Mechanical properties and deformation-driven band gap tuning on [N]-Carbophenes
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Abstract

A new class of two-dimensional carbon-based materials, N-carbophenes, is studied using tight binding density functional theory.
The present study addresses the influence of strain on band gap opening for N-Carbophenes where 3 < N < 9. We found that both
uniaxial and biaxial strains can lead to significant changes in the electronic structure of N-carbophenes. One unexpected effect was
the existence of a maximum value for the band gaps for strains in the range 13% < & < 15% and that increasing & above that
range can cause a reduction in the band gap. The origin of the band gap openings is due to the stretching of C-C bonds in the

N-carbophene 4-member rings.
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1. Introduction

Two-dimensional (2D) materials have attracted a lot of atten-
tion for their fascinating and attractive properties. The possibil-
ity of using these materials in devices such as diodes, transistors
[1, 2], sensors [3], batteries [4, 5], etc., triggered many stud-
ies of their properties. Part of the motivation for investigating
many new 2D materials in the last decade was that it was impos-
sible to completely overcome the practical difficulties imposed
by graphene’s semi-metallic nature. One option to overcome
the obstacles related to graphene’s closed band gap would be
to adjust it by some external action. Previous studies reported
harnessing this possibility in several ways, such as cutting the
material into nanoribbons (GNRs) [6], introducing defects [7],
functionalization [8, 9], and applying strain [10]. Another op-
tion that has been studied is the use of two-dimensional ma-
terials, such as graphenylene, porous graphene [11], hexagonal
boron nitride, porous boron nitride, and inorganic graphenylene
[12].

In 2017, Du et al. reported that they may have synthe-
sized a new 2D carbon-based material, 3-carbophene [13]. The
structure of 3-carbophene is based on arrangements of linear
phenylenes, resulting in a porous hexagonal geometry, see Fig-
ure 1. Junkermeier and collaborators expanded the idea of 3-
carbophene into a class of materials, the N-carbophenes. They
demonstrated that pristine N-carbophenes are energetically fa-
vorable to the similarly structured graphenylene and are semi-
conductors with band gaps between 1.2 eV and 1.9 eV[14].
They further demonstrated that replacing the H atoms with
functional groups lowers the formation energies and changes
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the band gaps depending on the type of functional group and
the degree of functionalization[15].

To contribute to the search for new materials, we explore the
electromechanical properties of N-carbophenes. This work in-
vestigates applying uniaxial and biaxial strain on pristine N-
carbophene structures to control their electronic properties. Us-
ing tight-binding density functional theory (DFTB), we stud-
ied many configurations and demonstrated that N-carbophenes’
band gaps could be increased or decreased significantly depend-
ing on the value and type of strain applied. Simulations of
stretched linear 3-phenylene are used to clarify the origins of
band gap variations in N-carbophenes.

2. Methodology

Before carrying out the tests necessary to calculate the
mechanical and electronic properties, geometry optimizations
were performed using the DFTB approximation implemented
in the DFTB+ software [16, 17, 18, 19]. DFTB+ has accuracy
comparable to density functional theory (DFT) when applied
to electronic structure calculations while being significantly
faster than most DFT codes. Much of this speed-up comes
from the use of look-up tables (located in the so-called Slater-
Koster files) instead of performing integral evaluations at run-
time. In our simulations, we used the matsci Slater-Koster files,
which were constructed to describe materials’ science problems
[20, 21].

For geometry optimization, including the cell parameters and
atomic positions within the cell, a conjugate gradient algorithm
was used, imposing a maximum force difference of 1073 eV/A
and a maximum tolerance of 10~* eV on energy variation as
convergence criteria. Numerical convergence tests were used
to determine the number of k-points needed in Monkhorst-Pack
grids. A 16x16x1 Monkhorst-Pack k-point grid was used for
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Figure 1: Representative examples of structural models considered in this work. (a) Graphene, with two atoms in the unit cell, (b) 3-carbophene, with 36 atoms in
the unit cell, (c) 4-carbophene, with 60 atoms in the unit cell, and (d) 5-carbophene, with 84 atoms in the unit cell. The unit cell is highlighted in light gray in each
case. In light red, the rectangular supercells used during the simulations of this work are highlighted, containing twice as many atoms as the unit cell. Additionally,

armchair and zigzag directions are defined.

cell optimization, while during the density of state (DOS) cal-
culations, a 48x48x1 Monkhorst-Pack k-point grid was used.
To avoid interactions between the carbophene sheet and its vir-
tual images, a large out-of-plane bounding box size of 30 A was
considered.

To facilitate the application of strain in the structures pro-
posed in the present work, rectangular supercells were used
during the simulations; as depicted in Figurel. To calculate
the Young’s modulus (Y) and Poisson’s ratio (v), we monitor
the change in elastic energy per unit area of the structure (U)
during the application of strain(e€) in specific directions and fit
the results to the expression,

Ule) = %Cufgrm + %szfzzig + Cro€urmésig, ey
where €., and €;, are the deformations in the armchair and
zigzag directions and C;, Cy, and C; are the elastic constants,
corresponding to second partial derivatives of the energy with
respect to strain. The elastic constants can be obtained by fitting
the energy per unit area versus strain curves for each kind of
strain (i.e., uniaxial or biaxial). These curves are shown in the
Supplementary Materials, Fig. S1 and S2. Thus, we were able
to obtain each of the above constants and then calculate Y and
v in each direction [22]:
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To calculate the band gaps, the difference between the con-
duction band’s minimum energy and the valence band’s max-
imum was computed. Because we use rectangular supercells,
the high symmetry points I', X, S, and Y in the first Brillouin
zone of an orthorhombic lattice were used, as described in [23].

3. Results and Discussion

In Table 1, we can see the results for Young’s modulus and
Poisson’s ratio in the zigzag and armchair directions for 3- to
10-carbophene as defined in Fig. 1, together with the results for
graphene, for comparison.

Table 1: Young’s moduli (Y) in units of GPa and Poisson’s ratios (v), using
DFTB calculations.

SyStem Yarm Yzig Yarm Vzig

graphene 114433 112392  0.26 0.25
3-carbophene  153.362 153.612 0.592 0.593
4-carbophene 58.122 58.191  0.745 0.746
5-carbophene 29.726 29.248  0.828 0.815
6-carbophene 17.769 17.599  0.867 0.859
7-carbophene 12.479 12.407  0.885 0.880
8-carbophene 8.973 8.905 0.904 0.897
9-carbophene 6.410 6.445 0915 0.920
10-carbophene 5.421 5.443 0919 0.923

Comparing our results for graphene with those in the litera-
ture, Young’s modulus is within the range of values calculated
via DFT and DFTB by Memarian (1023.95 - 1395.08 G Pa) [24]
and close to that found experimentally by Lee (1000 G Pa) [25].
Furthermore, our calculated Poisson’s ratio for graphene also
approximates values calculated by other authors via molecular
dynamics (MD) and DFT (0.16 - 0.22) [26, 27, 28]. Therefore,
our results are within those expected for graphene and can give
a reasonable description for other carbon-based 2D materials
such as N-carbophenes.

In Fig. 1 one can see that, as the N index of carbophenes
grows, the system presents larger pores, and consequently lower
densities p. For porous materials, Young’s modulus has been
found to be proportional to some power of the density, ¥ ~ p”,
where n varies depending on the structure and density of the
pores [29]. The scaling variation has been discussed by several
authors considering the influence of pore density and geometri-
cal structure on the deformation process [22, 30] and, in some
cases, taking into account the change in dimensionality of the
material depending on the porosity[31]. For example, the value
of n is ~0.6 in the case of cubic structures, ~ 2.0 for graphene,
and going up to ~3.6 for fractals[32, 29]. In the case of N-
carbophenes, in Fig. 2 we plotted the Young modulus Y,,,, and
Y.i; against the relative density of each material, taking as ref-
erence the density of graphene on a log-log scale. Fitting the
data with expressions Y., ~ p"™ and Y, ~ p"#* we obtain
Narm ~ 2.99 and ny, ~ 2.96 for the higher density structures,
and a variation on this scale for the lower density examples,
indicating that carbophenes stiffness is significantly more sen-
sitive than graphene to density variations.
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Figure 2: Young moduli calculated along a) armchair direction and (b) zigzag
direction versus relative density for N-carbophenes (black circles) and graphene
(red circle). The red lines are fits used to obtain the exponents 74, = 2.99 and
nzig = 2.96.

For comparison, we also calculated the mechanical proper-
ties of N-carbophenes using Adaptive Intermolecular Reactive
Empirical Bond Order (AIREBO) Potential-based MD simula-
tions [33]. The use of this approach allowed the simulation of
larger N-carbophene supercells. The details of AIREBO MD
simulations and comparison of its results with the DFTB+ re-
sults are in Section 2 of Supplementary Materials.

Fig. S5 of the Supplementary Materials shows the band dis-
persions and DOS of pristine N-carbophenes. The band gap
values for N-carbophenes can be seen in Fig. S6. One can see
that the results agree with those found in [14], suggesting that
the protocols adopted in the present case are consistent with our
previous work.

For each material, we performed tensile tests on rectangular
supercells, as defined in Figure 1, to monitor the variation of the
band gap value under strain. Initially, the size of the armchair
side of the relaxed supercell was increased, and then a geometry
optimization was performed, maintaining the stretched direc-
tion with a fixed length. It is important to note that during the
optimization process, the structure does not return to its equi-
librium geometry because the lattice vectors are not optimized,
causing the periodic boundary condition to hold the structure
under a fixed area. Then the band structure was calculated, ob-
taining the energy values of the frontier orbitals before adding
a new strain and proceeding to the next step. Performing this
protocol, we generated the data labeled *’Uni,,,,” in Figure 3.

The same protocol was applied to the zigzag direction (gen-
erating “Uni;,” in Figure3) and adapted to the case of biaxial
strain, in which the deformation is defined simultaneously for
both directions (armchair and zigzag).
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Figure 3: Influence of strain application on gap opening for N-Carbophenes
considering 3 < N < 9. For biaxial strain, the band gap maxima all occur
for strains in a defined range, namely 11%-13%. Uniaxial strain data indicate
the presence of a maximum band gap opening for each case, but for much
larger deformations, in the range 16%-20%, close to the breaking point for
those structures.

Our results indicate a similar increase in the band gap values
for all N-carbophenes when we apply uniaxial tensile strains.
In the armchair and zigzag cases, strains of up to almost 20%
resulted in increased band gap values. In the case of biaxial
tensile tests, there is an increase in band gap values until ap-
proximately 11 to 13 % strain, after which a narrowing of the
band gaps is observed as the strain is increased.

N-carbophenes are hexagonal structures in which each
“edge” can be interpreted as a linear N-phenylene. To inves-
tigate the strain-induced band gap variation of N-carbophenes,
we can reduce the problem to just one “edge” of the struc-
ture and deform it in one direction. This strategy allowed
us to divide the bonds of this edge (N-phenylene) into three
types: those that were only part of 6-member rings, those that
were only part of the 4-member rings, and those that were
shared by both 4- and 6-member rings. Three tests were ap-
plied to 3-phenylene (insert Figure 4): First, the entire struc-
ture was stretched along the horizontal direction, performing
a deformation-optimization process similar to that described
above for the N-carbophenes. In this case, in each step the hy-
drogen atoms bound to the tip atoms were held fixed during the
geometry optimization. The second test consisted of deform-
ing bonds that are only part of the 6-member rings (blue bonds
in Figure 4 insert) in the strain direction. Lastly, deforming
the bonds that are only part of 4-member rings (red bonds in
Figure 4 insert) in the strain direction. The differences in high-
est occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy gaps found during those tests
are presented in Figure 4. These results demonstrate that the 3-
phenylene’s energy gap is widening due to the stretching of the
4-member ring bonds. Thus, the increase of C-C distances dur-
ing the deformation diminishes the orbital overlap for neighbor
atoms and can increase the amount of energy necessary to pro-
mote the hopping of an electron to its nearest neighbor. This
causes a decrease in the mobility of charge carriers inside the



material, which is related to the marked flatness of the frontier
bands after deformation.
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Figure 4: HOMO-LUMO energy gap variation of 3-phenylene when stretched
in different ways. Insert: 3-phenylene structure emphasizing the stretched 4-
member ring bonds (red) and 6-member ring bonds (blue).

The change in band gap values as a function of strain is a
characteristic that draws attention to the data of Figure 3. Look-
ing in detail at the band structures shown in Figure 5, one can
see that stretching modifies many bands, and some of them are
directed toward lower energy values as the strain increases. As
the strain gets larger, these bands occupy lower energy values
until one becomes the lowest-energy unoccupied band, conse-
quently decreasing the gap.

Figure 5 shows the band structures obtained during the ten-
sile tests applied to N-carbophenes. In that figure, we highlight
in red the band which, after the band gap peak, becomes the
lowest energetic above the Fermi level. Its contribution to the
projected density of states (PDOS) can be identified as the low-
est energy s orbitals above the Fermi level, plotted in green in
the same figure.

During the tensile tests, the geometry optimizations caused
variations in the positions of atoms in each strain step, so the
shape of the N-carbophenes structure underwent some changes.
By monitoring the deformations, we found two distinct behav-
iors. First, taking the rectangular 3-carbophene supercell as
an example, we separate the atoms that constitute it into two
groups depicted as red and green in Figure 6. The red (green)
group is composed of two subgroups of carbon atoms located
along the zigzag (armchair) direction of the supercell, as can be
seen in the inset of Figure 6.

During the application of strain in the zigzag direction, the
change in lengths and angles of bonds connecting the red atoms
was greater than observed in green atoms. Then, by calculating
the Projected Density of States (PDOS) for these two groups, it
was possible to clarify the contribution of each group of atoms
to the frontier orbitals during the strain application. For exam-
ple, the PDOS and the band structure of 3-carbophene with a
zigzag strain of 20%, in Figure 6, demonstrate that the band
that becomes the conduction band for high strain values in the
zigzag direction, as described earlier, is formed entirely by the

combination of orbitals from atoms of the red group. While for
the 20% strain in the armchair direction, the LUMO is com-
posed of the red group atoms.

When strain is applied in the armchair direction, the green
atoms positions are more intensely affected than the red atoms.
Thus, the upper right graph of the same figure shows that 20%
strain in the armchair direction results in a different configura-
tion of PDOS peaks. In this case, the group marked in red has
a smaller contribution to the PDOS.

A biaxial strain applied to the material deforms both groups
similarly. As expected, there are relevant contributions from
both in LUCO, as we can see in the representation of PDOS in
the lower right graph still in Figure 6 .

Conclusion

This work analyzed the band gaps of strained N-carbophenes,
where 3 < N < 10. The Young’s modulus decreased as N in-
creased, going from ~ 153GPa for N= 3 up to ~ 5.4GPa for
N= 10 in both the armchair and zigzag directions. At the same
time, the Poisson ratio increased from ~ 0.59 up to ~ 0.9 for
both directions. The electronic effects obtained by applying
strain were also considered in our analysis, revealing that the
band gap opening can be tuned. Uniaxial strains had a maxi-
mum band gap opening above 2 eV for all N-carbophenes con-
sidered in this work. While biaxial strain resulted in band gaps
of up to 3.2eV for strains in the range 11%-13% with a decrease
from this value for strains beyond that range. Using linear 3-
phenelyne as a simplified model for N-carbophenes, the origin
of the band gap openings was found to result from the stretching
of C-C bonds in 4-member rings.

Acknowledgement

Greenwood: A library for creating molecular models and
processing molecular dynamics simulations was used to pro-
duce the atomic structure models [34]. C. Junkermeier was
supported by the United States National Science Foundation
under Award Number 2113011 and the University of Hawai‘i
Information Technology Services Cyberinfrastructure. In
addition, R. Paupitz acknowledges Brazilian funding agen-
cies: FAPESP (grants #2018/03961-5 and #2021/14977-2) and
CNPq (grants #437034/2018-6 and #315008/2020-2) and com-
puting resources supplied by the Center for Scientific Com-
puting (NCC/GridUNESP) of the Sao Paulo State University
(UNESP). Also, this work used resources of the Centro Na-
cional de Processamento de Alto Desempenho em Sao Paulo
(CENAPAD-SP).

CReDiT authorship contribution statement

Gabriel H. Batista: Carried out the simulations, Investiga-
tion, Analysis, Visualization, Writing original draft, Writing
review & editing. Ricardo Paupitz: Data curation, Investiga-
tion, Resources, Visualization, Writing original draft, Writing
review & editing. Chad E. Junkermeier: Conceptualization,
Project administration, Software, Writing review & editing.



Uniaxial strain in the Armchair direction

= —" | E——=

0 , 1t I

o | === | == }éz
, i

T

Energy [eV]
o

-2 1 %
4 = Strain=16% Strain=18% Strain=20% b
Biaxial strain
4 —_ ‘ ‘ :

|

-2

——— — ? 1 7 : (s)

H —

e = | e = & | e =

_y [Strain=T0%= Strain=12%— [Strain=14%——H Strain=20% C(s) —
r X S Y I PDOS T X S Y I PDOS T X S Y I PDOS T X S Y T PDOS

Figure 5: Band structures and projected densities of states (PDOS) of 3-Carbophene were calculated during the three different tensile tests. Curves highlighted in
red identify the band which will become the conduction band when the maximum strain is applied. Green curves in the PDOS graph indicate densities related to
carbon’s s orbitals.
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Figure 6: Band structure and PDOS of 3-carbophene in the absence of strain
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with strain=20% in the three types of tensile tests performed in this work.
and green atoms in the inset identify the two different behaviors during

tensile tests discussed in the text. Red(green) PDOS curves indicate projection
on atoms identified by the same color, namely red(green).
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