1)d, and Mn = a2 + (n− 1)d, re-
spectively. Here, n is an integer, d = 3, a1 = 5, and
a2 = 4.

4. Strain effect on electronic bandgap

4.1. General formula for strain modulated bandgap

We now consider the strain effect on the elec-
tronic bandgap of PG. The electronic bands for PG
are composed of S and P orbitals [62]. Moreover,
the hopping parameter between S and P orbitals
depends on the bond length (r) as t ∝ 1/r2 [63–66].
The strain effect is realized by changing the bond
length. Thus, the applied mechanical strain can af-
fect electronic states (including the bandgap) by
modifying the hopping parameters in the TBA
model. We consider the deformation of PGNR un-
der a general mechanical strain in the direction with
angle φ. The direction angle φ is determined start-
ing from the x-axis. We perform a coordinate trans-
formation by rotating the x-axis in Fig. 1 to the
strain direction êφ = êx cos(φ) + êy sin(φ). The co-
ordinates for a vector in this new coordinate system
becomexφyφ

zφ

 =

 cos(φ) sin(φ) 0

− sin(φ) cos(φ) 0

0 0 1


xy
z

 , (5)

where (x, y, z) is the original coordinate for the vec-
tor, and the subscript φ denotes quantities in the
new coordinate system. In the new coordinate sys-
tem, the coordinates are deformed by an arbitrary
linear mechanical strain as followsxεyε

zε

 =

1 + εx γ 0

γ 1 + εy 0

0 0 1 + εz


xφyφ
zφ

 , (6)

where γ is the shear component and is taken to be
zero, and εx, εy, and εz are the normal strains. The
subscript ε in the coordinates denotes the quan-
tity after the deformation. In the linear deforma-
tion regime, the bond length r can be expanded as
a function of all the strain components εx, εy, εz,
and γ, as

r = r0 +
∂r

∂εx
εx +

∂r

∂εy
εy +

∂r

∂εz
εz +

∂r

∂γ
γ ≡

r0 + αxεx + αyεy + αzεz + αsγ, (7)
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where we introduce α as the strain-related geo-
metrical coefficient. Using the relation between the
hopping parameter and bond length, the strain
effect on the hopping parameter is

ti = ti0

(
1−2αixεx

r0
−2αiyεy

r0
−2αizεz

r0
−2αisγ

r0

)
.

(8)
According to (8), the key element is to com-

pute the strain-related geometrical coefficients
α for each hopping parameter; ti0 is the nearest
neighbor hopping integral in the absence of strain
(t′10 = t′20 = t′′10 = t′′20 = t′, t10 = t20 = t), and ro
is the unstrained structure bond length. For strain
εx, we obtain the following geometrical coefficients
for each hopping parameter ti ,

αix =
∂rjk
∂εx

∣∣∣∣
εx=0

=
1

rjk
x2jkφ =

1

rjk

[
(xk−xj) cos(φ) + (yk−yj) sin(φ)

]2
. (9)

Here, αix is the coefficient corresponding to the
hopping parameter ti. For strain εy, we obtain the
following geometrical coefficients

αiy =
∂rjk
∂εy

∣∣∣∣
εy=0

=
1

rjk
y2jkφ =

1

rjk

[
(xj−xk) sin(φ) + (yk−yj) cos(φ)

]2
. (10)

Also, for the εz strain, the following geometrical
coefficients are calculated

αiz =
∂rjk
∂εz

∣∣∣∣
εz=0

=
1

rjk
z2jkφ. (11)

Using (9)–(11), the modified forms of hopping pa-
rameters are represented as follows

rx12 =
1

r12

[√
3

2
cos(φ)− 1

2
sin(φ)

]2
,

ry12 =
1

r12

[
−
√
3

2
sin(φ)− 1

2
cos(φ)

]2
,

rz12 = − h
2

r12
,

(12)

rx29 =
1

r29

[(
−
√
3+2.08

)
cos(φ) + 1.2 sin(φ)

]2
,

ry29 =
1

r29

[(√
3−2.08

)
sin(φ) + 1.2 cos(φ)

]2
,

rz29 = − h
2

r29
,

(13)

rxo7 =
1

ro7

[√
3

2
sin(φ)− 1

2
cos(φ)

]2
,

ryo7 =
1

ro7

[√
3

2
cos(φ) +

1

2
sin(φ)

]2
,

rzo7 = − h
2

ro7
,

(14)

rxo1 =
1

ro1

[√
3

2
cos(φ) +

1

2
sin(φ)

]2
,

ryo1 =
1

ro1

[
−
√
3

2
sin(φ) +

1

2
cos(φ)

]2
,

rzo1 =
h2

ro1
,

(15)

rx78 =
1

r78

[
−0.36 cos(φ) + 0.37 sin(φ)

]2
,

ry78 =
1

r78

[
0.36 sin(φ) + 0.37 cos(φ)

]2
,

rz78 = 0,
(16)

rx15 =
1

r15

[
0.37 sin(φ)

]2
,

ry15 =
1

r15

[
0.37 cos(φ)

]2
,

rz15 = 0. (17)
By entering these coefficients in (9)–(11) and us-
ing (8), the effect of strain on electronic properties
can be investigated.

4.2. Stability of penta-graphene nanoribbon

To study the effect of uniaxial strain along the
periodic direction of nanoribbon on the stability
of nanoribbon, the stress–strain curve was investi-
gated for all three configurations using the density
functional theory (DFT) implemented in Quantum
ESPRESSO code. Different values of strain were ap-
plied to the structure, and then force relaxation cal-
culation was done to reach the most stable structure
at any applied strain. The generalized gradient ap-
proximation presented by Perdew–Burke–Ernzerhof
(GGA-PBE) was used to include the exchange-
correlation effect between valence electrons. The ba-
sis set function of electrons is expanded by the plane
wave method. A 60 Ry energy cut-off to the wave
function is selected to expand the wave function
Fourier series terms. Also, using the Monkhorst–
Pack scheme, k-sampling integration in the whole
of the first Brillouin zone was performed. The op-
timized value of k-mesh was 12 × 1 × 1 to force
relaxation calculation.

The uniaxial mechanical strain was applied along
the periodic direction (φ = 0) of the considered
nanoribbons to control the electronic properties.
First, it was necessary to investigate the structural
stability of the systems under mechanical strain
(see Fig. 4). The results show that structural sta-
bility is preserved up to 10% strain for BB and ZB
nanoribbons, while structural deformation occurs at
approximately 16% strain for the ZZ configuration.
This difference is due to the effect of dangling bonds
at the edge of the nanoribbons, as the dangling
bond effect is more remarkable for the BB and ZB
systems compared to the ZZ configuration. Hence,
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Fig. 4. Strain versus stress curves of considered
nanoribbons for: (a) BB, (b) ZB, and (c) ZZ configu-
rations. Inset figures illustrate the crystal structure
at different strain value.

edge reconstruction is more significant for the BB
and ZB systems. As a result, the ZZ configuration
was more stable than the other nanoribbons. Unlike
other tight-binding research works, we did not apply
arbitrary amounts of strain to the structure. First,
the strain was calculated in terms of the stress using
DFT. Then, for the structure to be stable, as shown
in Fig. 4, the allowable amounts of strain were ap-
plied. In allowable amounts of strain, the structure
remains stable and does not deform under the ap-
plication of these values.

The structural response of a material is closely
related to its performance in various applications,
including mechanical, electrical, and optical proper-
ties. Recent studies have demonstrated that penta-
graphene nanoribbons are highly stable and exhibit
excellent mechanical properties. They have a high
Young’s modulus and negative Poisson’s ratio, mak-
ing them ideal for use in structural applications
where strength and stiffness are essential. Regarding
their optical properties, penta-graphene nanorib-
bons have been shown to exhibit unique electronic
and optical properties due to their unique structure.
They have a narrow bandgap, which makes them
suitable for use in electronic devices such as transis-
tors and sensors. However, penta-graphene nanorib-
bons passivated with other X atoms (= N, P, O, S,
and H) are more stable than their pristine state.
Although the total energy calculations indicate the

metastability of PG as compared to graphene, it is
still found more stable than some successfully syn-
thesized structures, i.e., T-carbon, C20, and cyclo-
carbon sheet, etc. Zhang et al. [67] have also shown
that although increasing temperature reduces fail-
ure stress, H-PG? still offers about 71–88% higher
values than that of the pristine PG. Generally, re-
search shows that PGNR is meta-stable compared
to the armchair and zigzag graphene nanoribbons,
but it is energetically more stable than the well-
established armchair α-graphyne nanoribbons. So,
relying on the computational methods, it is highly
convincing that PGNR is energetically as well as
dynamically stable (see [46, 54, 68–70]).

5. Results and discussion

5.1. Electronic properties of penta-graphene
nanoribbon

First, we computed the band structure of penta-
graphene using TBA. In addition, the dependence
of PGNR bandgaps on uniaxial strain and ribbon
width was investigated (see Figs. 5 and 6). The val-
ues of the uniaxial strain in the x-direction were
assumed to be 0.05, 0.10, and 0.15. The computed
electronic band structures of PGNR for the ZB,
ZZ, and BB geometries are shown in Fig. 5. It was
found that the calculated bandgaps of the pristine
(without strain) PGNR for the three geometries ZB,
ZZ, and BB were 0.32, 1.05, and 1.01 eV, respec-
tively. Hence, penta-graphene nanoribbons are di-
rect bandgap semiconductors.

The presence of a direct gap in the electronic
properties of penta-graphene nanoribbons has sig-
nificant implications. Firstly, it indicates that the
relatively small energy difference between the top
of the valence band and the bottom of the conduc-
tion band allows efficient electron transitions [71].
In contrast, materials with an indirect gap require
additional momentum transfer for electron transi-
tions, making them less efficient [72]. Secondly, a
direct gap suggests that the absorption and emis-
sion of light by penta-graphene nanoribbons will
be more efficient. Direct bandgap materials can ab-
sorb and emit photons with energies close to the
bandgap energy and may be better suited for opti-
cal devices [73]. Additionally, the presence of a di-
rect gap implies that PGNRs may exhibit enhanced
charge carrier mobility. However, the emergence of
a direct gap in PGNR indicates improved efficiency
in electron transitions, enhanced optical properties,
and potentially higher charge carrier mobility.

It can be clearly seen that edge deformation leads
to a significant variation in band structures with
semiconductor properties. From the evaluated elec-
tronic band structures, we find that the magnitude
of the bandgap in each type of the PG nanorib-
bon decreased as the applied strain increased
(see Fig. 5). The C–C bond length changes with

219



M. Balvasi et al.

Fig. 5. Electronic band structures of PGNR for the three geometries ZB, ZZ, and BB nanoribbons, while
values of uniaxial strain in the x-direction are considered to be 0, 0.05, 0.10, and 0.15. The zero of energy is
set to the Fermi level.

Fig. 6. Dependence of the electrical properties on the PG ribbons width for the three geometries ZB (panel a),
ZZ (panel b), and BB (panel c). As can be seen, their band structures are changing and the bandgap decreases
with increase of width.
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Fig. 7. The charge density distribution of SP2 and SP3 hybridized carbon atoms was analyzed using DFT
calculations in two states, without and with strain; (a) C2 (SP2) atom without strain, (b) C1 (SP3) atom
without strain, (c) C2 (SP2) atom with 10% strain applied, (d) C1 (SP3) atom with 10% strain applied. The
results show that the SP3 bond is more vulnerable to failure than the SP2 bond due to longer bond length
and lower charge density.

the tensile strain, and therefore any change in the
bond length under the uniaxial strain leads to vari-
ation in the overlap of the electron wave functions,
and, in turn, to a significant modification of the
PGNR bandgap and electronic properties. Stronger
double bonds between the hybridized SP2 atoms
(C2–C2 bonds) are associated with a greater over-
lap of carbon atoms, as opposed to the case where
the interactions SP2–SP3 (or C1–C2 bonds) are
considered between atoms. Under tensile strain, as
the bond length increased, the overlap of the wave
functions decreased. Consequently, the influence of
the SP2–SP2 double bond on the electronic prop-
erties becomes stronger. Thus, the application of
a strain provides a way to tune the bandgap of
PGNR. These semiconducting behaviors are inti-
mately related to the suppression of the edge states
of the edge C atoms due to the effects of the ter-
mination atoms. Therefore, by modifying the edge
and applying strain, the bandgap can be controlled
for different purposes.

Distortion of the penta-graphene lattice un-
der strain leads to changes in the bond angles,
lengths between carbon atoms, and buckling of
the structure. In penta-graphene, SP 2–SP2 inter-
actions are stronger (because of the C=C double
bond) than SP 2–SP 3 interactions. The SP 2–SP 3

hybridized bond is more vulnerable to failure than
the SP 2–SP 2 bond due to the longer bond length
and lower charge density of SP 3. When strain is ap-
plied, the stronger interactions dominate and cause
a decay in the energy gap [74].

Materials with a similar two-dimensional carbon
lattice, such as graphene or other graphitic materi-
als, may exhibit similar behavior under strain due
to their strong SP2 bonding. Also, other factors,

such as lattice symmetry and buckling, can affect
the response to strain and electronic properties [75].
In order to further confirm the above statements,
we have analyzed the charge density distribution
for carbon atoms with different hybridization using
the DFT method. For clarity, the results are shown
in Fig. 7.

It is noteworthy that gap opening in PGNR is
theoretically also achievable by doping [76]. How-
ever, this method typically leads to phase transi-
tions (see [76]), so effective control of nanostruc-
ture properties becomes difficult. Doping impurity
is expensive for our desired structure because we
have two types of carbon with different hybridiza-
tion (SP2 and SP3) in penta-graphene. Doping im-
purity on each of the carbons causes a new behav-
ior, so it is not possible to have quick control of
the properties of the material. Also, when an im-
purity is doped in the structure, a phase transition
usually occurs, which is not suitable for our desired
applications. Generally, it is important to note that
both strain-induced effects and doping strategies
have their own unique advantages and limitations,
depending on the specific application requirements
and material properties.

In Fig. 6, the dependence of the electronic prop-
erties on the ribbon width is shown. The asso-
ciated band structures and density of states of
penta-graphene nanoribbons with different widths
of M = 8, 14, 17, M = 6, 12, 21, and M = 7, 13, 22,
are plotted in Fig. 6 for the ZB, ZZ, and BB geome-
tries, respectively. As can be seen, the band struc-
tures change and the bandgap decreases with an
increase in width. In fact, when the ribbon width
increases, the quantum confinements are reduced,
so that the intrinsic mobility of the electric charge
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carriers increases and tends gradually to the case of
a 2D structure. Our results are consistent with other
studies on graphene nanoribbons [77, 78]. Due to
the one-dimensional nature of graphene NR (GNR)
and PGNR, the bandgaps of nanoribbons arise from
quantum confinement and are significantly affected
by edges and widths. Broadly speaking, these re-
sults suggest that the electronic properties of rib-
bons can be significantly tuned by modifying the
edges through the use of strain and width manip-
ulation. Hence, such configurations of PGNRs are
expected to be widely applied in nano-electronic de-
vices.

5.2. Transport properties of penta-graphene
nanoribbon

In the following, we investigated transport
properties using the TB model and the generalized
Green’s function method in the Landauer–Buttiker
formalism. Many studies have been done using this
method, and the transport properties of materials
have been investigated. For example, there are
studies on the transport properties of SS-pSiC2

NRs under a sequence of uniaxial strains [79], the
electronic transport properties of lateral hetero-
junctions composed of penta-GNR and penta-B2N4

nanoribbons [80], and the transport properties of
monolayer PG with typical small gas molecules [81].
Furthermore, recently the transport characteristics
of sawtooth penta-graphene nanoribbons have been
investigated by Than Tien et al. [82], and the
electron transport of a sawtooth penta-graphene
nanoribbon (SSPGNR) under uniaxial strains
was theoretically studied by Van On et al. [74].
The transport in our work is ballistic because
ballistic transport is a nanoscale phenomenon at
low temperatures [83–86] and can be engineered
in nanodevices. For device systems, the current
through the system was calculated using the
Landauer–Büttiker formula [84–86]

I(V ) =
2e

h

∞∫
−∞

dE T (E, V )
[
f(E−µL)−f(E−µR)

]
.

(18)

Fig. 8. Schematic illustration of the transport de-
vice. All three areas are of the same material.

Here, f(E−µL) and f(E−µR) are Fermi distribu-
tion functions with electrochemical potentials in the
left and right leads, respectively; T (E, V ) is the
transmission spectrum of incident electrons at en-
ergy E and bias V from the left electrode to the
right electrode. The electrochemical potential dif-
ference between the two electrodes is µL−µR. In-
deed, the transmission function indicates the rate
at which electrons are transmitted from the left
to the right electrode by propagating through the
molecule. The transmission spectrum and total con-
ductance are obtained, respectively, from the equa-
tions [84–86]

T (E, V ) = Tr
[
ΓL(E, V ) G(E, V ) ΓR G†(E, V )

]
(19)

and

G =
2e

h
T (E, V ). (20)

In (19)–(20), G and G† are the advanced and re-
tarded Green functions of the scattering region, re-
spectively, while ΓR and ΓL are the coupling func-
tions from the right and left electrodes, respectively.
The Green function of the system based on the
Hamiltonian of the central (scattering) region (HC)
can be written as

G =
[
(E + iη) Î−HC − ΣR − ΣL

]−1
, (21)

and the coupling functions ΓR and ΓL can be cal-
culated through the expression

ΓR(L) = i
[
ΣR(L) − Σ †R(L)

]
. (22)

Here, ΣR = HRcGRH
†
Rc and ΣL = H†LcGLHLc are

the self-energy terms from the two electrodes; HRc

and HLc are the Hamiltonians related to the in-
teraction of the right and left electrodes with the
scattering region and they will be non-zero only for
the adjacent points in the scattering region; GR =
[(E+iη) Î−HRc]

−1 and GL = [(E+iη) Î−HLc]
−1

correspond to Green’s functions for the right and
left electrodes, respectively; E is the injecting en-
ergy of the source electron; Î is a unitary matrix
in Hamiltonian dimensions; and η is a very small
number. Therefore, by calculating the self-energies,
the coupling functions ΓR and ΓL can be easily ob-
tained, and then the transmission spectrum will be
obtained from the expression given as (19).

In addition, the quantity G0 = 2e
h — called the

conductance quantum — is a natural unit for con-
ductance measurements in mesoscopic systems. A
schematic of the transport device based on PGNR is
shown in Fig. 8. In this device, three regions (semi-
infinite left electrode, central scattering region, and
semi-infinite right electrode) are of the same mate-
rial (PGNR).

Figures 9 and 10 show the I–V and T–E curves
of ZB, ZZ, and BB type PGNR structures under
tensile strains εx and with different widths of M .
Thus, by tuning the width of PGNRs and applying
strain, we can achieve the maximum current and
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Fig. 9. The I–V curves (a, c, e) and transmission
spectrum (b, d, f) under various uniaxial strain val-
ues. The threshold voltage values of ZZ and BB con-
figurations are shown in the insets of (c, e) panels.

Fig. 10. The I–V curves (a, c, e) and transmis-
sion spectrum (b, d, f) with different widths. As
the width of the nanoribbon is increased, the cur-
rent intensity and threshold voltage are increased
and decreased, respectively.

lower threshold voltage (see Fig. 9). As shown in
Fig. 9, the threshold voltage of the ZB configura-
tion is zero. For both ZZ and BB configurations,
the lowest threshold voltage value is obtained at a
strain value of 0.15. Specifically, the threshold volt-
age values are 0.45 V and 0.65 V for the ZZ and
BB configurations, respectively. Consequently, ap-
plied strain allows lower threshold voltage values to
be achieved. Figure 10 shows the I–V curves and
conductance as a function of the injected electron
energy with different widths and in the absence of
strain. With an increase in the width of the nanorib-
bon, the current intensity increased in the voltage
range of 0.0–4.0 V. Among the three mentioned con-
figurations, ZZ has the highest electric conductance
and electric current for a width ofM = 21 atoms. In
fact, with an increase in the width of the nanorib-
bon, the available energy levels increase, the high-
est valence band and the lowest conduction band
are closer to the Fermi level, electron transfer be-
comes easier, and more electrons move from the left
to the right side. This can be observed in the electri-
cal conductance diagrams. As shown in the graphs
of the density of states and electrical conductance,
in the energy gap ranges, the electrical conductance
has no value. In addition, the magnitude of the cur-
rent in the pristine penta-graphene ZZ model was
maximized at higher voltages and widths. The be-
havior of the computed transmission spectrum is in
agreement with the I–V characteristics.

6. Conclusions

In summary, by examining the electronic and
transport properties of the three configurations of
PGNR by tight-binding model (TBA), we found
that all three geometries are direct bandgap semi-
conductors. Unlike other tight-binding studies, we
did not apply arbitrary amounts of strain to the
structure. First, the strain was calculated in terms
of stress using DFT. For the structure to be sta-
ble and not deformed, allowed amounts of strain
were applied. Based on the TBA model, we found
that the magnitude of the bandgap in each type
of PGNR is reduced as the applied strain in-
creases. In addition, for the three geometries, the
band structures change and the bandgap decreases
with increasing width. Hence, such configurations
of PGNRs are expected to be widely used in
nano-electronic devices. Finally, we investigated
transport properties using a tight-binding model
and a generalized Green’s function method in the
Landauer–Buttiker formalism. Thus, by tuning the
width of PGNRs and applying strain, we achieved
the maximum current and lower threshold voltage.
Also, as the width of the nanoribbon increases, the
intensity of the current increases, and the avail-
able energy levels increase. Moreover, the results
show that the magnitude of the current in the
pristine penta-graphene ZZ model is maximized at
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higher voltages and widths. The behavior of the
computed transmission spectrum is in agreement
with the I–V characteristics. Our calculations may
suggest its potential applications in spin electron-
ics, nano-electronic devices, and solar cells, which
also provide some theoretical guidance for regulat-
ing the properties of PGNR by applying strain, edge
modifications, and different widths. In general, our
study opens a way to design and fabricate penta-
graphene-based electronic devices.
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