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Modulating band gap of C4;NP-h2D crystal
nanoribbons and nanotubes under elastic strain
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Using Density Functional Theory (DFT), band-gap modulation of C4NP-h2D nanoribbons and nanotubes

under elastic strain is investigated in detail in this paper. The results indicate that the band gap of C4NP-
h2D nanoribbons and nanotubes can be tuned in two ways, namely, stretching or compressing the
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nanoribbons and nanotubes whereby ¢ is changed from —10-10% in zigzag and armchair shapes,

respectively. It was also revealed that the band gap of C4NP-h2D nanoribbons and nanotubes changes
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1 Introduction

With in-depth study of low-dimensional materials,” such as
transition metal dichalcogenides,*® phosphorene oxide,”
elemental analogues of graphene: silicene, germanene, stanene,
and phosphorene,®*™ arsenene, and antimonene,** their unique
properties and broad applications have attracted widespread
interest. For example, the easily tuned band gap in semiconductor
nanomaterials especially calls for a closer look at. Graphene is
a semimetal with a zero band gap.* BN nanosheet is a nonmag-
netic wide-band-gap (~6.0 eV) semiconductor.*?* The atomically
thin MoS, is a new direct-gap (~1.8 eV) semiconductor.>>*
Monolayer black phosphorus (phosphorene) is a direct bandgap
(~2.0 eV) semiconductor.”?* To modulate the band gap of
nanomaterials, many new nanomaterials have been effectively
synthesized and studied in great detail.”**** Atomically thin
arsenene and antimonene are indirect semiconductors with band
gaps of 2.49 and 2.28 eV, respectively. They can be transformed
from indirect into direct band-gap semiconductors under small
biaxial strain.® GeCH; is thermally stable up to 250 °C. It has
a direct band gap of 1.69 eV, and gives strong photoluminescence
emission.” The band gap of GeCH; nanoribbons is tuned under
elastic strain.** The MnPSe; nanosheet is an antiferromagnetic
semiconductor at its ground state, whereas both electron and hole
doping induce its transition from antiferromagnetic semi-
conductor to ferromagnetic half-metal.** The stability, electronic
structures, and magnetic properties of single-walled C,N; nano-
tubes have also been investigated.*” The nitrogenated holey two-
dimensional structure C,N-h2D was successfully synthesized
with a band gap of approximately 1.70 and 1.96 eV through DFT
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with increasing widths. Therefore, the C4NP-h2D nanoribbons and nanotubes are predicted to have
great potential applications in strain sensor and optical electronics at the nanoscale.

calculation and experimental measurements, respectively.** The
electronic properties of few-layer C,N-h2D are studied with
different stacking orders and layer numbers.*

In our work, because phosphene has excellent unique prop-
erties, and phosphorus and nitrogen belong to the same family.
When the outer electrons and other atoms form covalent bonds,
there is no dangling bond. The phosphorus atom is introduced to
replace the nitrogen in the C2N-h2D structure, composition the
analogous 2D C4NP-h2D sheet of 2D C2N-h2D sheet structure,
which has a certain similar symmetry. The main point is that the
nanoribbons and nanotubes are characterized through the
change law of band gap by strain. We turned the analogous 2D
C,NP-h2D sheets into two 1D nanostructures, namely, nano-
ribbons by cutting the sheet and nanotubes by rolling. Both
nanostructures have typical topological shapes, zigzag and
armchair. The band gaps of these nanostructures in either shape
can be tuned through changing elastic strain and widths of the
nanoribbons or radius of the nanotubes.

2 Computational details

We carried out first principles calculations based on Density
Functional Theory (DFT) with Dmol® package®*° to study the
geometric and electronic structures of C,NP-h2D nanosheets,
nanoribbons, and nanotubes. The Perdew-Burke-Ernzerhof
(PBE)*” functional of the generalized gradient approximation
(GGA) was used to optimize the structures and achieve the
primary electronic structures. The quadratic curve fitting was
used to obtain the crystal structure with proper lattice constant.
As is well known, weak interactions are out of the framework of
standard PBE functional, so the DFT + D2 (D stands for
dispersion) method was adopted with the Grimme vdW (van der
Waals) correction®* to describe the weak interactions. The
semi-core pseudopotential with double-numerical basis set plus
d functions (DND) was adopted. Self-consistent field (SCF)
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calculations were performed with a convergence criterion of
107 a.u.* The two adjacent nanoribbons were separated using
a vacuum space of at least 15 A to avoid interaction between
layers. A K-point mesh of 1 x 1 x 9or1 x 1 x 15 grid was used
for geometry optimization in armchair and zigzag nanoribbons
or nanotubes, respectively. The orbital cutoff was set to be
global and with a value of 4.2 A. The atoms were relaxed without
any symmetry constraints. Convergence in energy, force, and
displacement was set at 1 x 10~° Ha (1 Ha = 27.2114 eV),
0.002 Ha A~ and 0.005 A, respectively.

It is known that DFT always underestimates the band gap of the
semiconductor. To address this issue, the Heyd-Scuseria—Ernzer-
hof (HSE)" hybrid function correction, including screened
Coulomb potential have been reported in many literatures.*>*>*
Literature* explored the graphene nanoribbons under uniaxial
elastic strain using GGA and HSE06 methods. The calculation
results revealed that the trend of the band gap varying with strain is
the same with the two methods. Therefore, in this paper we mainly
study the variation of the band gap under widths and strains, while
not emphasizing too much on the band gap accuracy.

3 Results and discussion

In our calculations, C,NP-h2D sheet was adopted to
optimize the structure. Above all, A super cell with 18 atoms
(C:N:P = 4:1:1) was introduced (see Fig. 1(a)). After the
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structure of the minimum energy was achieved, the lattice
parameter of super cell nanosheet was 8.695 A, which fit
a quadratic curve. Meanwhile, we calculated the frequency using
MS and found that the structure did not have a virtual frequency.
The band gap was 1.352 €V (see Fig. 1(b)). The in-plane covalent
bond lengths of the C;NP-h2D were 1.423/1.468 A for the C-C
bond and 1.340/1.764 A for the C-N/C-P bond. Compared to
literature,* the bond lengths increased by —0.006 A/—0.002 A for
the C-C bond and 0.006/0.428 A for the C-N/C-P bond. Obviously,
when the P atoms were introduced, the length of C-P bond
increased. Compared with the band gap of monolayer C,N-h2D
sheet,* the band gap of monolayer C,NP-h2D sheet decreased
from 1.66 eV to 1.352 €V. This was mainly due to the closer overlap
between the electron cloud of phosphorus and carbon, and the
enhancement of gravity between each other. Meanwhile the
biaxial elastic strains were introduced to the nanosheet. The
strain is defined as ¢ = (d — d,)/dy, where d and d,, are the periodic
length of C,NP-h2D nanoribbons with and without deformation,
respectively. Stretching or compressing the nanosheet corre-
sponds to a positive or negative value of ¢, respectively. Fig. 1(c)
indicates that the band gaps have a great change within our
studied range of ¢. The inset of Fig. 1(c) denotes the linear change
of band gap with ¢ from —10-10%. The change shows a tendency
to converge. However, when greater tensions are introduced, the
band gaps increase again (see Fig. 1(c)). During the deformations
course, the change in total energy of the system still follows the
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Fig. 1 The optimized structures are plotted for (a) the super cell of the C4NP-h2D nanosheet, the blue, pink and gray balls represent nitride,
phosphorus, and carbon atoms, respectively, (b) band structure of the super cell, (c) change of band gap with ¢ from —10-15% biaxial elastic

strains (the right small picture denote change of band gap with ¢ from —

10-10%), (d) the change of total energy with ¢ from —12% to —15% biaxial

elastic strains (the up small picture denote the change of total energy with ¢ from —10% to —10%).
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(a) The optimized structures of the super cell of the C;N-h2D nanosheet with the blue and gray spheres representing nitride and carbon

atoms, respectively. (b) and (c) depicts the electron density of the super cell of the C,N-h2D nanosheet and C4NP-h2D nanosheet, respectively.

Fig.3 The optimized structures are plotted for (a) diamond of the C4NP-h2D nanosheet, (b) 3-zigzag, (c) 2-armchair and (d) 1.5-armchair C4NP-
h2D nanoribbons, respectively. The blue, pink and gray spheres represent nitride, phosphorus, and carbon atoms, respectively.
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(a) Energy band gap with ¢ in 3-zigzag and 2-armchair. The total energy of (b) 2-armchair C4NP-h2D nanoribbons and (c) 3-zigzag C4,NP-

h2D nanoribbons with ¢ changing from —10-8%. The band structures of (d) 2-armchair and (e) 3-zigzag in C4NP-h2D nanoribbon with ¢ taking
the values of —10%, —5%, 0%, 5% and 8%.
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parabola change rule, indicating that the changes are within the
elastic limit (see Fig. 1(d)). From these results, we can conclude
that the C,NP-h2D nanosheet is a nonmagnetic narrow-band-gap
semiconductor and the band gaps of system can be easily tuned.

Fig. 2 shows that phosphorus introduced play a significant
role in structure parameters. Comparing Fig. 2(b) and (c), we
can see that electronic cloud of phosphorus is larger. It disturbs
the symmetry between N and P, and the polarization as
well. Doping phosphorus effectively decreases the band gap of
C,N-H2D nanosheet.

The center distance between two hexagonal holes in dia-
mond nanosheet measures to be 8.695 A. Compared with 8.30 A
in ref. 33, the center distance is increased by 0.395 A (see
Fig. 3(a)). The diamond nanosheet is cut into zigzag and
armchair nanoribbons. The cutting edge appears to be dangling
bonds. The C atoms at the edge of the C,NP-h2D nanoribbons
are saturated with hydrogen (default). The two structures are
selected as 3-zigzag and 2-armchair C,;NP-h2D nanoribbons (see
Fig. 3(b) and (c)). Their lengths are very close, 30.078 A for
2-armchair and 30.998 A for 3-zigzag, respectively. Through
optimization, the center distance between two hexagonal holes
is 8.684 A and 15.254 A for 3-zigzag and 2-armchair,
respectively.

To modulate the band gap of C,NP-h2D nanoribbons, the
uniaxial elastic strains along the ribbons' direction were intro-
duced by stretching or compressing the nanoribbons. Fig. 4(a)
shows that the band gap increases and then decreases when ¢
changes from —10-8% in both 3-zigzag and 2-armchair nano-
ribbons. Obviously, when ¢ is negative and decreases, the band
gap decreases. When ¢ is positive and increases, the band gap
decreases too. The band gap changes linearly with respect to ¢
and more rapidly when compressing the nanoribbons. Thus it
can be seen that the band gap is sensitive to structural stress.
Moreover, both stretching and compressing changes the band
gap of 3-zigzag nanoribbons linearly with stress while com-
pressing is more effective. In the course of stretching or com-
pressing the nanoribbons, their energy change follows
a parabolic curve with ¢ range from —10-8% (see Fig. 4(b) and
(¢)). In other words, the two structures are within the elastic
limit. Hence the deformation shall not permanently alter the
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structure of nanoribbon. Fig. 4(d) and (e) shows the energy band
changes with ¢ (¢ = —10%, —5%, 0%, 5%, 8%). The energy band
diagram reveals that the band gap is the biggest without
deformation and that the band gap decreases in the course of
deformation. Without strain, both the left and the right sides
have a near linear relationship with changing e. Similarly, we
investigated the change of the band gap for armchair-shaped
1-5) (1.5-armchair
(namely, 1.5a) nanoribbon see Fig. 3(d)) and zigzag-shaped
C,NP-h2D nanoribbons with n = 1-14 (see Fig. 5(a) and (b)).
The figures indicate that the band gap decreases with the
increment of widths. These offered ways to modulate band gaps

nanoribbons with varying width, (n =

of nanomaterials, namely, by increasing or decreasing the
strains, or increasing the widths.

The band gaps of nanotubes are also studied. The C,NP-
h2D nanosheets were rolled into nanotubes and then fully
relaxed without placing constraint on any atomic positions
(see Fig. 6). The zigzag (3,0) and armchair (5,5) C,NP-h2D
nanotubes were adopted. Radii of the two structures were
7.331Aand 7.377 A, respectively. We appended a period along
the axial direction of C,NP-h2D nanotubes and optimized the
two structures. With a polynomial curve fitting, the structure
of maximum energy was achieved. After obtaining the two
structures, we investigated how the band gap changes with
strain ¢ varying from —8% to 10% along the axial direction or
the extension direction of nanotubes. Fig. 7(a) illustrates that
the change of the band gap increases and then reduces with ¢
varying from —8% to 10%. Under compression, the band gap
of the two structures is nearly linear with respect to ¢. But in
the case of tension, the change of band gap in armchair is
a typical linear change. Hence one can see that band gap of
armchair can be easily modulated. We then inspected the
energy change with ¢ varying from —10-10%. Fig. 7(b) and (c)
shows the armchair (5,5) and zigzag (3,0) nanotube are within
the scope of the elastic limit. The band gaps change with
radius (ESI Fig. 7(d)). The armchair showed a significant
change, while the zigzag showed little change, leading to the
conclusion that the band gap of armchair nanotube can be
easily tuned.
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Fig. 5 The changes of band gap with widths for armchair (la—5a) (a) and zigzag (1z—14z) (b).
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(a) Energy band gap with ¢ in armchair (5,5) and zigzag (3,0). The total energy of (b) armchair (5,5) and (c) zigzag (3,0) change with ¢. (d) The

changes of band gap with radius for armchair and zigzag (the right small figure).

4 Conclusion

In summary, the band-gap modulation of C,NP-h2D nano-
ribbons and nanotubes has been studied under elastic strain
with DFT. The band gap can be tuned by introducing tensile or
compressional strains. Both ways are effective to modulate the
band gap to a certain value. The results denominate that the
band gap of C,NP-h2D nanoribbons and nanotubes can be

41088 | RSC Adv., 2017, 7, 41084-41090

tuned along two directions, namely, stretching or compressing
ribbons and nanotubes when ¢ change from —10-10% in zigzag
and armchair nanoribbons and nanotubes, respectively. The
armchair nanoribbons and nanotubes can be easily modulated.
Meanwhile, the band gap of the C,NP-h2D nanoribbons or
nanotubes change with the increment of widths or radius.
Therefore, the C4,NP-h2D nanoribbons and nanotubes are
narrow-band-gap nonmagnetic semiconductors. This property

This journal is © The Royal Society of Chemistry 2017
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endows them great potential in applications in strain sensor
and optical electronics at nanoscale.
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