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ABSTRACT: Two-dimensional (2D) Janus MXene monolayers
have emerged as promising candidates for photovoltaic and
optoelectronic applications due to their highly tunable phys-
icochemical properties, which enable optimized light absorption
and enhanced power conversion efficiency (PCE). In this study, we
investigate the structural, electronic, excitonic, and optical
properties of 2D Janus MXenes with the general formula
M2CTT′ (M = Sc, Y; TT′ = FCl, FBr, ClBr) using density
functional theory calculations combined with a semiempirical tight-
binding approach. All six monolayers are found to be structurally
stable, exhibiting a trigonal configuration with cohesive energies
ranging from −5.74 eV/atom to −5.22 eV/atom. Their electronic
band structures reveal an indirect semiconducting nature, with band gaps spanning 1.63 to 1.83 eV. The computed linear optical
properties indicate strong absorption in the visible, infrared, and ultraviolet regions, reinforcing their potential for solar energy
harvesting. Strong many-body effects are observed, with exciton binding energies between 249 and 373 meV, which are crucial for
accurately describing energy conversion processes. The estimated PCE, evaluated using both the Shockley−Queisser (SQ) limit and
the pectroscopy-limited maximum efficiency (SLME) approach, ranges from 25.5% to 32.6%, positioning these Janus M2CTT′
MXenes as strong contenders for next-generation photovoltaic devices.
KEYWORDS: Janus MXenes, photovoltaics, optoelectronic properties, excitonic effects, power conversion efficiency

1. INTRODUCTION
Two-dimensional (2D) transition metal carbides and nitrides,
commonly referred to as MXenes,1 have garnered considerable
interest in theoretical research due to their exceptional
properties and high tunability. MXenes are typically synthe-
sized through the exfoliation of MAX phases,2 where M
denotes an early transition metal,3,4 A is an element from
groups 13 or 14 of the periodic table,5 and X corresponds to
either carbon or nitrogen.

These compounds are generally described by the formula
Mn+1Xn and can be functionalized with surface groups such as
F, OH, O, or other elements from groups 16 and 17.1 The
extended chemical formula, Mn+1XnTx (n = 1, 2, 3, or 4),
accounts for these surface terminations,6,7 where Tx denotes
the set of functional groups attached to the outer layers of the
MXene structure.

MXenes can also exhibit dual surface functionalization, as
observed in compounds such as M2CTT′8 or in carbide
frameworks composed of two distinct metals, exemplified by
MM′CT2.

9 The emergence of Janus 2D materials, charac-
terized by asymmetric atomic terminations on opposing
surfaces, has further expanded the possibilities for engineering
atomically tailored systems. These Janus monolayers exhibit

distinct physicochemical properties from their nanoscale dual-
surface architecture, making them promising candidates for
various technological applications.10

For instance, Bernardi et al. laid the groundwork for
applying semiconducting monolayers in photovoltaics, empha-
sizing the tunability of their properties through compositional
adjustments and domain structure engineering.11 Their work
demonstrated that even ultrathin materials, such as bilayer
CBN, can achieve significant solar energy conversion
efficiency, thereby motivating further investigations into 2D
materials for solar harvesting applications.

Building on this, Wei et al. investigated photodetectors
based on transition metal dichalcogenide (TMD) hetero-
structures, showing that the integration of TMDs with
graphene electrodes can significantly enhance photocurrent
response in field-effect transistors (FETs).12 In parallel,
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Khazaei et al. emphasized the electronic, optical, and
electrochemical versatility of MXenes, underlining their
suitability for energy conversion applications due to their
highly tunable characteristics.2,13

Recently, Xiong et al. investigated the transport properties of
Janus MXenes with the MM′CT2 configuration, reporting
band gaps in the range of 1.34−1.94 eV and high carrier
mobilities, suggesting their suitability for visible-light applica-
tions.14 Wong and collaborators explored asymmetrically
ordered Janus MXene alloys, such as TiMoCO2, using first-
principles simulations, cluster expansion, and Monte Carlo
methods. Their results demonstrated the potential of these
systems for photocatalytic water splitting and thermoelectric
applications.15

Sibhatu’s group focused on hexagonal van der Waals
heterostructures composed of MX2/tZrXO (where M = W,
Mo, and X = S, Se), highlighting their strong absorption in the
visible-to-ultraviolet range and high energy conversion
efficiencies, making them promising candidates for photo-
voltaic devices.16

Similarly, silicon−transition metal clusters (MSin), incorpo-
rating various metallic elements, have been investigated over
the past few decades for their potential to form crystalline
phases, which could act as conductive components in self-
assembled nanodevices.17,18

Alhamada and coauthors investigated the integration of
MXenes into photovoltaic (PV) cells, reporting notable
enhancements in operational stability and power conversion
efficiency.19 In parallel, several comprehensive reviews have
highlighted the rapid progress in MXene research and its wide-
ranging applications in energy conversion, electronics, and
catalysis.20−23

Despite these significant advancements, studies specifically
focused on Janus MXenes of the form Sc2CTT′ and Y2CTT′,
featuring asymmetric surface terminations (T ≠ T′; e.g., F, Cl,
Br), remain scarce in the literature. This gap underscores the
need for a detailed investigation of their structural, electronic,
and optoelectronic properties.

Zhang et al. systematically investigated Janus-functionalized
Sc2CTT′ MXenes, focusing on configurations such as
Sc2COHCl, Sc2CHCl, and Sc2CFCl, and explored their
structural, electronic, and optical properties.10 Their findings
revealed promising applications in spintronics, photocatalysis,
and solar energy conversion with high power conversion
efficiencies and notable absorption in the infrared region.

Modi and coauthors examined Y2CTT′ monolayers
functionalized with halides (F, Cl, Br), highlighting their
electronic and optical characteristics. These structures were
identified as indirect band gap semiconductors exhibiting
strong absorption in the ultraviolet region, making them
suitable candidates for photonic and optoelectronic applica-
tions.8

While these studies have laid an essential foundation, a
comprehensive evaluation of excitonic effects and their
influence on the linear optical response of Sc2CTT′ and
Y2CTT′ systems remains lacking, particularly in the context of
photovoltaic applications.

In this work, we explore the structural, electronic, and
optical properties of MXene monolayers with the general
formula Sc2CTT′ and Y2CTT′, with particular emphasis on
excitonic effects and their influence on optical behavior. Our
analysis is based on first-principles calculations within the
density functional theory (DFT) framework, complemented by

a semiempirical approach using the maximally localized
Wannier function tight-binding model (MLWF-TB).

The selection of these systems was informed by data from
the MXene database (https://anant.mrc.iisc.ac.in/apps/
mxene), where compounds containing Sc and Y were found
to exhibit band gaps in the range suitable for solar energy
harvesting. Guided by this, we constructed the Janus
monolayers investigated in this study using those database
compounds as structural and electronic references.

Our results reveal that these monolayers exhibit favorable
electronic structures and strong optical absorption in the
visible and infrared regions, establishing their potential for
applications in nanoelectronics and photovoltaics. Moreover,
the estimated power conversion efficiencies ranging from
25.5% to 32.6% further reinforce their promise as next-
generation materials for solar energy technologies.

2. METHODOLOGY
The structural optimization and electronic properties of the
Janus MXenes were calculated using the Vienna Ab initio
Simulation Package (VASP),24,25 within the framework of
density functional theory (DFT),26,27 and employing the
projector augmented-wave (PAW) method.28,29 The Perdew−
Burke−Ernzerhof (PBE) exchange−correlation functional30,31

was used for structural optimization, phonon dispersion, and
electronic structure calculations. A plane-wave cutoff energy of
800 eV was adopted to ensure the numerical accuracy.

The Brillouin zone was sampled using Monkhorst−Pack
grids of 12 × 12 × 1 and 14 × 14 × 1 for structural relaxation,
and 24 × 24 × 1 and 28 × 28 × 1 for band structure and
density of states calculations, for Y2CTT′ and Sc2CTT′,
respectively. To avoid spurious interactions between periodic
images, vacuum layers of 25 Å and 28 Å were introduced along
the z-direction for Y2CTT′ and Sc2CTT′, respectively.
Convergence criteria of 1 × 10−6 eV for the self-consistent
total energy and 0.01 eV Å−1 for residual atomic forces were
applied during structural optimization.

To address the well-known underestimation of band gaps by
the PBE functional,32,33 the hybrid Heyd−Scuseria−Ernzerhof
(HSE06) functional34 was employed for band structure
corrections, following recommendations from the litera-
ture.33,35 Structural visualization and analysis were carried
out using the VESTA software,36 while VASPKIT37 was used
for postprocessing. Phonon dispersion calculations were
performed using density functional perturbation theory
(DFPT) as implemented in the Phonopy package,38 in
combination with VASP (PBE functional), using 2 × 2 × 1
supercells and the same k-point density as employed for the
electronic structure.

Maximally localized Wannier functions were generated using
the Wannier90 code39 to construct tight-binding (TB)
Hamiltonians directly from HSE06-calculated electronic states.

Excitonic and optical properties were computed using the
WanTiBEXOS code.40 The orbital projections included d-
orbitals for Sc and Y, and p-orbitals for C, F, Cl, and Br.
Optical spectra were evaluated within the independent-particle
approximation (IPA), excluding excitonic effects, and at the
Bethe−Salpeter equation (BSE) level, incorporating electron−
hole interactions. A k-point density of 120 Å−1 in the 2D plane
was used for optical calculations. The BSE calculations
employed a 2D truncated Coulomb interaction (V2DT)41 to
properly account for dimensionality effects. Dielectric
functions were obtained using Gaussian smearing of 0.05 eV,
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considering the lowest conduction band and the top three
valence bands.

The power conversion efficiency (PCE) was evaluated using
WanTiBEXOS, based on both the Shockley−Queisser (SQ)
limit42 and the spectroscopy-limited maximum efficiency
(SLME) model.43 Unlike the SQ limit, which requires only
the band gap (or the exciton ground state when quasi-particle
corrections are included), the SLME approach also considers
the band gap’s nature (direct/indirect) and the material’s
absorption coefficient. The AM1.5G solar spectrum44,45 was
used, assuming an operational temperature of 300 K.

The absorbance was calculated from the total absorption
coefficient and system thickness using diagonal components of
the dielectric function. Monolayer thickness was defined as the
intrinsic thickness of the material plus a van der Waals (vdW)
correction of 3.21 Å, following the approach proposed by
Bernardi et al.,45 which has been validated for graphene and
other 2D systems, yielding results consistent with experimental
observations.

3. RESULTS
3.1. Structural and Mechanical Properties. Figure 1

presents the top and side views of the Janus-like M2CTT′ (M

= Sc, Y; T, T′ = FCl, FBr, ClBr) MXene monolayers. These
systems adopt a trigonal crystal structure (space group P3m1),
characterized by lattice angles α = β = 90° and γ = 120° and
are modeled under periodic boundary conditions in the xy
plane.

Structurally, each monolayer consists of five atomic layers
arranged in a T−M−C−M−T′ stacking sequence, where M
corresponds to transition metals (Sc or Y), C represents the
carbon layer, and T/T′ indicates surface terminations
composed of halogen atoms (F, Cl, Br). From these
configurations, six distinct Janus monolayers were constructed:
Sc2CClBr, Sc2CFBr, Sc2CFCl, Y2CClBr, Y2CFBr, and Y2CFCl.

Optimized lattice parameters (a0) for the six Janus
monolayers were obtained using the PBE functional and are
summarized in Table 1. The values show excellent agreement
with previous reports in the literature.8,10 In addition to the
lattice constants, Table 1 includes the adequate monolayer
thickness (defined as the geometric thickness plus a van der
Waals correction, t0) and the cohesive energy (Ecoh), calculated
as

E
E N i E i

N

(M CTT ) ( ( ) ( ))

(M CTT )
i

coh
tot 2 M,C,T,T

2
= =

(1)

where Etot(M2CTT′) is the total energy of the Janus MXene
unit cell, E(i) is the energy of the isolated atom i, and N(i) is
the number of atoms of type i in the unit cell. Specifically,
N(M) = 2 for transition metals (M = Sc, Y), and N(C) = N(T)
= N(T′) = 1 for carbon and surface terminations (T, T′ = F,
Cl, Br). The denominator N(M2CTT′) represents the total
number of atoms in the monolayer.

A clear correlation is observed between the optimized lattice
parameter (a0) and the atomic radius of the functional groups
in the Janus MXene structures. For Sc-based monolayers, a0
increases from 3.36 Å to 3.48 Å across the FCl, FBr, and ClBr
configurations, respectively, reflecting the progressive enlarge-
ment of the terminating atoms. A similar trend is found in the
Y-based systems, with a0 ranging from 3.64 Å (FCl) to 3.74 Å
(ClBr).

This expansion in lattice parameter is accompanied by an
increase in monolayer thickness (t0), which spans from 8.52 Å
to 9.16 Å for Sc-based systems and from 8.85 Å to 9.56 Å for
those based on Y, in agreement with prior studies.8,10

Cohesive energy (Ecoh) analysis reveals distinct stability
trends among the configurations. The M2CClBr structures
exhibit lower stability in comparison to those functionalized
with FCl. Overall, Ecoh values range from −5.216 eV/atom for
Sc2CClBr to −5.741 eV/atom for Y2CFCl, the most stable
compound in the set. In general, Y-based monolayers tend to
display cohesive energies slightly lower than those of their Sc-
based counterparts. Regarding functionalization, the combina-
tions ClBr, FBr, and FCl yield approximate cohesive energies
of −5.2 eV/atom, −5.6 eV/atom, and −5.7 eV/atom,
respectively, for both families of Janus-like MXenes.

Dynamic stability was assessed through phonon dispersion
calculations along the Γ−M−K−Γ high-symmetry path, as
shown in Figure 2. A material is dynamically stable when no
imaginary frequencies (plotted as negative values) appear in its
phonon spectrum. However, since these frequencies are
obtained numerically, minimal imaginary values, especially
those near the Γ point, can often be attributed to numerical
artifacts.

Among the studied systems, Figure 2(a) and (c) exhibits no
imaginary frequencies, confirming the dynamical stability of
the Sc2CFCl and Y2CFCl monolayers. In contrast, Figure 2b−f
displays small imaginary modes with magnitudes lower than
−1 THz, located near the Γ point. These minor anomalies are
likely the result of numerical error propagation and do not
indicate physical instability. Therefore, all systems can be
regarded as dynamically stable.

Figure 1. Side (a) and top (b) views of M2CTT′ Janus-like MXene
monolayers. (c) Representation of the first Brillouin zone derived
from the crystal structure. The atomic layers follow a T−M−C−M−
T′ stacking configuration, where M represents Sc or Y atoms, C
denotes carbon, and T, T′ are functional groups (F, Cl, Br).

Table 1. Cohesive Energy (Ecoh), Optimized Lattice
Parameter (a0), and Monolayer Thickness Added with van
der Waals Length (t0) for the Investigated Janus-like
MXenes, Compared with Published Results

Janus-like MXene Ecoh (eV/atom) a0 (Å) t0 (Å)

Sc2CClBr −5.216 3.48 9.16
Sc2CFBr −5.566 3.40 8.66
Sc2CFCl −5.732 3.36 (3.3410) 8.52
Y2CClBr −5.261 3.74 (3.728) 9.56
Y2CFBr −5.600 3.67 (3.648) 9.02
Y2CFCl −5.741 3.64 (3.628) 8.85
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Additionally, the maximum phonon frequencies for the
monolayers Sc2CClBr, Sc2CFBr, Sc2CFCl, Y2CClBr, Y2CFBr,
and Y2CFCl are found to be 17.69 THz (∼590 cm−1), 18.70
THz (∼624 cm−1), 19.26 THz (∼642 cm−1), 15.85 THz
(∼529 cm−1), 16.13 THz (∼538 cm−1), and 16.95 THz (∼565
cm−1), respectively, indicating robust vibrational behavior
across all configurations.

Thermodynamic potentials were also assessed via density
functional perturbation theory (DFPT), allowing the compu-
tation of Gibbs free energy F(T), entropy S(T), and heat
capacity Cv as functions of temperature (in K). The results,
shown in the Supporting Information (Figures S1−S3),
demonstrate that all monolayers exhibit favorable Gibbs free
energy behavior at temperatures above 200 K, in line with
trends observed in entropy and heat capacity. These findings
indicate that Janus MXenes are thermodynamically stable
under typical synthesis conditions, further reinforcing their
experimental viability.

Mechanical stability was further evaluated by computing the
elastic constants of each Janus-like M2CTT′ monolayer (M =
Sc, Y; T, T′ = FCl, FBr, ClBr). According to the Born−Huang
stability criteria,46 a 2D material is mechanically stable when
C11C22−C12

2 > 0 and C66 > 0. Owing to the symmetry of the
monolayers, it holds that C11 = C22 and C66 = (C11 − C12)/2.

The computed elastic constants Cij are listed in Table 2 and
confirm that all structures satisfy the aforementioned
mechanical stability conditions.

When simulating 2D materials, it is essential to introduce a
vacuum layer along the nonperiodic direction to eliminate
spurious interactions between periodic images of the
monolayer. This consideration is critical in plane-wave-based
calculations, where the system is periodic in all three spatial
directions. To ensure that the elastic constants are independent
of the vacuum size, their values, originally in GPa (or N/m2),
were converted to units of N/m by multiplying by the vacuum
thickness (in meters).

From the computed elastic coefficients, we derived the
Young’s modulus (Y) and Poisson’s ratio (ν) for each
structure, following the methodology described by Amirian
et al.47 As shown in Figure S10, both Y and ν exhibit isotropic
behavior across all Janus M2CTT′ monolayers (M = Sc, Y; TT′
= FCl, FBr, ClBr), consistent with the symmetry of the
structures.48

The maximum Young’s modulus values for the Sc-based
monolayers decrease in the following order: Sc2CFCl (149.47
N/m) > Sc2CFBr (148.34 N/m) > Sc2CClBr (134.83 N/m).
A similar trend is observed for the Y-based systems: Y2CFCl =
Y2CFBr (124.79 N/m) > Y2CClBr (110.02 N/m). In general,
the Y-based monolayers display a lower stiffness than their
scandium counterparts.

These findings are in good agreement with previous reports.
In particular, Young’s modulus of Sc2CTT′ systems is
significantly higher than that of pristine Sc2C,49 and a similar
enhancement is observed for functionalized Y2CTT′ systems
compared to the unfunctionalized Y2C monolayer.50

As for the Poisson’s ratio, the computed maximum values for
Sc2CClBr, Sc2CFBr, Sc2CFCl, Y2CClBr, Y2CFBr, and Y2CFCl
are 0.25, 0.24, 0.23, 0.24, 0.26, and 0.25, respectively. These
values place the Janus monolayers at the threshold between
ductile and brittle regimes, with a slight tendency toward
brittle behavior.51 For comparison, nonfunctionalized MXenes
such as Sc2C and Y2C exhibit significantly lower Poisson’s
ratios (around 0.1), indicating a more pronounced brittle
character.49,50

3.2. Electronic Properties. Electronic band structures for
the six Janus MXene monolayers were obtained by using both
the PBE and HSE06 exchange−correlation functionals.
Calculations were carried out along the high-symmetry path
Γ−M−K−Γ in the Brillouin zone, reflecting the hexagonal
symmetry of these systems, with the Γ point positioned at the
center (see Figure 1c).

Results confirm that all structures exhibit semiconducting
behavior. Each monolayer displays an indirect band gap, with
the valence band maximum (VBM) located at the Γ point and
the conduction band minimum (CBM) at the M point, as
shown in Figure 3a,c,e,g,i,k.

Figure 2. Phonon spectra of (a) Sc2CClBr, (b) Sc2CFBr, (c)
Sc2CFCl, (d) Y2CClBr, (e) Y2CFBr, and (f) Y2CFCl Janus MXene
monolayers.

Table 2. Elastic Constants Cij (N/m), Maximun Young’s
Modulus Ymax, and Maximum Poisson’s Ratio νmax

a

system
C11

(N/m)
C22

(N/m)
C12

(N/m)
C66

(N/m)
Ymax

(N/m) max

Sc2CClBr 143.76 143.76 35.86 53.96 134.82 0.25
Sc2CFBr 157.28 157.28 37.55 59.88 148.34 0.24
Sc2CFCl 157.79 157.79 36.23 60.73 149.47 0.23
Y2CClBr 116.50 116.50 27.47 44.28 110.02 0.24
Y2CFBr 133.03 133.03 33.11 48.76 124.79 0.25
Y2CFCl 132.67 132.67 32.33 49.99 124.79 0.24

aThe Young’s modulus is in units of N/m, while Poisson’s ratio is
dimensionless.
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Since band gap values play a critical role in solar energy
harvesting, semiconductors with gaps in the optimal range are
particularly attractive due to their enhanced optical absorp-
tion.52 To improve the accuracy of the band gap predictions,
the HSE06 hybrid functional was employed in addition to
PBE, addressing the known limitations of the conventional
GGA approaches. A comparison of the electronic band gaps
calculated with both methods is provided in Table 3.

As shown in Figure 3 and summarized in Table 3, the
electronic band gaps computed with the PBE functional are
0.80 eV, 0.84 eV, and 0.98 eV for Sc2CClBr, Sc2CFBr, and
Sc2CFCl, respectively, and 0.93 eV, 1.03 eV, and 1.06 eV for
Y2CClBr, Y2CFBr, and Y2CFCl. These results, represented by
the blue curves in Figure 3, agree with the values reported in
the literature.8

Upon use of the HSE06 hybrid functional, a notable increase
in the band gap is observed for all systems. The values rise to
1.63 eV, 1.71 eV, and 1.83 eV for the Sc-based structures and
to 1.67 eV, 1.79 eV, and 1.82 eV for the Y-based monolayers,
as indicated by the red curves in Figure 3.

Interestingly, despite the difference in transition metal
species, the band gap values for a given surface functionaliza-
tion remain close, suggesting that the TT′ terminations
dominate in determining the gap magnitude. The trend
follows the order FCl > FBr > ClBr, indicating that lighter
and more electronegative terminations lead to wider gaps. This
behavior contrasts with the trend in the lattice constant, which

Figure 3. Electronic band structures and PDOS for the six Janus MXene monolayers. Panels (a), (c), (e), (g), (i), and (k) show the electronic band
structures of Sc2CClBr, Sc2CFBr, Sc2CFCl, Y2CClBr, Y2CFBr, and Y2CFCl, respectively, calculated using the PBE (blue curves) and HSE06 (red
curves) methods. Panels (b), (d), (f), (h), (j), and (l) display the corresponding PDOS for each system, highlighting the contributions of different
atomic species to the electronic states near the Fermi level (set at 0 eV).

Table 3. Comparison between PBE (Eg
PBE) and HSE06

(Eg
HSE06) Electronic Band Gaps of the Janus-like MXenes

with Results of Published Data (Eg
PBE)

Janus-like MXene Eg
PBE (eV) Eg

HSE06 (eV)

Sc2CClBr 0.80 1.63
Sc2CFBr 0.84 1.71
Sc2CFCl 0.98 1.83
Y2CClBr 0.93 (0.958) 1.67
Y2CFBr 1.03 (0.998) 1.79
Y2CFCl 1.06 (1.048) 1.82
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increases in the opposite direction, implying that smaller lattice
constants may be associated with larger band gaps.

In addition to the band structure analysis, the projected
density of states (PDOS) was computed for all six Janus
monolayers, as illustrated in Figure 3b,d,f,h,j,l. For the
Sc2CClBr, Sc2CFBr, and Sc2CFCl systems, the conduction
band edge is primarily composed of Sc d-orbitals, accompanied
by modest contributions from the p-orbitals of C, Cl, F, and Br,
depending on the functional group. In contrast, the valence
band edge is largely dominated by the p-orbitals of the same
elements, with additional influence from Sc p−d hybridization.

A similar orbital character is observed in the Y2CClBr,
Y2CFBr, and Y2CFCl monolayers. The conduction band edge
mainly arises from Y d-orbitals, with secondary contributions
from C p-orbitals. The valence band is composed of p−d
hybridized states from C, Cl, and Br, while F p-orbitals
contribute more weakly in fluorinated systems.

Overall, these results highlight the strong dependence of the
electronic structure on the chemical functionalization of the
Janus MXenes. The tunability provided by surface terminations
can be strategically exploited for optoelectronic and photo-
voltaic technologies applications.
3.3. Excitonic and Optical Properties. Excitonic

quasiparticle effects in the Janus MXene monolayers were
investigated by using the Bethe−Salpeter equation (BSE)
formalism. As shown in Figure 4, the computed exciton band
structures reveal that the excitonic ground state is indirect for
all six configurations, regardless of their chemical composition.

These transitions occur predominantly along the Γ−M path in
systems functionalized with Cl, Br, and F.

This behavior is consistent with the indirect nature of the
electronic band gap and suggests phonon-assisted optical
transitions. As a result, optical excitations may occur at
energies below the direct optical band gap, which is typically
obtained by considering only vertical (momentum-conserving)
transitions.

Table 4 summarizes the exciton binding energies (Eb) of the
Janus MXene monolayers, defined as the difference between
the fundamental electronic band gap (Eg) and the exciton
ground state energy (Exgs), as obtained from the excitonic
band structures shown in Figure 4. This parameter plays a
crucial role in characterizing the optical response of two-

Figure 4. Exciton band structure of (a) Sc2CClBr, (b) Sc2CFBr, (c) Sc2CFCl, (d) Y2CClBr, (e) Y2CFBr, and (f) Y2CFCl Janus MXene monolayers.

Table 4. Excitonic Properties Obtained with the MLWF-TB
+ BSE Method (HSE06 Parameterization): Fundamental
Band Gap, Eg (eV), Direct Band Gap, Eg

d (eV), Exciton
Ground State, Exgs (eV), Direct Exciton Ground State, Exgsd
(eV), and Exciton Binding Energy, Exb (eV), Calculated as
Eg − Exgs

system Eg (eV) Eg
d (eV) Exgs (eV) Exgsd (eV) Exb (meV)

Sc2CClBr 1.63 2.08 1.37 1.67 254.29
Sc2CFBr 1.71 2.28 1.46 1.85 249.47
Sc2CFCl 1.83 2.26 1.53 1.83 295.48
Y2CClBr 1.67 1.75 1.32 1.33 357.05
Y2CFBr 1.79 1.96 1.43 1.51 356.15
Y2CFCl 1.82 1.66 1.44 1.52 372.64

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.5c00657
ACS Appl. Energy Mater. 2025, 8, 6634−6644

6639

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
a
a
e
m
c
q
/
a
r
t
i
c
l
e
-
p
d
f
/
8
/
1
0
/
6
6
3
4
/
4
0
4
1
1
4
1
5
/
a
e
5
c
0
0
6
5
7
.
p
d
f
 
b
y
 
U
N
I
V
 
D
E
 
B
R
A
S
I
L
I
A
 
u
s
e
r
 
o
n
 
0
5
 
A
u
g
u
s
t
 
2
0
2
6

https://pubs.acs.org/doi/10.1021/acsaem.5c00657?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00657?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00657?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00657?fig=fig4&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.5c00657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dimensional materials, as it quantifies the strength of
quasiparticle effects and their influence on the linear optical
properties.

Unlike bulk (3D) systems, where excitonic effects can often
be neglected, 2D materials exhibit significantly stronger
electron−hole interactions due to reduced dielectric screening
and quantum confinement in the nonperiodic direction.
Consequently, binding energies in 2D semiconductors typically
fall within the range of 100−500 meV,52−55 often leading to a
pronounced red shift in the optical absorption onset.

Moreover, the magnitude of Eb is highly sensitive to the
surrounding dielectric environment, which can substantially
reduce the binding energy relative to the vacuum condition
considered in this work.52 These effects modulate the excitonic
spectrum and govern optical and electronic transitions and can
be experimentally probed using one- and two-photon
spectroscopic selection rules.56,57

The computed exciton binding energies for the investigated
Janus MXene monolayers range from 249.47 to 372.64 meV.
Among the studied configurations, Sc2CFBr exhibits the lowest
binding energy (249.47 meV), whereas Y2CFCl shows the
highest value (372.64 meV). Overall, Y2CTT′ monolayers tend
to exhibit larger exciton binding energies compared to their
Sc2CTT′ counterparts, indicating a stronger Coulombic
electron−hole interaction in the yttrium-based systems.

These results are consistent with previous studies on other
two-dimensional semiconductors.52,55,58,59 The substantial
electron−hole coupling observed here plays a central role in

shaping the linear optical response of these materials, further
reinforcing their potential for optoelectronic and photovoltaic
applications.

The linear optical response, considering incident light
polarized along the x (blue curves) and y (black curves)
directions, is shown in Figure 5 in terms of the absorption
coefficient.

To provide a comprehensive analysis, two types of
calculations were performed: (i) the independent-particle
approximation (IPA, dashed curves), which neglects elec-
tron−hole interactions, and (ii) the Bethe−Salpeter equation
(BSE, solid curves), which explicitly accounts for excitonic
effects. Both results are valuable for interpreting optical
properties, as the red shift in the absorption onset due to
quasiparticle interactions can vary depending on the dielectric
environment. In practical scenarios in which the monolayer is
integrated into an optoelectronic device, the effective optical
response is expected to lie between the BSE and IPA
predictions.

The optical absorption spectra of Sc2CFBr and Sc2CFCl
monolayers are shown in Figure 5(b) and (c), respectively. As
indicated in Table 4, these materials exhibit relatively large
exciton binding energies, influencing the position of their
optical absorption onsets.

Both systems display prominent absorption peaks within the
visible region at the BSE level, highlighting their potential for
applications in light-harvesting technologies. In contrast, under
the IPA approximation, the main absorption features are

Figure 5. Optical absorption coefficient spectra of (a) Sc2CClBr, (b) Sc2CFBr, (c) Sc2CFCl, (d) Y2CClBr, (e) Y2CFBr, and (f) Y2CFCl Janus
MXene monolayers. Solid and dashed lines show a comparison of exciton absorption and single particle absorption spectra, respectively.
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shifted toward the ultraviolet range due to the absence of
electron−hole interactions.

This shift underscores the importance of incorporating
many-body effects to predict the optical behavior accurately.
The combination of strong visible-light absorption and
significant excitonic effects suggests that Janus MXenes are
promising candidates for photovoltaic and optoelectronic
applications.10,60

For the Y2CTT′ Janus MXenes, lower excitonic band gaps
are observed, as presented in Table 4 and illustrated in Figure
5(d−f), which correspond to the Y2CClBr, Y2CFBr, and
Y2CFCl monolayers, respectively. In the case of Y2CClBr, the
BSE-calculated absorption spectrum shows a pronounced peak
at 1.54 eV in both the x and y polarization directions, placing
the optical transition within the infrared region. In contrast, the
dominant absorption features are shifted to the ultraviolet
range at the IPA level due to the absence of excitonic
corrections.

A similar infrared response is observed for Y2CFBr and
Y2CFCl, where electron−hole interactions significantly lower
the optical excitation threshold. These trends further highlight
the crucial role of excitonic effects in modulating the optical
properties of these materials.

These findings demonstrate the potential of Janus MXenes
for infrared sensing, optoelectronic devices, and photovoltaic
technologies, owing to their tunable optical and electronic
characteristics.61

3.4. Power Conversion Efficiency. This section presents
an analysis of the solar energy harvesting capabilities of Janus
MXene monolayers, evaluated through their power conversion
efficiency (PCE). Calculations were performed with and
without excitonic effects using the BSE and IPA approaches,
respectively.

The PCE is a key metric for assessing the photovoltaic
potential of a material as it quantifies its ability to convert
incident solar energy into electrical energy. To estimate the
efficiency, we employed two widely used theoretical frame-
works: the Shockley−Queisser (SQ) limit42 and the
spectroscopic limited maximum efficiency (SLME) method.43

Our analysis considers three levels of theoretical approx-
imation: (i) the SLME-based power conversion efficiency
(PCESLME), (ii) the maximum SLME efficiency assuming ideal
phonon-assisted absorption from the band edge (PCEmax

SLME),
and (iii) the SQ limit efficiency (PCESQ), which accounts only
for radiative recombination losses under ideal semiconductor
behavior.42,62 The computed values under each model are
listed in Tables S3−S5 of the Supporting Information.

To determine the PCE for the Janus MXenes, we
incorporated both direct and indirect band gaps as well as
excitonic ground-state transitions. These critical input
parameters, including the direct exciton energy Exgs, are
summarized in Table 4. The upper-efficiency limits were
estimated using the following expression11,52

J V

P
PCE SC OC

SOLAR
=

(2)

where VOC represents the maximum open-circuit voltage, JSC is
the short-circuit current, and PSOLAR is the total incident solar
power per unit area. JSC and PSOLAR are defined as

J
P E

E
E

( )
d

ESC
g
d

=
(3)

and

P P E E( ) dSOLAR
0

=
(4)

In this context, Eg
d denotes the electronic band gap of the

donor material. In contrast, P(E) corresponds to the AM1.5G
solar spectral irradiance, the standard reference spectrum for
photovoltaic conversion under nonconcentrated sunlight
conditions.44

To account for excitonic effects in the PCE estimations, the
electronic band gap was replaced by an optical band gap,
defined by the energy of the direct excitonic ground state
(Exgs). This modification offers a more realistic assessment of
photovoltaic performance, particularly for two-dimensional
semiconductors, where excitonic interactions significantly
influence light absorption and charge carrier dynamics.

Figure 6a presents a bar chart comparing the power
conversion efficiencies (PCESLME) computed at both the IPA

and BSE levels. These calculations consider the atomic-scale
thickness of the Janus MXene monolayers, which ranges from
8.52 Å to 9.52 Å (see Table 1). This ultrathin nature, typical of
two-dimensional materials, leads to low optical absorbance�
below 10%�and, consequently, reduced PCE values. At the
IPA level, all predicted efficiencies remain below 1%, while
including excitonic effects via the BSE approach raises the

Figure 6. (a) PCE of SLME, (b) PCE SLMEMAX, and (c) PCE SQ for
Sc2CClBr, Sc2CFBr, Sc2CFCl, Y2CClBr, Y2CFBr, and Y2CFCl Janus
MXene monolayers.
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efficiency above this threshold for some configurations. These
differences highlight the significant impact of many-body
effects on photovoltaic performance. Further details can be
found in Figure S10 of the Supporting Information.

The maximum theoretical PCEs (PCEmax
SLME), as shown in

Figure 6b, assume ideal light absorption starting at the band
edge-conditions that could be approached in real devices
through design optimizations and light trapping techniques.63

Under these conditions, the BSE-level efficiencies increase
substantially, ranging from 18.85% to 32.19%, whereas IPA-
level values range from 11.61% to 26.09%. Notably, the
Y2CClBr monolayer demonstrates the highest performance,
with a predicted efficiency of 32.19%. A complete data set for
all calculated values is provided in Section S6 of the Supporting
Information.

Finally, Figure 6c illustrates the Shockley−Queisser limit
PCEs (PCESQ), which depend directly on the electronic band
gap. As expected, these values exceeded those predicted by the
SLME method. Again, Y2CClBr exhibits the highest efficiency
across all configurations. Under IPA, PCESQ values span from
16.74% to 27.61%, while the inclusion of excitonic effects via
BSE increases this range to 25.52% to 32.57%. The discrepancy
between SLME and SQ-based predictions is attributed to the
recombination fraction ( f r), defined as the energy difference
between Exgsd (BSE) and Eg

d (IPA). Because this difference is
typically larger when excitonic effects are included, SLME-
based PCE predictions tend to be lower at the BSE level than
at the IPA level.

The estimated solar energy conversion efficiencies of Janus
MXene monolayers underscore their strong promise for future
photovoltaic technologies. Our predicted values, which
approach the theoretical Shockley−Queisser limit, represent
a meaningful step forward in the search for efficient, low-
dimensional solar materials.

It is worth mentioning that the performance of these
monolayers rivals, or even surpasses, that of several well-
established photovoltaic systems, including SbSSe, CdTe,
perovskites, GaInP, GaAs, and crystalline silicon (c-Si), as
reported in previous studies.62 These findings highlight Janus
MXenes as compelling candidates for efficient solar energy
harvesting and advanced optoelectronic applications.

4. CONCLUSIONS
In summary, we investigated the structural, electronic, and
optoelectronic properties of six semiconducting Janus MXene
monolayers�Sc2CClBr, Sc2CFBr, Sc2CFCl, Y2CClBr, Y2CFBr,
and Y2CFCl, using DFT and a semiempirical MLWF-TB +
BSE approach.

Our results confirm that all monolayers exhibit indirect band
gaps, with HSE06 values ranging from 1.63 to 1.83 eV. The
exciton binding energies further revealed strong electron−hole
interactions, particularly in the Y2TT′ compounds, which
reached up to 372.64 meV. These findings emphasize the key
role of excitonic effects in determining the optical properties of
these systems.

Optical absorption analysis showed that Sc2TT′ monolayers
strongly absorb in the visible-light region. In contrast, Y2TT′
systems exhibit enhanced absorption in the infrared,
particularly when excitonic effects are accounted for at the
BSE level. These complementary spectral responses position
Janus MXenes as promising materials for visible and IR
optoelectronic devices.

Power conversion efficiency (PCE) calculations yielded
Shockley−Queisser values approaching 31% under BSE,
underscoring the photovoltaic potential of these low-dimen-
sional materials for next-generation solar energy technologies.
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