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ABSTRACT: In the present work, type I, II, and III heterostructures are constructed with the same base material using three
representative functionalized monolayer scandium carbides (Sc,CF,, Sc,C(OH),, and Sc,CO,) by first-principles calculations
based on density functional theory. In contrast to general bilayer heterosystems composed of two-dimensional semiconductors,
type I and III heterojunctions are obtained in one Sc,CF,/Sc,CO, system and the remains of the functionalized Sc,C
heterostructures, respectively. It is noteworthy that the same monolayer Sc,CF, and Sc,CO, constituents lead to dissimilar
heterostructure types in the two Sc,CF,/Sc,CO, systems by modifying the stacking interface. In addition, in the two Sc,CF,/
Sc,CO, systems, remarkable changes in the heterojunction type are induced by a strain, and two distinct type-II heterostructures
are generated where one layer with the conduction band minimum state and the other layer including the valence band maximum
level are different. The present work suggests an attractive direction to obtain all heterostructure types with the same base
material for novel nanodevices in various fields such as photonics, electronics, and optoelectronics using only the two monolayer

components Sc,CF, and Sc,CO,.
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B INTRODUCTION

Heterostructures have been the focus of research interest to
enlarge the range of available properties from single-
materials.'™'* Indeed, various heterostructures have been
experimentally developed by metal—semiconductor contact or
the junction of two other semiconductors."> They have shown
attractive electronic and optical characteristics in a number of
diverse fields.>™' In particular, the layered heterostructures
fabricated by stacking different two-dimensional semiconduc-
tors like nitrides or transition metal dichalcogenides have been
investigated because of their flexibility and fascinating band gap
properties according to a heterojunction type.*”'® Layered
semiconducting heterostructures are considered as promising
materials for the design of new devices in photonics,
electronics, and optoelectronics. To fabricate a two-dimensional
semiconducting heterosystem with the desired heterojunction
type for the applications, many combinations of semi-
conductors have been widely examined.'*™"

Recently, among these diverse two-dimensional materials,
monolayer MXenes have been discovered from bulk MAX

-4 ACS Publications  © 2015 American Chemical Society

7163

phases (M = early transition metal, A = group IIIA or IVA
element, and X = carbon or nitrogen)ls_19 and have received
substantial attention in various fields such as electrochemical
energy storage materials and a catalyst.'”~>° MXene, which is
synthesized through selective etching of the A layer in the MAX
phase and sonication, consists of alternate close-packed layers
of carbon or nitrogen and transition metal?”*® However, in a
real etching process, bare MXene is spontaneously terminated
by the F, OH, and O functional groups on both surfaces.”®
Although the functionalized MXenes are based on the same
transition metal carbide or nitride, they have completely
distinct properties according to the type of functional
group.””*® Therefore, it is expected that a two-dimensional
heterostructure with the same base material could be generated
by stacking two terminated monolayer MXenes with a
difference only in the functional group.
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In the present work, the heterojunction type of bilayer
heterostructure using three functionalized monolayer scandium
carbides (Sc,C) was studied with first-principles density
functional theory (DFT) calculations. Here, three function-
alized monolayer Sc,C (Sc,CF,, Sc,C(OH),, and Sc,CO,)
were selected as the components of the heterosystem because
among all the terminated MXenes, only three systems are
semiconducting systems that are chemically modified by the
primary functional groups that have the same base material.***’
Through advances in the fabrication of MXene in the
foreseeable future, the terminated monolayer Sc,C can be
experimentally synthesized from bulk Sc,AC (A = Al, Ga, In,
and T1) among the MAX phases.>" This first exploration of the
MZXene bilayer heterostructure will give new insight into
potential methods to effectively modulate the heterojunction
type instead of the current approach of combining different
materials.

B CALCULATION METHOD

For the DFT calculations, the Vienna Ab-initio Simulation Package
(VASP) package®>** was employed. All the calculations were carried
out under the Perdew—Burke—Ernzerhof (PBE)3* generalized
gradient approximation (GGA) for the exchange-correlation functional
with a projector augmented wave (PAW) pseudopotential method.*®
The atomic positions were optimized using the conjugate gradient
algorithm until all the Hellmann—Feynman forces on each atom were
less than 0.02 eV/A. The plane wave basis was set with a cutoff energy
of 520 eV, and a 12 X 12 X 1 Monkhost—Pack™ k-point grid centered
on the gamma point was used for the Brillouin zone integrations. The
criterion for energy convergence was the 107 eV/cell, and a
Methfessel—Paxton smearing scheme was used with a width of 0.1
eV. The density of states was calculated using a denser mesh of a 24 X
24 X 1 uniform k-point grid centered on the gamma point. Although
MZXene exfoliation has not been completely comprehended yet, to
simulate the bilayer heterostructure of functionalized Sc,C, all systems
were modeled using a unit cell with a vacuum spacing of more than 20
A to avoid any unnecessary interlayer reaction. The DFT-D2 method
was adopted to consider the van der Waals correction for a weak
interaction between the two monolayers.*”* Also, a dipole correction
was conducted by adding an artificial dipole to the vacuum level
because of the asymmetric stacking sequence.*” To check the validity
of the predicted electronic structures by the PBE functional, the band
structures of three components of the heterostructures were calculated
with the HSE06 functional.*® In these cases, a 6 X 6 X 1 uniform k-
point grid centered on the gamma point was used for effectiveness of
the calculation.

B RESULTS AND DISCUSSION

Before the functionalized Sc,C heterostructure is investigated,
the component monolayer systems were first studied. Each
terminated Sc,C monolayer (Sc,CX,, X = F, OH, and O) has
four models according to the position of its functional
group.”®*® Among the models of each monolayer, one structure
was selected as the constituent of the bilayer heterostructure
system because it was considered as the most stable model due
to its largest negative formation energy (Figure 1).*° Unlike the
Sc,CF, and Sc,C(OH), systems, monolayer Sc,CO, has an
asymmetric configuration along the thickness direction because
of the different sites of the O functional atoms (O, and Og) on
both sides, as shown in Figure 1. Despite having the same
components, two distinct interfaces can be induced in the
bilayer heterostructure including Sc,CO, due to its asymmetric
structure. The unit cells of the monolayer Sc,CF,, Sc,C(OH),,
and Sc,CO, have a lattice parameter of 3.27, 3.29, and 3.42 A,
respectively. In addition, in the calculation using the PBE
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Figure 1. Most stable configuration and band structure of the
functionalized monolayer Sc,C. The top and side views of the
monolayer (a) Sc,CF,, (b) Sc,C(OH),, and (c) Sc,CO,. The purple,
black, green, red, and white spheres represent the Sc, C, F, O, and H
atoms, respectively. (a—c, top) The dashed rhombus indicates the unit
cell. Notations of the atoms in panel c are presented due to the
asymmetric structure of the monolayer Sc,CO,. Band structure of the
monolayer (d) Sc,CF,, (e) Sc,C(OH),, and (f) Sc,CO,. The Fermi
level was set to zero.

functional, consistent with previous reports, the systems are all
semiconductors,”®* and their band gaps are 1.00, 0.34, and
1.86 eV in Sc,CF, Sc,C(OH),, and Sc,CO,, respectively.
Although all the systems have the valence band maximum
(VBM) at the same point (I point), the conduction band
minimum (CBM) is positioned at the M, I', and K points in
Sc,CF,, Sc,C(OH),, and Sc,CO,, respectively (Figure 1). The
positions of the CBM and VBM and shapes of the band
structures in Figure 1 correspond to the results using the
HSE06 functional (Figure S1, Supporting Information). Thus,
the bilayer heterostructure systems of the functionalized Sc,C
were calculated using the three monolayers with these
properties in all the following computations.

When the Sc,CX,/Sc,CY, (X/Y, X and Y = F, OH, and O)
heterostructure is formed using the three monolayers
mentioned above, possible high symmetry models correspond-
ing to each interface (F/OH, O/OH (A), O/OH (B), F/O
(A), and F/O (B)) were investigated (Figure S2, Supporting
Information). In the O/OH and F/O heterostructures, the
notations (A) and (B) indicate systems with the interface
including the O, and Oy sides of the monolayer Sc,CO,,
respectively (Figure 1). Among the models of each
heterosystem, the most stable geometries are presented in
Figure 2. To confirm the stability of the most stable bilayer
heterostructures, we present the strain and energies, which are
generated by the heterojunction, in Table 1. Here, the strain
energy (E;) and adhesive energy (E,y) of the X/Y
heterostructure are defined as

(Esx — Epx) + (Esy — Epy)
E = n
_ (Esx + Esy) — Ey
ad A )

where Egyy), Epx(y)y and Ey represent the energy of the
strained monolayer Sc,CX(Y),, relaxed monolayer Sc,CX(Y),,
and X/Y heterostructure, respectively, and A is the interface

(1)
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Figure 2. Most stable configuration of each functionalized Sc,C heterostructure. The side view of the (a) F/OH, (b) O/OH (A), (c) O/OH (B),
(d) F/O (A), and (e) F/O (B) heterosystems. Arrows represent the interlayer distances between the nearest atoms in the interface.

Table 1. Geometric and Energetic Properties of the Most
Stable Configuration for Each X/Y Heterostructure®

heterostructure  a (A) e (%) E, (meV/A?)  E, (meV/A?)
F/OH 3.27 0.0/—0.6 7 36
O/OH (A) 336 —18/21 2 17
O/OH (B) 3.34 -2.3/1.5 23 46
F/O (A) 337 3.1/-15 17 31
F/O (B) 3.38 34/-12 18 36

“The listed properties are the lattice parameter of the unit cell (a),
strain (g), strain energy (E,), and adhesive energy (E,4) in the bilayer
heterostructures. “Two values in the € indicate the strain applied to
each monolayer.

area® Table 1 shows that the monolayers in the hetero-
structures, except for the F/OH system, are stacked in rather
strained states. However, in all the functionalized Sc,C
heterostructure systems, the heterojunction lowers the total
energy of the system comprised of two monolayers and leads to
a more stable state by bigger E 4 than E.® Therefore, it is
acceptable that heterostructures with such a stacking geometry
could be formed.

To verify the heterojunction type of the bilayer hetero-
structures using the three functionalized monolayer Sc,C, the
electronic structures of these systems were studied with the
band structure (Figure 3). Heterostructure composed of two
semiconductors can be classified as one of three types: the type-
I heterostructure (straddling gap) has the CBM and VBM
states in one layer; the CBM and VBM levels of the type-II
heterostructure (staggered gap) exist in different layers; and the
type-III heterostructure (broken gap) has no band gap.>*!
From Figure 3, it is clear that F/O (B) is a type-I
heterostructure with the CBM and VBM states in the Sc,CF,
layer. Naturally, a recombination pathway of the F/O (B)
heterostructure is the same as that of Sc,CF, (M to I'), and the
band gap size is slightly increased to 1.21 eV compared to that
of the monolayer Sc,CF,. On the other hand, in the other
functionalized Sc,C heterostructures, the band gaps disappear
and type-IIl heterojunction occurs. The results are very
interesting because heterostructures stacked by two-dimen-
sional materials generally exhibit type-II heterojunction.®'"'>**
In particular, despite having the same monolayer components,
distinct heterojunction types arise in two F/O systems.
Consequently, in the bilayer heterostructures using the three
functionalized monolayer Sc,C, most of them become type-III
heterostructures, but separate heterojunction types (types I and
III) can be obtained using the same constituents by modulating
the stacking interface in the F/O system.

Each component in the type I and III functionalized Sc,C
heterostructures is under tensile or compressive states. Also, an
additional strain can be easily applied to bilayer heterosystems
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Figure 3. Band structure of each functionalized Sc,C heterostructure:
(a) F/OH, (b) O/OH (&), () O/OH (B), (d) F/O (A), and (e) F/
O (B) systems. The Fermi level was set to zero, and the dashed arrows
indicate pathways from the CBM level to the VBM level of each
component in the heterostructure. The percentages of the
contributions of each monolayer are marked in a different color.

by mechanical loading or a lattice mismatch on a substrate.**
Thus, it is necessary to investigate the strain effect on the
functionalized Sc,C heterostructures because it is an important
factor in determining the electronic properties of systems like
other diverse low-dimensional materials.***~* When the
heterostructures are influenced by the equibiaxial strain, type-
III heterojunction is still preserved in the F/OH and O/OH
systems (Figure S3, Supporting Information). On the other
hand, it is notable that both of the F/O systems with different
heterojunction types became type-II heterostructures by the
biaxial strain effect (Figure 4). The F/O (A) system is changed
from a type-III to a type-II heterostructure on more than about
1% tensile strain, and the type-II heterojunction is obtained
from the F/O (B) type-I heterostructure by applying more than
about 2% tensile or 3% compressive strain. Furthermore,
another attractive result is confirmed from the calculations. In
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Figure 4. Electronic properties of the two F/O heterostructures under the biaxial strain. (a—c) Electronic structures of the F/O (A) and (d—f) F/O
(B) systems. (a and d) Change in the energy gaps between the CBM and VBM levels of the total F/O system and each monolayer in the system as a
function of the strain; energy gaps of the (black) Sc,CF,, (gray) Sc,CO,, and (red) type-II heterostructures. The energy gap of the type-II
heterostructure was calculated from the difference between the CBM level of Sc,CF, (Sc,CO,) and the VBM level of Sc,CO, (Sc,CF,) in the F/O
(A) (F/O (B)) system. The blue, orange, and green regions represent type I, I, and III heterojunction, respectively. (b and e) Band structure of the
F/O system under 5% tensile strain. The Fermi level was set to zero, and the arrows indicate the recombination pathways for the excitons in each
heterostructure. The percentages of the contributions of each monolayer are marked in a different color. (c and f) Charge distribution at the CBM
and VBM states under 5% tensile strain. The blue and red regions represent the CBM and VBM states, respectively. The isovalue is 0.01 au.

the two strained F/O systems, the layers that include the CBM
and VBM levels can be controlled by modifying the stacking
interface. At the strained system with the F/O, interface, the
CBM and VBM states are located on the Sc,CF, and Sc,CO,
layers, respectively, while the strained F/O (B) heterostructure
has the CBM and VBM levels on the monolayer Sc,CO, and
Sc,CF,, respectively (Figure 4). This difference means that the
CBM point and an effective mass of excitons, which are
fundamentally significant for carrier transport and optical
properties, can be changed by modulation of the stacking
interface. Interestingly, from the results, a valuable fact is
obtained that, with only two monolayers, Sc,CF, and Sc,CO,,
all the heterojunction types can be generated as type-I, two
distinct type-Ils whose CBM (VBM) state exists in different
layers, and type-III. The results will inspire future experiments
to apply functionalized Sc,C bilayer heterostructures to next
generation solar energy conversion and electronic devices. For
example, two strained F/O systems will be useful for a
photocatalytic activity because the exciton recombination is
reduced by a separation of the excited electron and hole.'”*'
To clarify why such heterojunction types occur in function-
alized Sc,C bilayer systems, we first examined the bonding
characteristics in the heterostructures. In general, a physical
interaction is well-known as a major factor sustaining
heterostructures composed of two-dimensional materi-
als.”' %1223 However, by comparing the binding energy (E,
= E4 — E,) and the interlayer distance with the previous
work,**% we suppose that both physical and chemical
interactions between the neighboring layers are responsible
for the functionalized Sc,C bilayer heterosystems together
(Supporting Information). As the chemical interaction, charge
transfer is induced in the interface between the two monolayers
(Figure S). The electrons transfer from the donor layer where
the surface atom has a relatively small electronegativity (Pauling
electronegativity value: F > O > H) to the other layer (acceptor
layer).>" For this reason, the CBM level of the acceptor layer
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Figure 5. Charge transfer in each functionalized Sc,C heterostructure.
The plane-averaged charge density difference along the thickness
direction by the heterojunction in the (a) F/OH, (b) O/OH (A), (c)
O/OH (B), (d) F/O (A), and (e) F/O (B) systems. The background
represents the charge redistribution, and the red and blue regions
indicate the accumulation and depletion of the electrons, respectively.
The isovalues are +0.002 au. The Aq value (lel) is the amount of the
interlayer charge transfer calculated by the Bader charge.

shifts under the Fermi level (E;) due to occupation of the
electrons in the conduction band. Loss of the electrons in the
valence band of the donor layer results in movement of the
VBM state over the Ep (Figure 3). Thus, the charge transfer in
the functionalized Sc,C heterostructures commonly leads to a
type-III heterojunction. However, although the heterojunction
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in F/O (B) also introduces the charge transfer, a band gap
exists in this heterostructure as type-L

To further understand the origin of the occurrence of the
mutually different heterostructure types in the two F/O
systems with the same constituents, we present the band-
edge position of each monolayer relative to the vacuum level in
Figure 6. Before the heterojunction, the CBM state of the
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Figure 6. Band alignment of each component before and after the
heterojunction: band-edge positions of the (a) F/OH, (b) O/OH (A),
(c) O/OH (B), (d) F/O (A), and (e) F/O (B) systems. The dashed
and solid lines represent the band alignment before and after the
heterojunction, respectively. The black, blue, and red lines indicate the
vacuum level at the surface of the heterosystem and the CBM and
VBM levels in each monolayer, respectively. A higher vacuum level of
both surfaces in each heterostructure was set to zero. The vacuum level
at the other surface of the heterostructures and the CBM and VBM
levels in each monolayer are presented relative to zero. Because the
vacuum levels of components are the same in the interface of the
heterostructure, the vacuum level in the interface was not included.

acceptor layer is located under the VBM level of the donor
layer in the functionalized Sc,C heterostructures except for the
F/O (B) system. By the charge transfer during the
heterojunction, the electrons with higher energy than the
CBM level of the acceptor layer energetically favor transfer to
the other layer to become more stable, and a broken gap
occurs. On the other hand, in the F/O (B) system, the
electrons of the monolayer Sc,CO, cannot enter the
conduction band of the acceptor layer due to their lower
energy than the CBM level of the monolayer Sc,CF,. Instead of
the transfer of the electrons to the conduction band of the
acceptor layer, it was considered that the small charge transfer
in the F/O (B) system can be possible by an increase in the
electron density in the valence band of the Sc,CF, layer. The
origin that the relative CBM and VBM levels of the same two
monolayers are different in the two F/O systems depending on
the interface type is because each dissimilar vacuum level
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caused by the internal dipole moment at both surfaces of
monolayer Sc,CO, forms an interface with the vacuum level of
the monolayer Sc,CF, (Figure S5, Supporting Information).
Therefore, the different vacuum levels at both surfaces by the
asymmetric position of the O functional atom in the monolayer
Sc,CO, induce distinct heterostructure types in the two
systems composed of the same monolayer Sc,CF, and Sc,CO,.

To achieve a heterojunction type transition by the strain in
these heterostructures, in type-III heterostructures, the trans-
ferred electrons should go back to the near valence band of the
donor layer. However, in heterosystems including monolayer
Sc,C(OH),, the gap between the CBM and VBM levels in
different layers is negligibly influenced by the strain effect
(Figure S3, Supporting Information). This is because it is hard
to return the electrons to the Sc,C(OH), layer due to the large
difference in the electronegativity between the H atom of the
OH functional group and the F (O) atom in the other layer.>!
Thus, only in the F/O (A) system, which has a relatively small
difference in electronegativity between the two functional
groups, can the heterojunction type be tuned by the strain
effect among the type-III heterostructures. In the other F/O
system, F/O (B), which is a type-I heterostructure, it was
assumed that the heterojunction type transition is affected by
alteration of a difference in work function (A®) on both
surfaces in the heterostructure. The A® is well-known to be
closely related to an interface area that can be controlled by the
strain.”>>* From the change in the A® by the strain, the levels
of the vacuum, CBM, and VBM of the monolayer Sc,CO, shift
relative to the levels of the monolayer Sc,CF,, and a
heterojunction type transition is possible in the F/O (B)
system. Therefore, it is concluded that, by the strain, the
heterojunction type can be modified in the two F/O systems
among the five functionalized Sc,C heterostructures.

B CONCLUSIONS

In summary, types of heterostructures comprising three types
of functionalized monolayer Sc,C were studied using DFT
calculations. In general, the type-II heterojunction is formed in
the bilayer systems stacking two-dimensional semiconductors.
However, special results are observed in the five functionalized
Sc,C heterostructures where the F/O (B) system becomes a
type-1 heterostructure, while a type-III heterojunction occurs in
the other systems. It is notable that despite using the same two
monolayer Sc,CF, and Sc,CO,, distinct heterojunctions are
induced in the two F/O systems by the interface including each
side of the asymmetric Sc,CO,. In addition, the band alignment
of the two F/O systems can be modulated by the strain effect
and a type-II heterostructure is obtained. Interestingly, in the
two type-II heterostructures, each monolayer including the
CBM and VBM states is also different according to the stacking
interface. Therefore, the present work establishes a novel way
to create all heterojunction types with the same base material
by control of the stacking interface and strain requiring only the
two monolayer Sc,CF, and Sc,CO,.

B ASSOCIATED CONTENT

© Supporting Information

Additional figures and information about the band structure of
three monolayer components with the HSE06 functional,
modeling of the functionalized Sc,C heterostructure, change of
the energy gaps in the F/OH and O/OH heterosystems by the
biaxial strain, bonding character of the functionalized Sc,C
heterostructures, plane-averaged electrostatic potential of three
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monolayer components, and estimated band alignment of the
F/O (B) system related to the HSE06 functional. This material
is available free of charge via the Internet at http://pubs.acs.org.
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