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ABSTRACT: MXene has not yet been investigated in optical
applications because it is a newly suggested two-dimensional material.
In the present work, the first investigation of the prospects of MXene as ¥
a novel optical nanodevice was done by applying strain to monolayer «
Sc,CO, using first-principles density-functional theory. This single- j
layer material experiences an indirect to direct band gap transition with
variation of the band gap size at a relatively small critical strain of about
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2%. The present work emphasizes that monolayer MXene can become
a promising material for an optical nanodevice by modulating the band gap properties using strain engineering.
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B INTRODUCTION

Experimentally successful separation of monolayer graphene
and its remarkable characteristics have prompted substantial
interest in diverse two-dimensional nanostructures.'”> Re-
cently, among such graphene-like materials, Ti, V, Nb, and Ta
carbides have been successfully fabricated as a single layer such
as Ti,C, Ti;C,, V,C, Nb,C, and Ta,C;.57° Synthesis of these
products is achieved from MAX phases by selective etching of
the A layers and sonication, and they are comprised of alternate
layers of a transition metal and carbon or nitrogen.""'> These
new layered materials derived from their counterpart MAX
phases are called MXene. Monolayer MXene generally has
various common features such as metallic materials, high
selectivity to intercalants, a higher elastic constant (c;;) than
MAX bulk, and a larger bendinsg rigidity than graphene due to
the (2n + 1) atomic layers.lz_1 Because most MXenes, except
for some carbides mentioned above, have not yet been
experimentally synthesized, simulations of their properties
have received considerable attention for diverse applications
such as electronic devices, electrochemical energy storage
materials, a hydrogen storage medium, spintronic devices, and
catalysts."®™>

From previous theoretical studies, it is known that most
MXenes, which can be applied in the fields mentioned above,
are metallic with the absence of a band gap in the bare
condition.”*** This fact gives rise to the critical problem that
bare MXene cannot be used for semiconducting or optical
nanodevices. However, in a real etching process, functional
groups like F, OH, O, or H bind to both sides of MXene.'>2¢7
Although most of these terminated MXenes still have metallic
features, six types of terminated MXene have a band gap:
Ti,CO,, Zr,CO,, Hf,CO,, Sc,CO,, Sc,C(OH),, and
Sc,CF,.'”** These semiconducting terminated MXenes have
a Seebeck coefficient comparable to that of SrTiO;, which has a
large Seebeck coeflicient (850 pV/K around 90 K), so they
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have been identified as promising thermoelectric devi-
ces.'>**?2% However, problems using MXene in optics still
exist because all semiconducting terminated MXenes except for
Sc,C(OH), have an indirect band gap, which interrupts
efficient light emission, and Sc,C(OH), has a relatively small
direct band gap for optical devices.**

Generally, it is well-known that applying strain can be used to
modify electronic properties, including an indirect band
gap.”>™>° This is especially significant for two-dimensional
materials because they can endure great tensile strain. Strain
applied on such monolayer materials changes the interatomic
distances and the relative positions of the atoms, which
influences the electronic structure, and this effect can easily
occur by a lattice mismatch on the substrate or mechanical
loading.>® Therefore, it is necessary to investigate the effect of
strain on the band gap characteristics of semiconducting
terminated MXene for useful optical devices.

In this article, the possibility of an indirect to direct band gap
transition in MXene for outstanding optical nanodevices was
examined by the strain effect on monolayer Sc,CO, using first-
principles density-functional theory (DFT) calculations. It is
supposed that monolayer Sc,CO, can be synthesized from bulk
Sc,InC among the MAX phases, and here, it was used because
it has the largest band gap among the six semiconducting
terminated MXenes.”**® Also, all strains in this work were
applied equibiaxially along the xy plane. From this first
exploration to use monolayer MXene in optics, it is expected
that a wider choice for novel optical devices will be facilitated
out of pre-existing nanomaterials.
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B CALCULATION METHOD

DFT calculations were implemented using the Vienna Ab-initio
Simulation Package (VASP) code”7 All calculations were
conducted under the Perdew—Burke—Ernzerhof (PBE)* generalized
gradient approximation (GGA) with a projector augmented wave
(PAW) pseudopotential method*' for the exchange-correlation
functional. A plane wave basis was set with an energy cutoff of S00
eV, and a 12 X 12 X 1 Gamma centered Monkhorst—Pack** k-point
mesh was used for the Brillouin zone integrations. The atomic
positions were relaxed using the conjugate gradient method and
optimized until all the Hellmann—Feynman forces on any atom
became less than 0.02 eV/A. The criterion for energy convergence was
107¢ eV/cell. A Methfessel—Paxton smearing scheme was used with a
width of 0.1 eV, and the density of states was calculated using a 24 X
24 X 1 Gamma centered Monkhorst—Pack k-point grid. The present
work did not consider the spin—orbit coupling effect because the
results of this study were negligibly affected by the effect.

Although MXene exfoliation has not been entirely understood yet,
to simulate monolayer Sc,CO,, the system was used with a vacuum
spacing of 25 A because the length is enough to avoid an interaction
between the layered MXene. As shown in Figure S1 (Supporting
Information), the unit cell of the monolayer Sc,CO, can be modeled
as four types of hexagonal structures by the stacking position of the
functional O atoms on both sides of Sc,C, which consists of a C layer
sandwiched between two Sc layers: Model 1 has two terminated O
layers stacked on the same site with the opposite Sc layer with the C
layer as the center; Model 2 has both terminated O layers stacked on
the same site to the C layer; Model 3 has each terminated O layer
located at the same positions in Models 1 and 2, respectively; Model 4
has two terminated O layers directly stacked on the top of the Sc layer
on the same side.”* The unit cells of each model were decided carefully
by an energy convergence test. From these results, the lattice
parameters of the most stable unit cells were 3.24, 3.38, 3.44, and 3.50
A at Models 1, 2, 3, and 4, respectively (Figure S1, Supporting
Information).

B RESULTS AND DISCUSSION

Among these four types of models, according to the position of
the O terminations, the most stable structure of monolayer
Sc,CO, is Model 3, as shown in Figure 1. As mentioned
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Figure 1. (a) Top view and (b) side view of the most stable
configuration of monolayer Sc,CO,.

previously, the lattice parameter of this unit cell is 3.44 A. To
confirm the changes of the band gap by the strain effect, we
applied biaxial tensile strain from 1 to 5% with reference to the
optimized lattice parameter of Model 3. Prior to verifying the
band gap properties in these strained single-layer structures, the
total energies of each model of monolayer Sc,CO, at 0 to 5%

tensile strained states were calculated first to ascertain the most
stable model at these conditions (Figure S2, Supporting
Information), and these results show that the total energies
of Model 3 are the lowest at all the strained lattice parameters.
This means that Model 3 is preserved as the most stable
configuration among the four models by tensile strain. Thus,
the band gap characteristics of the strained monolayer Sc,CO,
were investigated only in Model 3.

To confirm the band gap characters of these strained
monolayer Sc,CO,, we present the band structures under each
strain in Figure 2a. Originally, monolayer Sc,CO, at the strain-
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Figure 2. Change in the band gap in monolayer Sc,CO, by tensile
strain. (a) The band structures at each tensile strained state. The Fermi
level was set to zero, and the arrows represent the directions of the
band gap from the VBM to CBM states. (b) Change of energy gaps
from the valence band to the conduction band as a function of strain;

(black) T to T, (red) K to K, (blue) I" to K, and (purple) K to I gaps.

free state has a I' (valence band maximum, VBM) to K
(conduction band minimum, CBM) indirect band gap of 1.82
eV. However, it changes to a K to K direct band gap when the
system is applied to more than 2% tensile strain. To precisely
confirm the effect of the strain on the indirect to direct band
gap transition, we calculated the I" to I" and K to K direct gaps
and I" to K and K to I' indirect gaps of monolayer Sc,CO, as a
function of strain, and these are plotted in Figure 2b. In Figure
2b, the difference between the I' to K indirect gap and the K to
K direct gap is only 2 meV at 2% tensile strain. From this result,
it can be seen that the critical point of the indirect to direct
band gap transition in monolayer Sc,CO, by tensile strain is
about 2%. Furthermore, the value of the band gap decreases
from 1.82 to 1.39 eV as the tensile strain increases, and the
reduction of this value is more sensitive after the indirect to
direct band gap transition in particular. Therefore, it can be
concluded that the band gap size of monolayer Sc,CO, can be
modulated using strain engineering, and the intriguing indirect
to direct band gap transition in this system suggests a potential
method using MXene for the design of novel optical
nanodevices as well as thermoelectric and spintronic devices,
Li-ion batteries, supercapacitors, catalysts, and hydrogen
storage materials that have been researched for general
applications of MXene,'®72**7%

To clarify the major factors related to these variations of the
band gap properties, the contribution of each atom to the
energy level in monolayer Sc,CO, was first studied using the
band structures, as shown in Figure 3. In these band structures,
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Figure 3. Contribution of each atom in monolayer Sc,CO, to energy level at the (a) strain-free and (b) 5% tensile strained state. Percentages of the
contributions of each atom are marked as a different color. The red arrows represent the VBM and CBM states at the band structure of the dominant

atoms.
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Figure 4. PDOS of the in-plane and out-of-plane orbitals in the Sc,, C, and Oy atoms at the (a) strain-free and (b) 5% tensile strained states; (black)
total, (red) in-plane, and (blue) out-of-plane orbitals in each atom. A region at the CBM in the Sc, atom represents the energy range that is nearly

related to the out-of-plane orbitals.

the cases of two Sc (Sc, and Scy) and two O (O, and Og)
atoms in a unit cell are considered separately because the most
stable structure of the monolayer Sc,CO, is asymmetric with
the C layer as the center (Figure 1). First, in the strain-free
state, the K point of the conduction band and the I" point of
the valence band are noticed as the CBM and VBM states
(Figure 2). Among the five constituents of monolayer Sc,CO,
at the strain-free condition, the Sc, atom mainly contributes to
energy level at the CBM state as 88%, and energy level at the
VBM state is primarily affected by the Sc, and C atoms as 39
and 40%, respectively (Figure 3a). On the other hand, at a 5%
tensile strained state which has a K to K direct band gap, it is
confirmed that while the energy level at the CBM state still
originates from the Sc, atom as 85%, the C and Oy atoms are
the dominant factors of energy level at the VBM state as 35 and
25%, respectively (Figure 3b). From these results, the Sc,, C,
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and Op atoms can be regarded as the major atoms that
determine the band gap characters.

To understand the origin of the changes in the band gap
characteristics in more detail, the partial density of states
(PDOS) of these three components are presented in Figure 4.
Generally, among the band gap properties, two elements,
direction and size, are important for the optical nanodevices.
First, in case of the band gap direction, it is altered from the I"
to K gap to K to K gap at tensile strain of about 2%. As
mentioned in the previous paragraph, by indirect to direct band
gap transition in monolayer Sc,CO,, while the major atom of
the CBM state is maintained, main atoms of the VBM state are
changed from the Sc, and C to the Og and C atoms according
to point transition from the I' to K. In addition, it can be
obtained from the PDOS that the Sc, and Og atoms in the
topmost valence band are strongly influenced by the out-of-
plane orbitals. On the basis of these facts, indirect to direct
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band gap transition by tensile strain results from the variation
from the out-of-plane orbitals of the Sc, atom to those of the
Og atom at the VBM state. Next, to investigate the cause of the
alteration of size as other determinant of the band gap
characters, we compared the PDOS at the strain-free state with
those at the 5% tensile strained condition. As shown in Figure
4, the band gap size decreases as the A region increases, and the
most varied orbital for this change is the in-plane orbitals of the
Sc, atom at the conduction band. Thus, it can be concluded
that the primary factors of the variations of the band gap
properties are the out-of-plane orbitals in the Sc, (Oy) atoms at
the I' (K) point of the valence band and the in-plane orbitals in
the Sc, atom at the K point of the conduction band.

Bl CONCLUSION

In summary, tuning the band gap characteristics of monolayer
Sc,CO, by the biaxial tensile strain effect for novel optical
nanodevices was investigated using DFT calculations. From
previous studies, it is well-known that strain on two-
dimensional materials induces the changes of their electronic
structures, and monolayer Sc,CO, used in this work also faces
these alterations. As results from these variations, as tensile
strain increases, monolayer Sc,CO, undergoes an indirect to
direct band gap transition at a relatively small critical tensile
strain of about 2%. In addition, the increase of tensile strain
from 0 to 5% leads to a gradual reduction of the band gap size
in this system. From these results, it can be concluded that the
band gap of monolayer Sc,CO, can be modulated to have
attractive features in the optics by strain. Therefore, we suggest
a practical route to modify the band gap properties of
monolayer MXene using strain engineering for potential optical
nanodevices.
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type of model; most stable model of monolayer Sc,CO, at the
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