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First-principles study on the electronic properties
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Since the successful separation of graphene, carbon materials with the excellent physical and chemical
properties have attracted the interest of a large number of researchers. In this paper, density functional
theory combined with non-equilibrium Green's function is used to systematically study the electronic
structures of two-dimensional biphenylene, net-graphene, graphene+ and T-graphene, and to reveal the
electron transport properties of net-graphene nanodevices under asymmetric regulation. The results
show that biphenylene, net-graphene, graphene+, and T-graphene all show metallic properties, in which
biphenylene and net-graphene show anisotropy, while graphene+ and T-graphene show isotropy. In
addition, for the one-dimensional new carbon based nanoribbons, except for the armchair-edged net-
graphene and biphenylene nanoribbons, which exhibit semiconductor properties and a band gap value
of 0.08 eV, the rest of the carbon nanoribbons display metal properties. Interestingly, two of them
showed a tendency to oscillate and decrease the band gap value with increasing width, while BPN-2
biphenylene nanoribbons directly changed from exhibiting semiconductor to metallic properties with

increasing width combination with no oscillation. The electronic transport properties of net-graphene
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systematically studied. An obvious negative differential resistance characteristic along the armchair and
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1. Introduction

In 2004, Novoselov and Geim successfully produced graphene
as a material using the micro-mechanical stripping method,*
overturning the previous view in the field of condensed matter
physics that 2D materials cannot exist at finite temperatures. At
this point, the substantive application of 2D materials truly
begun. A large number of research experiments have proven
that graphene has strong thermal conductivity,” stable chemical
properties,® and important application prospects in
mechanics,* electricity,® optics,® thermodynamics,” and other
fields.**® In addition, the electronic properties of graphene can
be adjusted through doping,'* stretching,’*** and introducing
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zigzag directions can be found. Overall, these interesting results show that these new net-graphene
nanodevices have good practical application prospects in future electronic nanodevices.

defects.” Therefore, graphene has great development pros-
pects* in fields such as sensors,””™ transistors,”** flexible
display screens, and photosensitive components.**>*
Meanwhile, many new carbon materials have been proposed by
altering the spatial distribution of carbon atoms within 2D
carbon isomers. For example, a four asymmetric carbon isomer
referred to as T-graphene has theoretical energy substitutability
and kinetic stability and Dirac-like fermions, despite its non-
equivalent bonds and non-comb-like structure.* Fan et al.*
and Liu et al®** successfully synthesized flat biphenylene and
net-graphene composed of four, six, and eight cyclic arrange-
ments, respectively. The 2D carbon isomerization of non-
hexagonal rings has become a reality. According to reports,
these two materials seem to have electronic properties similar
to graphene, and their electronic properties seem even more
eye-catching.**** Subsequently, Chen et al. found that nitrogen-
doped or boron-doped double T-graphene has excellent
desorption temperature, ideal adsorption energy, and high
hydrogen storage capacity, making it a promising hydrogen
storage material.®>* Li et al. used density functional theory
combined with Griineisen's theory and found that monolayer
biphenylene exhibits anisotropy and negative internal thermal
expansion.® In addition, Tong et al. found that biphenylene, T-
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graphene, and net-graphene capture three-phonon, four-
phonon, and phonon electron interactions, which are dramat-
ically reduced compared to the original graphene, exhibiting
ultra-high electronic thermal conductivity.*® In 2022, Yu et al.
and Qin et al. reported a new type of carbon single-layer gra-
phene+ mixed through sp?>-sp® hybridization. This new carbon
material not only inherits the Dirac properties of pentagonal
graphene, but also has better energy stability.’”*

With the development of 2D materials, many researchers
have become interested in one-dimensional (1D) nano-
ribbons.*>* Based on extensive research, graphene nano-
ribbons (GNR) are a quasi-1D carbon nanomaterial. Due to their
two edge structures breaking or affecting the large 7 bonds in
graphene, they alter the ideal uniform electronic structure of
graphene. Therefore, GNR has strong edge effects and complex
electrical properties.*** In addition, GNR can be divided into
basic armchair graphene nanoribbons (AGNR) and zigzag gra-
phene nanoribbons (ZGNR) due to their different edges. In the
study of AGNR, Saraswat et al. synthesized AGNR from the
bottom up on the epitaxial layer of Ge on Si (001) through
chemical vapor deposition.** Cunha et al. found that the
polaron properties of AGNR are influenced by their width and
size.** Cloke et al. found that carbon atoms at specific positions
in armchair graphene can be replaced with B atoms to change
its original band structure and charge carrier concentration.*’
Neto et al. found the existence of optoelectronic properties in
AGNR based on the dynamics of the photo generation process
and the structural characteristics of the system.*® Nguyen et al.
found that in the presence of an electric field, the bilayer AGNR
exhibits lower threshold absorption frequency, more absorption
peaks, and weaker spectral intensity. When the electric field
intensity is increased, the prominent peak of edge-related
selection rules decreases, and sub-peaks that meet additional
selection rules appear.”’ In the study of zigzag-edged graphene,
Ruffieux et al. synthesized ZGNR from the bottom up through
surface-assisted polymerization and cyclization dehydrogena-
tion of specially designed precursor monomers.** Wang et al.
found that the edge state of double-layer ZGNRs can be changed
by modulating the twist angle and stacking offset.* Blackwell
et al. discovered spin splitting by introducing alternative N atom
dopants at the edges of zigzag graphene.”® Magda et al. found
that as the width of ZGNRs increases, there is a transition from
metallicity to semiconductor, and the magnetic properties on
the edges of ZGNR can remain stable at room temperature.™
Wang et al. reported that the edge state of twisted double-layer
ZGNR can be adjusted by twisting angle and stacking offset.>*
Further research has explored the properties of GNR along the
armchair and zigzag directions more thoroughly.

In recent years, with increasing global attention to environ-
mental and energy issues, the low-carbon economy and clean
energy have become hot topics worldwide. As an important
component, the research on new carbon based materials has
also received increasing attention. Inspired by it, this article
conducted a systematic study on four kinds of new carbon
based materials. Firstly, we constructed 2D structures of
biphenylene, graphene+, net-graphene, and T-graphene and
analyzed their electronic properties. It was found that
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graphene+ and T-graphene exhibit isotropy, while biphenylene
and net-graphene exhibit anisotropy. Subsequently, through
boundary unsaturation, two opposing edges of the 2D material
were passivated with hydrogen atoms to stabilize their charges,
and eight 1D new carbon based nanoribbons of these four new
carbon based materials were constructed and their electronic
properties were explored. Then, nanoribbons with different
widths of biphenylene and net-graphene were constructed, and
the trend of band gap variation with different widths was
analyzed. Finally, we constructed an electronic device with
asymmetric regulation of net-graphene, and systematically
analyzed their transmission characteristics. This paper could
provide some help for the direction of future research into new
carbon nanodevices.

2. Calculation methods

All calculation results were calculated using the Atomistix
ToolKit (ATK) software package based on density functional
theory (DFT) combined with non-equilibrium Green's function
(NEGF).**** To avoid the interaction between carbon isomers
and periodic images, a vacuum layer of at least 15 A should be
retained in the Z direction. All calculated Fermi levels are set to
zero. To ensure the convergence properties of the material, the
calculation is completed when the atomic force is set to be less
than 0.05 eV A™*. In addition, the k-points grid 1 x 1 x 150 is
used to sample the Brillouin zone of electrodes in the x-, y-, and
z-directions (transport direction), the calculated temperature is
set to 300 K, and the cutoff energy of 370 Ry and atomic force of
0.05 eV A™" are used in the calculation process. The current
through the device can be calculated using the Landauer——
Biittiker formula:

10 = 2 [ TERE - ) ~ (B = w)lE (1)

—o0

T(E,V) is the probability of electron transport from the left
electrode (L) to the right electrode (R) at the bias voltage V and
electron energy E. The fi g)(E —urx)) represents the Fermi-Dirac
distribution of the L and R regions. Where the chemical
potential of the left and right poles at the outer bias voltage is uy,
= Ep + V/2 and pur = Ef + V/2, respectively, which can be moved
up and down according to the setting of the Fermi level.

3. Results and discussion
3.1 Electronic structure of 2D novel carbon materials

To explore the practical application prospects of 2D materials,
one must first start by studying their electronic structure. The
optimized structures of four kinds of new carbon based mate-
rials, named biphenylene,*® net-graphene, graphene+,*® and T-
graphene® unit-cells, as well as their corresponding phonon
spectra, energy bands, and density of states (DOS), are shown
from left to right in Fig. 1 and S1.1 The blue dotted box repre-
sents the cells of each new carbon based materials. The unit-cell
structures of biphenylene and net-graphene are rectangular,
with lattice arguments of a = 3.75 A b=425Aand a=6.27 A,
b = 4.39 A, respectively. The unit-cell structures of graphene+

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Unit-cell structure, side view, energy band, and density of states
(DOS) of (a) biphenylene, (b) net-graphene, (c) graphene+ and (d) T-
graphene. The blue dotted box represents the cells of each structure.
Set the zero energy level to the Fermi level, represented by a gray
horizontal dotted line.

and T-graphene are standard squares, with lattice arguments of
a=b=6.64Aand a = b = 3.46 A, respectively.

In addition, from the side view of the structure, it can be seen
that all carbon atoms of biphenylene, net-graphene, and T-
graphene are in the same plane, while all carbon atoms of
graphene+ are not in the same plane with an undulating fold
structure. Analyzing the phonon spectra of biphenylene, net-
graphene, graphene+, and T-graphene, it can be seen that
there is no virtual frequency in the phonon spectra, and the
structure is dynamically stable. Surprisingly, graphene +
exhibits two different Dirac cones on the highly symmetric path
of the energy band structure between I' and X, as well as
between I' and Y, indicating that graphene+ is a Dirac metal
material. In addition, due to the high symmetry of the energy
band structures of graphene+ and T-graphene between I" and X
and between I' and Y, indicates that both graphene+ and T-
graphene exhibit isotropy. Nevertheless, Fig. 1(c and d) show
that the unsymmetry of the energy band structures of net-
graphene and biphenylene between I' and X and between I'
and Y, indicates that both net-graphene and biphenylene
exhibit anisotropic properties.

3.2 Electronic structure of one-dimensional new carbon
based material nanoribbons

When 2D materials are prepared into 1D nanoribbon struc-
tures, due to the confinement effect in the width direction and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the difference in edge structure, they have unique electrical,
optical, and magnetic properties that are different from 2D
materials.”"** In order to further explore the characteristics of
new carbon based materials nanoribbons with different edge
styles, we constructed and calculated 1D nanoribbons (a)-(h)
and band diagrams (i)-(p) of biphenylene, graphene+, net-
graphene, and T-graphene with zigzag and armchair edges
with approximate equal width in Fig. 2. To facilitate the
distinction between the types and directions of nanoribbons,
we use abbreviated names such as BPN-1, BPN-2, G+1, G+2, N-1,
N-2, T-1, and T-2 instead of their full names. By analyzing the
energy band diagram, the energy band of N-2 does not cross the
Fermi level, and forms a band gap with a width of 0.08 eV near
the Fermi level.

The energy band gap refers to the energy difference between
the valence band and the conduction band, which is the
minimum energy required for electrons to transition from the
valence band to the conduction band region. To some extent,
the energy band gap determines the conductivity of a solid
material. In general, the smaller the energy band gap, the better
the conductivity of the material. This is because the smaller the
energy band gap, the smaller the energy difference between the
valence band and the conduction band, and the more easily
electrons are excited into the conduction band to form
a current. For example, the energy band gap of metals is 0 eV,
making it easier for electrons to be excited into the conduction
band to form current, so metals have good conductivity. On the
contrary, insulators have a very large energy band gap, and the
energy difference between the valence band and the conduction
band is large. It is difficult for electrons to be excited into the
conduction band to form a current, so insulators do not
conduct electricity. The energy band gap of semiconductors is
between metals and insulators, with a moderate gap size and
conductivity between metals and insulators. Therefore, N-2
nanoribbons with moderate energy band gaps exhibit semi-
conductor properties. The energy bands of the other seven
metal structures all pass through the Fermi level, with a zero
energy band gap. There is a large amount of electron level
overlap between the valence band and the conduction band,
and electrons are prone to freely jump to the conduction band.
Therefore, nanoribbons have good conductivity and exhibit
significant metal properties.

Due to the metallic nature of G+1, G+2, N-1, T-1, and T-2
nanoribbons, and the metallicity does not change signifi-
cantly with the width of the ribbons. While N-2, BPN-1 and BPN-
2 nanoribbons are typical semiconductor properties with band
gaps varying with width. In order to further analyze the rela-
tionship between the electronic properties and width adjust-
ment of nanoribbons in the N-2, BPN-1, and BPN-2 directions.
As shown in Fig. 3, we constructed a trend chart of the nano-
ribbons structures Nx, Bm, and Bn (x values range from 6 to 20,
mvalues range from 6 to 12, and n values range from 6 to 12) for
N-2, BPN-1, and BPN-2 at different widths to study the band gap
of the nanoribbons changing with width. We can find many
interesting results from the trend chart of band gap changes. If
the band gap of Nx nanoribbons is zero at x = 15, N15 nano-
ribbons exhibit metallic properties, while at other widths,

RSC Adv, 2024, 14, 8067-8074 | 8069
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Fig. 2 (a)—(h) show two types of nanoribbon structures of biphenylene, graphene+, net-graphene, and T-graphene, respectively, with the
energy band diagrams of each type corresponding to (i)—(p). Set the zero energy level to the Fermi level, represented by a gray horizontal dotted
line. The gray white sphere represents H, and the golden yellow represents C.

nanoribbons exhibit semiconductor properties. More interest- p and Z8-q are named based on the characteristics of the two-
ingly, the band gap values of x show a shock trend from 6-11 to  probe nanodevices. A and Z represent nanodevices along the
15-20. The band gap of Nx nanoribbons shows an overall trend armchair and zigzag directions of net-graphene, respectively. 11
of decreasing oscillation under the adjustment of width. When and 8 represent the fixed width of the left half of the two devices,
m is taken as 8, 12, and n is taken as 11, 12, respectively, the while p and g represent the variable width values of the right
band gap of Bm and Bn nanoribbons is zero, exhibiting the half of these two devices, respectively. Among them, the device
metallic properties at the widths. The band gap of Bm nano- consists of a finite intermediate scattering region and two semi-
ribbons shows an overall oscillation decreasing trend under infinite left (L) and right (R) electrodes. There are certain
width adjustment, while the band gap of Bn nanoribbons shows  differences in the conductivity of quasi 1D nanoribbons of net-
a continuous decreasing trend to zero under width adjustment. graphene in the armchair and zigzag directions. Additionally,
In summary, the electronic properties of nanoribbons in the N- the conversion of nanoribbons between metal and semi-
2, BPN-2, and BPN-2 directions are all affected by width regu- conductor properties can be achieved by changing the width of
lation, achieving the conversion between semiconductor and net-graphene nanoribbons. In order to further explore the
metal properties. By utilizing this property, the electronic transport characteristics of A11-p and Z8-¢ nanodevices at
properties of such nanoribbons by changing their width can be  different widths of p and g. Moreover, we calculated the
modulated. This also provides us with a choice in building current-voltage (I-V) characteristic curves, transmission
electronic devices and helps us make more types of electronic spectra, and transport state maps of A11-p and Z8-q devices at
devices. different widths of p and gq.

Fig. 4(c) shows the I-V characteristic curves of A11-p devices
at the bias voltage range of —2-2 V, and the I-V characteristic
curves of Z8-g devices from —2 V to 2 V. Where p and g represent
the width of the right half of the device. Take device A11-p as an
example, when the number of layers in the right half of the

3.3 Transmission characteristics of net-graphene
nanodevices

Inspired by this, we constructed two types of nanodevices A11-p
and Z8-q along the armchairs and zigzags of net-graphene. A11-

©

.0
068101214161820 7 8 9 10 11 12 7 8 9 10 11 12

Width Width Width

Fig. 3 (a) Trend chart of the nanoribbons structure and band gap of net-graphene in the N-2 nanoribbons direction as a function of width. (b)
The variation of the nanoribbons structure and band gap of biphenylene with different widths of the BPN-1 nanoribbons. (c) The trend chart of
the variation of the nanoribbons structure and band gap of biphenylene in the BPN-2 nanoribbons direction with the width. In the trend chart, the
level X-axis represents the width of the band, and the perpendicular Y-axis represents the size of the band gap.
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Fig. 4 (a and b) Schematic diagram of All-p and Z8-g nanodevice model based on net-graphene nanoribbons along armchair and zigzag

direction. Where p and g represent the width of the right half of the nanodevice, and a light blue box represents the left and right electrodes. (c
and d) /-V characteristic curves of All-p and Z8-q nanodevices. (e and f) Transmission spectra of All-p and Z8-q nanodevices with different
widths under zero bias voltage. The color of the transmission spectrum is consistent with the /-V characteristic curve. The Fermi energy levels are

all setto 0 eV.

device is 5, p = 5, and the device is named A11-5; when the
number of layers is 6, p = 6, and the device name is A11-6. Of
course, the same applies to device Z8-g. We first analyze the I-V
characteristic curves of A11-p nanodevices, and it is not difficult
to find two eye-catching curves, A11-6 and A11-10, which exhibit
diametrically opposite results. The currents of the A11-6 device
almost keep zero from —2-2 V, while the currents of the A11-10
device always with the highest values at the respective bias
voltage, indicating that the conductivity of the A11-6 device is
very poor, while the A11-10 device have good conductivity.
Among them, the current of the A11-10 device increases with the
increase of bias voltage when the bias voltage is 0-1.6 V,
reaching a maximum value of 53.97 pA at 1.6 V, showing the
strong metallicity. However, the current decreases with the
increase of bias voltage at 1.6-2 V, indicating that the A11-10
device have a good NDR effect. Therefore, the A11-10 device
have potential applications in logic gates,*> amplifiers,** and
high-frequency oscillators.®**® Further analysis of the -V
characteristic curves of the remaining devices reveals the pres-
ence of NDR effects in all of them. Next, we analyze the I-V
characteristic curves with zigzag-edged based net-graphene
nanoribbon of Z8-g nanodevices in Fig. 4(d), and we can find
that Z8-g nanodevices do not exhibit the similar eye-catching I-
V curves of A11-p devices, and they are basically concentrated in
a certain region of variation. The Z8-5 and Z8-7 devices have
relatively good conductivity under full bias voltage. Compared
to other Z8-q devices with different widths, the current of Z8-5
and Z8-7 devices is relatively high throughout the entire bias
voltage range. Among them, the Z8-5 and Z8-7 devices reach
maximum currents of 34.76 pA and 42.06 pA at bias voltages of
1.2 V and 1.6 V, respectively, while the Z8-4 devices have rela-
tively low currents throughout the entire bias voltage range and
exhibit poor conductivity. Further analysis of the I~V

© 2024 The Author(s). Published by the Royal Society of Chemistry

characteristic curve of the Z8-q device reveals that there is also
a significant NDR effect in the device.

Similarly, in order to understand the effect of width on the
electronic transport properties of A11-p and Z8-q nanodevices
under asymmetric regulation, we calculated and plotted the
zero bias electron transmission spectra of A11-p and Z8-g model
devices, as shown in Fig. 4(e and f). It can be observed that there
are many peaks in the transmission spectrum of the A11-p
device, indicating that the device has good transport properties.
Devices of A11-6, A11-7, and A11-9 exhibit a large transmission
gap near the Fermi level, and the transmission peak of the
nanodevice is completely suppressed in a large energy region.
This means that the transmission channel at the considered
energy level is blocked, and the nanodevice exhibits certain
semiconductor properties. For the A11-10 device, it has a high
probability of electron transmission near the Fermi level,
making it easier for electrons to move from the left electrode to
the right electrode, making it easier for electrons to participate
in conduct.

Therefore, the conductivity of the A11-10 device is relatively
strong. For Z8-q devices, the transmission peaks of Z8-4 and Z8-
6 nanodevices are completely suppressed in a large energy
range, and the transmission channels on the energy levels are
blocked, exhibiting certain semiconductor properties and poor
conductivity. The Z8-5 and Z8-7 nanodevice models exhibit
strong and wide transmission peaks near the Fermi level,
indicating that these two device models could provide more
conductive channels to enhance electron transport and have
good conductivity.

In addition, we also calculated the transport state diagrams
of several devices under zero bias voltage, as shown in Fig. 5. In
Fig. 5(a), we can clearly see that the A11-10 nanodevice is in
a delocalized state, which is conducive to electron transport and

RSC Adv, 2024, 14, 8067-8074 | 8071
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All-6

All-10

Fig. 5 (a) Transport states of A11-6 and Al1-10 nanodevices under
zero bias voltage. (b) The transport states of Z8-3 and Z8-4 nano-
devices under zero bias voltage.

therefore has strong conductivity. A11-6 nanodevice is in
a localized state, with only transmission pathways on both sides
of the device, while there is almost no transmission pathway in
the middle scattering region, which is not conducive for elec-
tron to contribution transport resulting in the poor conduc-
tivity. This is highly consistent with the path diagram of Fig. S2
in the ESLt As shown in Fig. 5(b), we can clearly see the
difference in transport states between Z8-3 and Z8-4 nano-
devices. The Z8-3 device is wholly in a delocalized state, while
the Z8-4 device is in a completely localized state. The electronic
transmission path of the Z8-3 device is better than that of the
Z8-4 device, so the conductivity of the Z8-3 device is much
stronger than that of the Z8-4 device.

4. Conclusion

In summary, we utilized a combination of DFT and NEGF
methods to systematically analyze the electronic properties of
2D nanosheets and 1D nanoribbons, as well as the transport
characteristics of the asymmetric controlled net-graphene
armchair and zigzag devices. The results indicate that 2D
nanosheets of biphenylene, graphene+, net-graphene, and T-
graphene all exhibit metallic properties. In addition, gra-
phene+ and T-graphene exhibit isotropy, while biphenylene and
net-graphene exhibit anisotropy behaviors. Among the eight
constructed 1D new carbon based nanoribbons, except for some
of biphenylene and net-graphene nanoribbons exhibit semi-
conductor properties, all other nanoribbons have energy bands
that pass through the Fermi level, exhibiting metallic proper-
ties. As the width changes, both biphenylene and net-graphene
nanoribbons undergo a transition between metallic and semi-
conductor properties. The above results indicate that bipheny-
lene and net-graphene materials are multifunctional materials
with significant application prospects in the design of new
carbon based nanodevices. In addition, in the asymmetric
regulation of A11-p and Z8-g nanodevices, A11-10 exhibits
excellent conductivity, reaching a maximum value of 53.97 pA at
1.6 V. Moreover, both A11-p and Z8-g nanodevices exhibit
certain NDR effects. According to the transmission character-
istics of A11-p and Z8-g nanodevices, the new carbon based
nanoribbons could be very useful for designing electronic
devices by changing the widths.
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