arXiv:2404.01797v1 [cond-mat.mtrl-sci] 2 Apr 2024

Excitons, Optical Spectra, and Electronic Properties of Semiconducting Hf-based MXenes
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Semiconducting MXenes are an intriguing two-dimensional (2D) material class with promising electronic and optoelec-
tronic properties. Here, we focused on recently prepared Hf-based MXenes, namely Hf3C,0, and Hf,CO,. Using the
first-principles calculation and excited state corrections, we proved its dynamical stability, reconciled its semiconduct-
ing behavior, and obtained fundamental gaps by the many-body GW method (indirect 1.1 eV and 2.2 eV, respectively,
direct 1.4 eV and 3.5 eV, respectively). Using the Bethe-Salpeter equation (BSE) we subsequently provided optical
gaps (0.9 eV and 2.7 eV, respectively), exciton binding energies, absorption spectra, and other properties of excitons in
both Hf-based MXenes. The indirect character of both 2D materials further allowed a significant decrease of excita-
tion energies by considering indirect excitons with exciton momentum along the I'-M path in the Brillouin zone. The
first bright excitons are strongly delocalized in real space while contributed by only a limited number of electron-hole
pairs around the M point in the k-space from the valence and conduction band. A diverse range of excitonic states in
Hf3C,0, MXene lead to a 4% and 13% absorptance for the first and second peaks in the infrared region of absorption
spectra, respectively. In contrast, a prominent 28% absorptance peak in the visible region appears in Hf,CO, MXene.
Results from radiative lifetime calculations indicate the promising potential of these materials in optoelectric devices

requiring sustained and efficient exciton behavior.

I. INTRODUCTION

In recent years, the exploration of two-dimensional (2D)
monolayers and their derivatives has captivated the attention
of researchers due to their remarkable potential in the realm of
electrical and optoelectronic applications. The groundbreak-
ing properties exhibited by graphene have inspired scientific
inquiry into novel 2D materials possessing finite bandgaps.
Among these, 2D MXenes have emerged as a distinct class of
materials exhibiting extraordinary characteristics and versatile
applications in nanotechnology'** MXenes are a unique and
intriguing material class belonging to the family of 2D tran-
sition metal carbides, nitrides, or carbonitrides. MXenes is
M,,+1X, Ty, where M is a transition metal (such as titanium,
scandium, or hafnium), X is carbon and/or nitrogen, n is the
number of layers (n < 4), and T denotes surface functional
groups.

MXenes were first discovered in 2011 by Gogotsi et al.
(TizC;,Ty), and since more than 20 MXenes have been syn-
thesized up to now* Following these experimental synthe-
ses, many other MXene compositions have been predicted
theoretically>' 2D semiconducting MXenes have a tunable
band gap that can be adjusted by changing the transition metal,
surface functionalization (T = O, F, OH, Cl, ...), strain, de-
fects, or intercalated speciesZ ¥ This tunability enables cus-
tomized band topologies, making semiconducting MXenes
highly valuable for various electronic device applications 112

Experimental preparation of MXenes is often realized from
the corresponding layered materials, MAX phases, where

YElectronic mail: [sitangshu @iiita.ac.in
b Electronic mail: frantisek.karlicky @osu.cz

A is an A group (mostly IIIA and IVA) element. Al-
containing MAX phases Hf, AIC and Hf3AlC, were experi-
mentally synthesized toolJ However, the subsequent prepa-
ration of Hf-containing MXene from MAX phase was not
yet done and the transition metal Hf was identified as more
inclined to form a different family of layered ternary and
quaternary transition metal carbides beyond the MAX phases
(as Hf3A13Cs, Hf3A14Cg, Hf> Al Cs, or Hf5[A1(S1)]4Cs) 14 In
2017, Zhou et al'> experimentally prepared a 2D Hf-based
MXenes Hf3C,T, by selective etching of a layered parent
Hf3[AI(S1)]4C¢ compound. Such MXenes were determined
to be flexible, conductive, and a good candidate for anode ma-
terial for metal-ion intercalation. Further, theoretical findings
of the Ref™ predicted the metallic behavior with good elec-
trical conductivity for Hf3C, T, MXenes with T = O, F, and
OH, particularly highlighting the robustness of Hf3C,0, with
a superior mechanical strength of 417 GPa value of elastic
constant. In addition, Zha et all claimed using the density
functional theory (DFT) calculations Hf3C,0, MXene as a
semi-metal or conductor (depending on DFT level). Finally,
Hf3C,0, was also suggested to be a promising material for
electronic devices modulated by strain because DFT calcu-
lations predicted a transition between semi-metal and semi-
conductor induced by strain®Z On the other hand, the moder-
ate and tunable gap of MXene Hf,CO; made itself a unique
2D semiconductor 121812

In the realm of previous computational studies, there are
various investigations on the electronic and optical proper-
ties of MXenes, which have primarily relied on generalized-
gradient approximation (GGA) to density functional theory
(DFT) and other higher levels of density functionals (as hy-
brids). To reconcile unclarities mainly in Hf3C,0O, electronic
properties (we finally assigned here the material as a semicon-
ductor, analogically to Ti3C,0, case!’), there is a necessity to
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study the material in more detail. DFT is generally suitable
to study the structure, the trends in composition, or the im-
pact of strain in 2D materials.2**!' However, the reason for
going beyond DFT is that DFT does not inherently include
the effects of excitons (electron-hole pairs), which are crucial
in understanding the optical properties of 2D materials/2223
To overcome these limitations and obtain more accurate elec-
tronic and optical properties, it’s necessary to consider more
advanced many-body methods. Many-body perturbation the-
ory, GW approximation for the self-energy calculation®* and
subsequent GW+BSE (Bethe-Salpeter equation)>2% includ-
ing excitonic effects, is a preferred computational method, re-
cently shown as precise-performing for different MXene in
comparison to another independent and demanding stochastic
many-body method 2

In this study, we focus our attention on semiconducting
oxygen-terminated Hf-based MXenes and we carefully de-
scribe them using the many-body perturbation theory. Both
Hf-based MXenes, Hf3C>0;, and Hf,CO,, contain heavy 5d
elements, so it was also demanded to include the spin-orbit
coupling (SOC) in the calculations. We present its accurate
electronic and optical properties (including absorptance spec-
tra and a radiative lifetime of exciton) and we describe their
indirect nature.

II. COMPUTATIONAL METHODS

For ground-state calculations, geometrical conformers of
2D-MXenes were prepared following our previous work on
TizC,0; casel” (see a set of highly symmetric structures in
Figures S1 and S2 in the supplementary material). Vacuum
space was added along the out-of-plane axis (z-direction),
leading to c lattice constant of 22.5 A and 19.6 A for Hf;C,0,
and Hf,CO,, respectively, preventing interlayer interactions.
Density functional theory (DFT) calculations were performed
using the Quantum ESPRESSO (QE) package?¥ utilizing a
fully relativistic norm-conserving pseudopotential® enabling
spin-orbit coupling (SOC). A Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional’” within the generalized gra-
dient approximation (GGA) to DFT was used, and a kinetic
cutoff energy of 70 Ry ensured accurate ground-state calcula-
tions. The convergence behavior of the kinetic energy cutoff
is plotted in Figure S3 in supplementary material. A set of
24x24x1 k-mesh grid was used for the structure relaxation
without using any constraint through the force and total en-
ergy minimization with respect to all atomic positions and unit
cell parameters. A self-consistency convergence threshold of
1 x 1078 Ry was used in the calculations. Self-consistent
and non-self-consistent calculations were performed, incor-
porating non-collinear spin-orbit interactions. To confirm the
dynamic stability of both Hf-based MXenes, phonon band
dispersion calculations were performed using density func-
tional perturbation theory (DFPT) on a 10x10x 1 q-grid and a
threshold 1 x 10~13 Ry. Non-analytical part (using dielectric
matrix and Born effective charges) was included.

Excited state corrections were computed via the many-
body perturbation theory (MBPT) YAMBO code (version

5.1.0)212 employing the GW approximation to include
quasiparticle self-energy corrections. A converged value of
70 Ry of cutoff energy is used in the sum of the exchange self-
energy. The converged value 14 Ry of screening cutoff energy
is used to calculate the polarization function in GW calcula-
tions. A total of 300 polarization bands were utilized, com-
prising 56 bands for Hf3C,0; and 40 bands for Hf>,CO,, all
of which represent the filled electronic states up to the Fermi
level in the respective materials. These bands were employed
to calculate the irreducible polarization response function.
The GW calculations utilized a random integration method*3
with 1 x 10° q points and a truncated Coulomb potential 243>
Box-like Coulomb cutoff geometries of 21.98 A and 19.09 A
were applied in the z-direction to the sheet for Hf3C,0O, and
Hf>,CO,, respectively. Utilizing Kohn-Sham wavefunctions
and GW quasiparticle energies, we computed the linear re-
sponse optical spectra employing the time-independent Bethe-
Salpeter equation (BSE). The exchanged and screened cutoffs
are used at the converged value of 30 Ry and 3 Ry to build
up the exchange electron-hole attractive and repulsive kernels
in the BSE matrix. Tamm-Dancoff approximation is used, in-
corporating the resonant matrix element into the BSE Hamil-
tonian. The BSE matrix was solved using the diagonaliza-
tion method, where the obtained poles corresponded to optical
transition energies. The BSE can be written as an eigenvalue
problem for insulating materials possessing occupied valence
bands (v) and entirely unoccupied conduction bands (c)?%7
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where v is the Coulomb kernel, 1/|r — 7’|, the eigenvec-
tors Aﬁvk correspond to the amplitudes of free electron-hole
pair configurations composed of electron states |@.x) and hole
states |@yx) and the eigenenergies E; correspond to the ex-
citation energies (with optical gap Aop = Ej, for A from first
nonzero transition, i.e., first bright exciton). The exciton bind-
ing energy was finally estimated as Ey, = Agw,dir — Aopt,dirs
where "dir" index denotes direct gap.

Indeed, in our GW+BSE calculations employing a trun-
cated Coulomb potential, the spectra were obtained in terms
of macroscopic polarizability o, a well-defined quantity inti-
mately linked to absorption spectra. For a 2D system, « is
expressed in units of length and is defined as*%°

L
(X((I)) = _(III_IE%)WXOO((L (0), 2
where ¥0(q, ®) is the non-interacting density response func-
tion or irreducible polarizability, and L is the length of the
computational cell in the z-direction.

The dielectric function (&) is extracted from this macroscopic
polarizability (o = o + i) using the equation®”

e(E) = (1 +4n%) +i47r% 3)

and €(E) = €(E) +ig;(E), where € (E) and & (E) are the
real and imaginary part of the dielectric function. The



absorptance is calculated using the relation®” A(E) = 1 —

exp[—&2EL/hc], where E is the energy of incoming photon, %

is reduced Planck’s constant, and c is speed of light.
Additionally, we determine the exciton radiative lifetime Tg

utilizing the relation (in SI units)*!
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where A, is the area of the unit cell, & is vacuum permittivity,
E, is the exciton energy related to Equation|l] e is the elemen-
tary charge, and p3=|Y v AL, (e [1|9urc) |7/ Ny is A-exciton
intensity*? given by the linear combination of the square of the
transition matrix elements between electron-hole pairs with
the excitonic weights Aka (from Equation (1)) divided by the
number of k-points #4344 The average radiative lifetime <’L{ )

of an exciton in state A at temperature T is given by*?
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where M) is the exciton mass, kp is the Boltzmann constant,
and zero-momentum approximation Ej (¢) ~ E; (¢ = 0) is
used 4!

III. RESULTS AND DISCUSSION
A. Structural properties and stability

Firstly, we refined the lattice structure of 12 possible high-
symmetry conformers of the Hf3C>0O; unit cell and corre-
sponding 8 conformers of the Hf,CO; unit cell, as these MX-
enes can have energetically comparable phases > Information
about the optimization of all Hf3C,0, and Hf;,CO, conform-
ers are mentioned in the supplementary material in Tables S1
and S2, respectively, and the optimized structures of the con-
formers are plotted in Figures S1 and S2, respectively. The
most stable conformer (A2) of both Hf3C,0, and Hf,CO,
MXenes contains the oxygen atom at the hollow site. The
second energetically favorable conformers, i.e., A4 and B2 for
Hf3C,0, and Hf,CO,, respectively, are significantly energet-
ically higher (1.11 eV and 0.64 eV above the lowest conform-
ers A2), and therefore not expected to be present in real sam-
ples due to their higher energy state. Figure [T]shows the side
and top views of the most stable optimized structures (A2)
used in the subsequent calculations.

Both favorable structures of Hf3C>0, and Hf,CO, MXenes
exhibit hexagonal configurations. Hf3C,0; structure of Fig-
ure [I| has a D3, (-62m) symmetry while Hf,CO, has a D3,
(-3m) symmetry. The primary distinction between D3, and
D3, point groups is the presence (or lack) of certain symme-
try elements, namely the horizontal mirror plane (h) in D3y
and the vertical mirror plane (d) in D3;. The optimized in-
plane lattice constant is 3.26 A, the same for both Hf3C,0,
and Hf,CO,; MXenes. This implies that these compounds
have an equivalent area of the unit cell, which indicates that

FIG. 1. (a,c) The side and (b,d) the top view of the energetically
most favorable conformers of (a,b) Hf3C,0; and (c,d) Hf,CO, MX-
enes. The black line defines the unit cell.

they may have comparable densities and atomic configura-
tions along the crystallographic directions. In Hf3C,0,, the
Hf-C bond lengths range from 2.32 A to 234 A, reflecting
the variation in bonding distances within the material. Addi-
tionally, the Hf-O bond length in Hf3C,0; is 2.10 A. While
in Hf,CO,, the Hf-C bond length is 2.34 A, indicating a con-
sistent bonding distance between Hf and C atoms. The Hf-O
bond length in Hf, CO; matches that of Hf3C,0; at 2.10 A.
We also computed the phonon band structures using den-
sity functional perturbation theory (DFPT) for both Hf-based
MXenes, employing a 24x24x 1 k-mesh grid. The resulting
phonon band structures, depicted in Figure [2] reveal positive
frequencies throughout the Brillouin zone (BZ). This stabil-
ity signifies that the crystal lattice vibrations are secure and
devoid of spontaneous deformations or phase transitions.

B. Electronic band structures and charge analysis from
DFT

In our study, we firstly calculated the ground-state DFT
electronic band structures of both Hf-based MXenes using
30x30x 1 k-mesh grid, plotted in Figure [3 (blue line). Given
the substantial presence of hafnium (Hf) atoms, we conducted
comprehensive spin-orbit coupling (SOC) calculations to ac-
count for relativistic effects. The DFT electronic band struc-
tures are also calculated without SOC consideration, plotted
in Figure S4 of the supplementary material. The significant
influence of SOC was evident mainly in Hf3C,0;, as indi-
cated by the observed energy band splitting in the electronic
band structure around the K point (Figure S4). We determined
the DFT indirect band gaps of 0.43 eV and 0.99 eV between
the high-symmetry points I" (the top of the valence band)
and M (the bottom of the conduction band) for Hf3C,0, and
Hf,CO,, respectively. The corresponding direct band gaps of
0.71 eV and 2.12 eV were located in the high-symmetry point
M (considering SOC; Figure 3). The absence of a shift in the
positions of the valence band maximum (VBM) and conduc-
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FIG. 2. Phonon band structures of (a) Hf3C,0, and (b) Hf,CO,
MXenes.

tion band minimum (CBM) due to SOC is a notable obser-
vation in both Hf-based MXenes and indicates that SOC did
not significantly affect the band gap in these systems. The ob-
served degeneracy in the energy bands at the I" point implies
that specific electronic states at this high-symmetry point have
identical energies, even when considering SOC. For Hf,CO,
MXene, the DFT results are in good agreement with previ-
ously reported valuesT719 Both Hf-based MXenes exhibited
a non-magnetic semiconducting behavior.

In the case of Hf3C,0,, the Bader charge analysis reveals a
notable electron loss in the Hf atoms, with the central atom
losing approximately 1.88 electrons and the other two Hf
atoms each losing around 2.23 electrons as shown in Table S3
in the supplementary material. This electron deficit indicates
the high oxidation states in transition metals within MXene
structures. Concurrently, the carbon atoms in Hf3C,0, each
gain about 1.92 electrons. Like the carbon atoms, the terminal
oxygen atoms also exhibit an increase in electron density, each
gaining about 1.25 electrons, indicating their involvement in
substantial bonding interactions with the Hf atoms.

Shifting the focus to Hf;CO,, the Bader charges indicate
a similar trend of electron distribution. Here, the Hf atoms
lose approximately 2.25 electrons when incorporated into the
Hf>CO; structure, further corroborating their higher oxidation

N W R W

—

PBE —— Hf,C,0
W 3020,

(=]

2y (eV)

Ener:

PBE —— Hf,CO
aw "t

2y (eV)

Ener:

r

FIG. 3. DFT (blue lines) and quasiparticle GW (red lines) band
structures of (a) Hf3C,0, and (b) Hf,CO, MXenes with included
spin-orbit coupling (SOC). Black arrows highlight indirect gaps. The
Fermi level is set to zero.

state as detailed in Table S3 in the supplementary material.
This electron loss aligns with the behavior typically observed
in transition metals in MXene materials. The carbon atom
gains about 2 electrons in this structure, pointing to a reduced
state. The terminal oxygen atoms in Hf,CO,, like their coun-
terparts in Hf3C>O,, each gain roughly 1.25 electrons.

C. Electronic and optical properties from many-body
methods

To address the issue of inaccuracy in the results of stan-
dard DFT calculations and obtain precise results for the elec-
tronic band gap and other material properties, employing the
many-body methods GW becomes imperative. We included
the quasi-particle (QP) self-energy corrections on top of the
ground-state DFT calculations. Meticulous convergence of
computational parameters, including cutoff energies, screen-
ing cutoff, polarization bands, G-vector grid, and k-mesh grid
was paramount to ensure the accuracy and reliability of elec-
tronic properties in GW calculations (Figures S5-S7). Long-
range interactions, the presence of Rydberg states, complex



dielectric screening, discretization errors, and the need to bal-
ance between localized and delocalized electronic states all
contribute to the slow convergence of the fundamental quasi-
particle band gaps in 2D materials with a truncated Coulomb
potential *® We also obtained the convergence of the funda-
mental quasi-particle band gaps with different k-mesh grids
(Nk), plotted in Figure[d The information regarding the con-

3

Direct gap (a)
Indirect gap ——

Optical gap =—w—
2.5F Binding energy

\S)
T

Hf,C,0,

Energy(eV)
(9]

—
T

fg

\\

e
n
\

0 0.01 0.02 0.03
N

Direct gap (b)
Indirect gap =——

Optical gap =—#—
S5r Binding energy

4 L
§ Hf2C02
o
53 -
2]
Lﬁ /
2 L
1 L
09 0.01 0.02 0.03

N,

FIG. 4. Convergence behavior of quasiparticle gap, optical gap and
binding energy with k-mesh grid (N; = Ny, x N, x Ny ) in the case
of (a) Hf3C,0, and (b) Hf,CO, MXenes. )

vergence of the fundamental quasi-particle gap (direct gap
Agw gir and indirect gap Agw ing) With the k-mesh grid for
MXenes Hf3C,0, and Hf,CO; are mentioned in Table S4 in
the supplementary material too. We see slow convergence of
electronic band gaps concerning the k-point grid, especially
for Hf3C»0,, with the same behavior for the optical gap. The
converged values of all fundamental properties are not easy to
obtain even with 30x30x 1 k-mesh grid. To ensure more pre-
cise gaps, we extrapolated the values from the best k-grids 2’
see also Figure S8 in the supplementary material for details
(this procedure corrected gaps for < 0.11 eV). A similar trend
(slow gap convergence with N;) was observed for BAs and BP
monolayers46 or in ScoC(OH), MXene?! and was associated
with the delocalization of first bound exciton. A detailed dis-
cussion on this topic is presented in the subsequent sections
of this paper.

The calculated GW band structures with SOC are plotted in
Figure 3] We obtained an indirect band gap of 1.08 eV and
a direct band gap of 1.42 eV for Hf3C,0, MXene, while we
obtained an indirect band gap of 2.18 eV and a direct band gap
of 3.48 eV for Hf,CO, MXene (all reported values are extrap-
olated ones, following Figure S8). The GW indirect band gap
is located between I' and M high-symmetry points, while the
minimum direct band gap is noticed at high-symmetry point
M.

Using BSE (Eqn. [I) on the top of the GW method, we
calculated the optical gap Agp, which corresponds to the po-
sition of the first bright excitonic peak, and absorption spectra
for both Hf3C,0, and Hf;CO,; MXenes. The convergence of
optical gap Agp and the binding energy Ej, with the k-mesh
grid are also visible in Figure f] and mentioned in Table S4
and Figure S8 in the supplementary material. We obtained
the converged value of the Ay of 0.91 eV & 2.72 eV, and
the binding energy Ey, of the first bright exciton of 0.51 eV &
0.76 eV for Hf3C>0; and Hf,CO,, respectively.

30
Hf,C,0,

(a)

25

Absorptance (%)
o S

—_
(=]
T

Energy(eV)

Absorptance (%)
o

o

0 1 2 3
Energy(eV)

N3
W

FIG. 5. Optical absorption spectra from BSE for (a) Hf3C,0; and
(b) Hf,CO, MXenes. The black dotted line denoted the direct quasi-
particle gap. Oscillator strengths (arbitrary units) are added as green
columns.

In our investigation of optical absorption spectra, a metic-
ulous convergence of various calculation parameters was cru-
cial for accurate results. Notably, the choice of the k-mesh
grid, the number of bands included in BSE, and other parame-



ters in the BSE significantly impacted the precision of the ab-
sorption spectra V2740 The converged values 3 Ry and 30 Ry
of screening cutoff and exchange cutoff, respectively, were
used to obtain the accurate absorption spectra (see also Fig-
ures S9 and S10 in the supplementary material). The conver-
gence of the imaginary part of the macroscopic polarizability
(ox) concerning k-mesh grids is typically crucial in BSE and
it is plotted in Figure S11 for both MXenes. Finally, the re-
liability of the considered energy window for the spectra (the
imaginary part of ) is given by the number of occupied and
virtual bands (o,v) included in the BSE calculation. Based on
Figure S12 in the supplementary material, we used the con-
verged values (12,4) and (6,6) of (o,v) bands for Hf3C,0, and
Hf,CO,, respectively.

In our study, we observed a rich array of excitonic states
contributing to the absorption spectra of Hf3C,0, MXene
(Fig. [B). We obtained the absorptance of 4% for the peak
corresponding to the first bright optical transition, but specifi-
cally, multiple excitons were identified, leading to the absorp-
tance of 13% for the second peak of spectra within the infrared
region (0-1.5 eV) of the spectra. The absorption spectra re-
vealed a prominent peak, located at 4.8 eV in the near UV
region with a strikingly high absorptance of approximately
17%. In the case of the Hf,CO, monolayer, the first peak is
located in the visible part of the spectra (1.5-3 eV) with max-
imum absorptance around 28%. We identified 5 and 10 dark
excitons for Hf3C,0, and Hf, CO,, respectively, which are lo-
cated below the prominent first peak in the spectra. For com-
pleteness, imaginary o are plotted along oscillator strengths
in Figure S13 in the supplementary material using 30x30x 1
k-mesh grid for both Hf3C,0, and Hf,CO,.

In our detailed analysis of optical transitions and exciton
formation, we investigated the excitonic weights Aﬂvk (from
Equation [I)) because the excitonic wave function is expressed
in an electron-hole product basis as chkAz-ka¢c'k¢t'k- The

Aﬁ”v & coefficients, therefore, help us to identify which electron-
hole pairs in the expansion dominantly contribute to the wave
function of the particular exciton (labeled by certain A). The
purple shade in Figure @represents |Af,“vk| visualizing the im-
portant electron-hole contributions labeled by c,v subscripts
(band pairs on the y-axis) and by k subscript describing the x-
axis (missing purple shade means negligible coefficients are
not visible in the graph). For the first bright excitons in both
Hf3C,0, (Figure @) and Hf,CO, (Figure|6f), which are con-
sisting from several BSE states A = 6-9 (E®° = 0.91 eV) and
A =9-12 (E°~12 = 2.72 eV), respectively, only the valence
band and conduction band are important. Moreover, only the
area around the high-symmetry M point in the Brillouin zone
contributes (visible also in the subplots of Figure @) Further,
we visualized excitons dominantly responsible for the second
significant peaks in the spectra of Figure[5} In Hf3C,0, the
exciton at 1.2 eV (Figure[6b) is composed mainly of M local-
ized pairs of the conduction band and second valence (VB-1)
band. The properties of the bright Hf,CO; exciton at 2.9 eV
(Figure[6}d) are similar.

We also explored the spatial distribution of excitons by fix-
ing the position of the hole within the material and examining
the probability of finding the electron in different spatial loca-
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FIG. 6. Exciton weights in (a-b) Hf3C,0, and (c-d) Hf,CO, pro-
jected onto the ground-state electronic dispersion. The purple shade
(and its vertical thickness) represents the \Aka\ coefficients (from
Eqn. [T) indicating visually which electron—hole pairs contribute to
a particular BSE eigenstate: (a) degenerated first-bright exciton with
A=6-9 and (b) higher exciton A= 262, 263 in Hf3C,05; (c) degener-
ated first-bright exciton with A= 9-12 and (d) higher exciton A= 35,
36 in Hf,CO;. The accompanying subplot in each panel displays the
exciton weights within the whole Brillouin zone, not resolving par-
ticular bands.

tions. This approach provided valuable insights into the spa-
tial characteristics of excitonic states *“8 By fixing the hole’s
position and studying the electron’s probability distribution,
we could distinguish between localized and delocalized exci-
tonic states within the material 40 We focused here on the
first bright exciton states in Hf3C,0; (at 0.9 eV) and Hf,CO,
(at 2.7 eV). These low-energy excitons are, in fact, consisting
of four degenerated BSE states in both materials. Neverthe-
less, in Hf3C>0;, two are dominant (by the strength), with
the other two dark (strength is negligible) and not influencing
spatial distribution or optical spectrum. Hf,CO, is a slightly
different situation where from A =9-12 BSE eigenstates is just
A =11 bright and others more or less dark. For the real-space
plot of Figure [/} we fixed the position of the hole located at
the top of the C atom at a distance of 1 A in the z-direction for



(d)

S

S »*w‘imﬁ‘i’ﬁfﬁ’f

FIG. 7. Isosurface (with value of 3x 10~?) for the real space electron
probability density of the first bright exciton in (a,b) Hf3C,0, and
(c,d) Hf,CO,. The hole is located above a carbon atom, 1 A away
in the z-direction in both materials.

both materials.

Our observations show that the wave functions associated
with individual BSE eingenstates exhibit a notable deviation
from the intrinsic symmetry characteristics of the host ma-
terials. Specifically, the electron probability densities within
these BSE eingenstates do not conform to a rotationally sym-
metric distribution. This asymmetry in electron distribution is
an intriguing aspect, as it contrasts with the expected behavior
based on the material’s inherent properties. However, an in-
teresting phenomenon arises when we consider the cumulative
effect of the electron probability densities. By aggregating the
densities of all parts of excitons in Hf3C,0; and Hf,CO,, an
alignment with the material’s native threefold rotational sym-
metry emerges, as can be seen in Fig. [] subplots and Fig. [7}
This suggests that while individual BSE states might exhibit
asymmetrical properties, their collective behavior can reflect
and restore the material’s symmetry. Further, the exciton re-
sponsible for the first dominant peak in Hf3C,O; spectrum is
very delocalized, and we were forced to use at least 30x30x 1
k-mesh grid. Therefore, we needed a supercell of 30 real unit
cells to ensure the wave function fades out on the border of the
supercell (Figure [7). For smaller k-grids/supercells, the arti-
ficial confinement of the exciton led to a biased optical gap
and untruly increased the predicted binding energy of the ex-
citon (Figure E[) On the other hand, the first bright exciton in
Hf>,CO, was more localized (cf. isosurfaces of Figure |Z]) In
our investigation into the variance of the first exciton’s spa-
tial extent, we gain insights into the differing rates of conver-
gence of the optical band gaps in Hf3C,0, and Hf>,CO> rela-
tive to the number of k-points. Building upon the findings dis-
cussed in our preceding work 4% we understand that an exci-
ton with a widespread distribution in real space necessitates a
higher number of k-points for accurate characterization. Con-
sequently, the optical band gaps in Hf3C,0O, exhibit a slower
convergence concerning the number of k-points compared to
Hf,CO, (Fig. [). This slower convergence is attributed to
the broader spatial distribution of the first bright exciton in
Hf3C,0,, as opposed to the more localized nature of the ex-
citon in Hf,CO,.

In examining the symmetry of the first bound exciton in
both materials, the influence of spin-orbit coupling (SOC) on

the degeneracy (splitting of bands) and the respective symme-
try groups D3y, for Hf3C,0, and D3, for Hf,COs, it is evident
that these excitons align with the E-type irreducible represen-
tations because these are associated with degeneracy. Specif-
ically, for Hf3C,0,, the first bright exciton can be associated
with the E’ and E” representations. Meanwhile, Hf,CO, first
bright exciton can correspond to the E, and E, representa-
tions. The real-space exciton projection for Hf3C,0, (Figure
[7](a) and (b)) exhibits vertical plane symmetry, leading to the
assignment of the E’ group. In contrast, the gerade centrosym-
metric nature observed in the Hf,CO, exciton projection (Fig-
ure|Z](c) and (d)) suggests its alignment with the E, group.
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FIG. 8. Excitation energy of the (a) Hf3C,0; and (b) Hf,CO, MX-
ene with exciton momentum q along I" to M path.

Concerning the indirect nature of both investigated mate-
rials (see indirect bands in Figure [3), we finally performed
excitonic BSE calculations for the indirect exciton momen-
tum (q # 0). In indirect materials, it leads to a decrease in
excitation energies, or, in extreme cases of excitonic insula-
tor candidates, it can lead to negative excitation energies, i.e.,
the situation where the binding energy of excitons overcomes
the fundamental gap' Here, following the band structure of
Figure [3] we were focused on exciton momentum along I'M
direction. The calculations reveal that the exciton energies are
(after a slight increase) significantly decreasing, approaching
a minimal value to the M point - see Figure 8] The non-



extrapolated excitation energy of 0.88 eV in Hf3C,0, was
reduced to 0.68 eV (ca. to 78% of the original value). In
the Hf,CO, case, the reduction was extreme, from 2.70 eV to
1.73 eV (ca. to 64% of the original value).

Our last analysis lies in the guess of exciton behavior in
time (Table [). Using Eqn. we calculated the radiative
lifetime Tg (free from temperature dependency) for the first
bright excitons in the Hf3C,0, and Hf,CO, MXenes, 0.22
ps and 0.02 ps, respectively. These lifetimes indicate rapid
radiative recombination processes, showing that light emis-
sion from these excitonic states is highly efficient. Values of
Tg for Hf3C,0, are comparable with best-known monolayer
transition metal dichalcogenides (TMDs) because the radia-
tive exciton lifetime in MoS;, MoSe;, WS, or WSe, is of
order 0.1-1 ps% On the other hand, the first bright exciton in
Hf>CO; has a shorter lifetime of one order of magnitude, i.e.,
comparable with exciton lifetimes in two-dimensional group-
III nitrides as BN, AIN, GaN, and InN, which are of 0.01 ps
order”!' For computing the average radiative lifetime <T§T>

0

TABLE 1. Zero-temperature 7, and average room-temperature

(TfT> radiative lifetimes of the first bright excitons (all degenerated
BSE eigenstates A are included) in Hf3C,0, and Hf,CO;, where M),
is the mass of exciton and E), is the extrapolated energy of the first
bright excitons.

Hf;C,0, Hf,CO,
E, (eV) 091 272
uilA.  0.04 0.12
M, (au) 222 0.92
90 (ps) 022 0.02

(TfT) (ns) 11.44 0.06

of exciton at temperature 7, it was necessary to calculate the
exciton mass Mj, 2.22 a.u. and 0.92 a.u. for the Hf3C,0,
and Hf;,CO;, monolayers, where we sum effective masses of
electron and hole® in M point of BZ. At room temperature
(300 K) using Eqn. [l the average radiative lifetimes (75")
of Hf3C,0, and Hf,CO; are 11.44 ns and 0.06 ns. While in
Mo- and W- based TMDs, the first bright exciton has (t8")
of tenths of ns, it is much longer in Hf3C,0,. This behav-
ior mostly comes from Hf3C,0; first bright exciton energy
(0.9 eV) in the infrared region, while TMDs first bright exci-
ton energies (1.7-2.0 eV)* are in the visible region (see also
E% in Equation 5). We note that the short average radiative
lifetime of the first bright exciton in Hf,CO, is rather sim-
ilar to excitonic lifetimes in monolayer BN, AIN, and GaN
(tens of ps) 2! Linear dependence of the average radiative life-
times with respect to the temperature (Eqn. [5) has a slope of
38.13 ps/K and 0.19 ps/K for Hf3C,0, and Hf,CO,, respec-
tively. The Hf3C, 0O, value is comparable to that of the before-
mentioned TMDs 43

IV. CONCLUSIONS

In conclusion, motivated by recent discoveries of Hf-based
MXenes, we examined the geometric and optoelectronic prop-

erties with many-body methods. We presented a detailed
study of the fundamental properties following linear optics of
new 2D materials, Hf-based MXenes, Hf3C>O, and Hf,CO,.
Both semiconducting Hf3C,0, and Hf,CO,; MXenes have an
indirect quasiparticle gap of 1.08 eV and 2.18 eV, respec-
tively. Both Hf3C,0, and Hf;,CO, MXenes showed strong
exciton binding energies of 0.51 eV and 0.76 eV, respectively.
The excitation energies of direct excitons can be significantly
decreased by considering indirect excitons with exciton mo-
mentum q = I'M. The observed 4% and 13% absorptance in
the infrared region and the remarkable 17% peak at 4.8 eV
in the near UV region highlight the rich excitonic landscape
of MXene Hf3C,0,. Additionally, MXene Hf,CO, exhib-
ited a significant 28% absorptance peak in the visible spec-
tra. The emission properties of the Hf-based MXenes are il-
lustrated by the radiative lifetimes of the lowest-energy exci-
tons. We observed almost three orders’ lifetime difference be-
tween three-Hf-layered and two-Hf-layered materials at room
temperature: very long-lived (~ ten nanoseconds) excitons in
Hf3C,0, (longer than in transition metal dichalcogenides) vs.
short living (~ tens of picoseconds) in Hf,CO,.

SUPPLEMENTARY MATERIAL

See supplementary material for the Hf-based MXenes
structures used in the reported computations, optimization of
the conformers, and convergence of the necessary parameters
used in DFT, GW, and BSE calculations.
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