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1. Introduction

Momentum and thickness dependent excitonic and
plasmonic properties of 2D h-BN and MoS,
restored from supercell calculationst

Guang Yang,? Jiachen Fan® and Shang-Peng Gao [ *2°

The comprehension and manipulation of the propagation characteristics of elementary excitations, such as
excitons and plasmons, play a crucial role in tailoring the optical properties of low-dimensional materials. To
this end, investigations into the momentum (q) dispersions of excitons and plasmons in confined geometry
are required fundamentally. Due to advancements in momentum-resolved spectroscopy techniques,
research on the g-dependent excitons or plasmons in low-dimensional materials is beginning to
emerge. However, previous simulations of low-dimensional systems are adversely affected by the
artificial vacuum spacing employed in the supercell approximation. Furthermore, the significance of layer
thickness in determining the excitonic and plasmonic characteristics of two-dimensional (2D) materials
remains largely unexplored in the context of finite q. Therefore, an extensive investigation into the
momentum and thickness dependent behaviours of both excitons and plasmons in 2D materials, which
are free of the influence of vacuum spacing, is lacking at present. In this article, we develop a restoration
procedure to eliminate the influence of vacuum spacing, and obtain a comprehensive picture of
momentum and layer thickness dependent excitonic and plasmonic properties of 2D hexagonal boron
nitride (h-BN) and molybdenum disulphide (MoS,). Our restored simulations are not only found to be in
excellent agreement with available experiments, but also elucidate the roles of momentum and layer
thickness in the excitonic and plasmonic properties of 2D h-BN and MoS,. We further unveil the
dimensionality effect on the dispersion characteristics of excitons and plasmons in h-BN and MoS,. Our
contribution will hopefully promote the understanding of the elementary excitations propagating in low-
dimensional materials and pave the way for next-generation nanophotonic and optoelectronic devices.

the optical limit (g = 0) by optical spectroscopy. Thanks to the
growth of momentum-resolved spectroscopy techniques such

Two-dimensional (2D) materials have attracted significant
attention due to their versatile applications in a wide variety of
fields, including optoelectronics, photovoltaic cells, photo-
transistors, and other related areas. For the design of next-
generation nanophotonic devices, it is imperative to compre-
hend and manipulate the propagation of the elementary elec-
tronic excitations such as excitons and plasmons in low-
dimensional materials, considering that the excitons and plas-
mons can carry convertible and exploitable excitation energies
when propagating in materials. A fundamental stride in this
realm is to determine the excitonic and plasmonic properties at
different momentum transfers g and obtain the energy-
momentum dispersion relations. Previously published studies
have tended to focus on the excitonic or plasmonic properties in
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as g-resolved electron energy-loss spectroscopy (g-EELS) and
resonant inelastic X-ray spectroscopy, research on dispersions
of excitons or plasmons with finite g has flourished over the
past few years. To date, notwithstanding, relevant experimental
and theoretical focuses have been mainly on three-dimensional
(3D) systems,'*" while the study of g-dependent excitons and
plasmons of low-dimensional materials is just beginning to
emerge.”*” For example, Cudazzo et al* calculated the
behaviours of the lowest-energy excitons of graphene, mono-
layer hexagonal boron nitride (h-BN) and phosphorene at
different momenta and predicted them to have positive
dispersions. Torbatian et al*® predicted the dispersions of
intraband plasmons in electron-doped 2D materials such as
graphene and phosphorene. In terms of experimental research,
Liou et al.”” discovered positive dispersions for both wand w + ¢
plasmons of graphene through g-EELS, while Mohn et al.*®
measured the EELS of monolayer molybdenum disulphide
(MoS,) with the increase of g and detected positive dispersions
for the 7 + o plasmons. It was also concluded by Thygesen® that
the collective excitations of a 2D material are of excitonic nature
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for small g while plasmons become increasingly important for
larger g. To sum up, extensive research on the excitonic and
plasmonic dispersions with g in low-dimensional systems
requires further refinement.

In the context of periodic calculations for low-dimensional
materials, the construction of supercells is necessary for the
inclusion of adequate vacuum spacing between atom layers.
However, the adverse effects caused by vacuum spacing on the
g-dependent excitonic or plasmonic properties of low-
dimensional systems have been long neglected. The elimina-
tion of the influence of vacuum spacing has been reported to be
essential to obtaining the polarizability for calculating the
Raman spectra,* while eliminating the vacuum's influence on
the excitonic or plasmonic properties of low-dimensional
systems at finite g has rarely been performed. Furthermore,
the role of layer thickness in the excitonic or plasmonic prop-
erties of 2D materials is also of paramount importance. For
instance, the plasmonic peaks of h-BN and MoS, were found to
blueshift with the increasing thickness at g = 0,** whereas the
lowest-energy excitons of MoS, did not show apparent layer
thickness dependence on the optical limit.>* Beyond the optical
limit, the plasmonic peaks B and C of PtSe, were observed to
blueshift with sample thickness at finite q in both experimental
results and calculations.®® In conclusion, comprehensive
investigations into the intrinsic momentum and thickness
dependent behaviours of both excitons and plasmons in 2D
materials, which are free of the influence of vacuum spacing,
are in high demand at the moment.

As a consequence, we develop an effective restoration
procedure based on our prior work* to eliminate the influence
of artificial vacuum spacing in the periodic supercell calcula-
tions and further obtain the intrinsic excitonic and plasmonic
properties of 2D h-BN and MoS, at finite q for the first time. We
not only analyse the dependences of excitons and plasmons on
the momentum transfer and layer thickness, but also disclose
distinct dispersion modes of 2D excitons and plasmons
compared with their 3D counterparts in h-BN and MoS,.
Corroborated by the latest experimental measurements, our
calculations and analysis provide a deeper insight into the
elementary electronic excitations propagating in
dimensional materials, which guides the design of next-
generation nanodevices involving light harvesting and trans-
port of excitation energy.

low-

2. Methods

2.1 Computational details

The Vienna ab initio simulation package (VASP) code® is used to
perform ground state calculations, where projector-augmented-
wave (PAW) potentials*®® are chosen and the generalized
gradient approximation (GGA) in Perdew-Burke-Ernzerhof
(PBE) is employed for the exchange and correlation functional .’
The plane-wave cut-off energy is set as 400 eV for h-BN and
520 eV for MoS,, and Monkhorst-Pack grids of 12 x 12 x 3 and
12 x 12 x 1 are chosen for bulk and 2D systems, respectively.
The atomic positions of the h-BN and MoS, are relaxed with the
maximum Hellmann-Feynman forces on each atom being less
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than 0.001 eV A~" to obtain in-plane lattice constants of h-BN
and MoS, as 2.51 A and 3.20 A, respectively. The DFT-D3
method with Becke-Johnson damping®® is adopted for van der
Waals dispersion correction. To avoid spurious interactions
between periodically repeated slabs, all calculations are per-
formed in a supercell geometry where the 2D slabs have been
separated by vacuum layers larger than 20 A as depicted in
Fig. 1(a). Moreover, stable configurations for few-layer h-BN and
MosS, are further considered to adopt 2H (bilayer) and ABA
(trilayer) stacking orders just as their bulk counterparts (see
Fig. 1(b)). Note that the thicknesses of n-layer 2D materials d,p
are estimated from the distance between the centres of the
outermost layers of (n + 1)-layer 2D materials as we estimated in
previous work,** which also has been adopted in the work of
Laturia et al.?® Other estimation methods entail considering the
thickness of monolayer systems as the interlayer spacing of the
respective bulk materials*® or as the vertical distance between
the outermost atoms plus extensions of the orbitals into the
vacuum region. All three estimation methods are effective in
restoring the excitonic or plasmonic properties of 2D materials
and the difference arising from these methods is negligible.

As for the g-dependent excitonic properties of 2D materials,
the electron-hole interaction is essential for accounting for the
excitonic effects. Hence, we employ the GW method and solve
the Bethe-Salpeter equation (BSE)**** within the VASP code. To
generate quasiparticle energies, single-shot G,W, calculations
are conducted using the screened Coulomb potential and
polarizability computed from the PBE-GGA wavefunctions and
eigenvalues. The number of empty bands is no less than 200.
Based on the Go,W, quasiparticle energies, the BSE calculations
at finite g can be performed. Since this approach is computa-
tionally demanding, the numbers of occupied and unoccupied
bands are carefully selected as the same and equal 4, 8, 12, and
8 for monolayer, bilayer, trilayer, and bulk h-BN, respectively.
For more demanding systems of MoS,, as many as 13 occupied
and 13 unoccupied bands are chosen.
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Fig. 1 (a) The supercell model of the 2D material intercalated with
vacuum spacing. Note that the supercell thickness dsc equals the
thickness of the 2D material d,p plus the vacuum thickness. (b) Side
views of arrays of bilayer and trilayer models, showing 2H and ABA
stacking modes, respectively.
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The plasmons of 2D materials are usually recognized in the
energy-loss functions at energies higher than the excitons,
which means more unoccupied bands need to be included in
the computations. However, including more unoccupied bands
will substantially increase the computational cost in the GW-
BSE formalism. Therefore, a feasible alternative—the linear
response time-dependent density functional theory (LR-
TDDFT)*® method with the random phase approximation
(RPA)—is employed to calculate the g-dependent plasmonic
properties within the GPAW code,** where the same k-points
and plane-wave cut-off energies are used as above for the
ground-state DFT calculation. With lower cost in computation,
the empty bands can be more than 50 for h-BN and MoS,. All
momentum transfers are set along the I'M direction in the first
Brillouin zone of the corresponding hexagonal lattices.

2.2 The restoration procedure for extracting intrinsic g-
dependent excitonic and plasmonic properties from supercell
calculations

In periodic calculations, supercells need to be constructed for
low-dimensional materials. As for the supercells for 2D
materials, sufficient vacuum spacing is added between peri-
odic 2D slabs to avert unphysical interlayer interaction. Even
though the ground-state properties, quasiparticle band
structures, and exciton binding energies of supercells can well
converge with respect to the vacuum thickness, the drawback
of the supercell approximation is that the dielectric functions
could only converge to the properties of the vacuum instead of
the original 2D systems. We have already tackled this problem
and devised a restoration method for the dielectric functions
and optical properties of
Following our previous procedures,** we will reveal how to
obtain intrinsic g-dependent excitonic and plasmonic prop-
erties explicitly.

To begin with, the macroscopic dielectric function &y at
finite q calculated within the many-body BSE formalism***>*¢
can be written out as follows:

low-dimensional materials.

34

1
em(g,w) =1+ av(q)ZNM‘l
e

>

’
nymk nyngk

<I’l|7 k}eiiq'r|l’lz7 k

(f’llk 7ﬁlzk+‘1)
E;(q) — (0 +in)
1)

where v(q) stands for the Coulomb interaction, and the eigen-
values and eigenstates of the effective two-particle Hamiltonian
are denoted as E; and 4,, respectively. From eigenstates A; we
can further identify spectra characteristics as mixtures of
different independent-particle transitions between the occu-
pied and unoccupied eigenstates of a single-particle Hamilto-
nian. F,; is the occupation number of the electronic state |n,k).

The overlap matrix N, is defined as Y [AE’I"Z]*AZ}"Z. Q is the

nyny
volume of the calculated system's unit cell in real space, which
will be altered with the choice of vacuum thickness d in the
supercell approximation. In practice, the vacuum spacing

+ ) A7 X (ny kK + q|e+"‘”‘n3,k/>A:,"3""k/ X
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employed is large enough for the electronic structures to
converge, but ey is still affected by Q.

The imaginary and real parts of the macroscopic dielectric
functions at finite g can further be obtained from eqn (1) to
analyse this influence of vacuum spacing as follows:

Im['gM(q7 w)] = gv(q)ZNM’_l Z <nl k!e_"'"|n2 k
e nynak n;rmk’ ’ ’

+ ) A5 5 g K glem T | K A (o
o) HEa) - 0), @)

1
Refem(q, )] =1+ 5"(‘1);]\%'71

Z <n|k|e”"‘"|n2,k,

nynyk nyngk
) AP x (g, K+ et |, KDY AL (o
~ fuaka) P(Ea(g) — ), (3)

where P stands for the principal value of the integral and we
have used (E — @ F in) ' = P(E — w) " + ind(E — w) based on
the Plemelj formula.

Meanwhile, a similar derivation process within the random
phase approximation can be performed based on the following
expression:*’

2(fuk — Souksa) [, e+ gle™ |, K) |
(Em,k+q - En,k) - (w + 17])

(g, 0) = 1+ 2v(@)Y

nm,k

(4)

Therefore, the g-dependent imaginary and real parts of the
dielectric function in the RPA can also be obtained as:

Imfen(g,0)] = 5(0)0(Entss = Eni = ©)
Mk )

Xz(ﬁlk 7fmk+q)|<mak + q!eiiq'r‘n7k>|27

Refow (4,0)] = 1+ /@) P(Enkrg — Eni — ) .
nm.k 6

><2(fnk —ﬁ”k+q)|<l1’l,k + q!eiiq"‘}n’k>|2.

From eqn (2) and (3) or eqn (5) and (6), we can conclude that
when the vacuum spacing is large enough for the electronic
structures to converge, the values of Im[ey(q, )] and Re[epm(q,
w)] — 1 should both be proportional to the inverse of unit cell
volume Q, regardless of the level of theory. Hence, the intrinsic
g-dependent imaginary and real dielectric functions of 2D
materials independent of vacuum spacing can be restored from
the results of supercells as follows:

Imlen ()l = 2 Imlen 4, )l = £ Tmlew (4. 0)lsc: )
QSC
Relew (4 0)lp = 1 + 5 [Relew 4, 0)lsc — 1

=1+ ZE [Re[eM(q, )lse — 1].

(8)
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From the intrinsic imaginary dielectric functions at different
momenta, the intrinsic g-dependent excitonic properties of 2D
materials can be obtained. It is worth noting that the restora-
tion procedure could not alter the peak positions of the imag-
inary dielectric functions but their intensities, which can reflect
the oscillator strength of the excitons. As for the intrinsic
plasmonic properties of 2D materials, we should pay attention
to the energy-loss functions at finite g, which involve both the
imaginary and real parts of the dielectric functions as follows:

ol Im(ey (g, w)]5p
L(q, ) Reé? lem(q, ©)]op + Im? lem(q, ‘U)}zD. ©)

Therefore, the intrinsic g-dependent excitonic and plas-
monic properties of 2D materials can finally be obtained from
periodic supercell calculations via eqn (7)-(9). It is noted that
previous works**~** primarily focused on truncating the long-
range Coulomb interaction when it comes to considering the
influence of vacuum spacing in supercell calculations. However,
the dielectric functions calculated with the truncated Coulomb
interaction still vary significantly with the increasing vacuum
thickness and are not consistent with the experimental
measurements, as depicted in Fig. S1 and S2.f Hence, the
dependences on the vacuum thickness predicted by eqn (7) and
(8) are independent of the employment of the Coulomb trun-
cation. Our restoration approach is actually distinct from the
effect of cancelling the spurious Coulomb interaction.

Furthermore, our simulation results after restoration show
great consistency with experimental measurements. As shown
in Fig. 2, the g-dependent restored (solid lines) and unrestored

Experiments
— d, =32A
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Fig. 2 The restored energy-loss functions of monolayer MoS,
compared with experimental measurements?*° (green dots) from
vanishing q to finite g along I'M. The restorations are based on the
supercell thickness of 32 A, and unrestored results are also illustrated
as dashed lines for comparison.
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(dashed lines) energy-loss functions L(q,w) of monolayer MoS,
are compared with available experimental measurements®®?*
illustrated as green dots. As a result, the restored energy-loss
functions agree well with experimental results from vanishing
q to finite g, while the unrestored L(gq,w) directly obtained from
supercell calculations demonstrate red-shifts from measure-
ments, suggesting the necessity to extract the intrinsic dielectric
functions and energy-loss functions of low-dimensional mate-
rials from periodic supercell calculations. Note that the g-
dependent energy-loss functions of monolayer MoS, restored
with different vacuum thicknesses, i.e. different scaling factors,
are also consistent with experimental results as illustrated in
Fig. S3.1

3. Results and discussion

3.1 Intrinsic g-dependent excitonic properties of 2D h-BN
and MoS,

As shown in Fig. 3 and 4, the intrinsic excitonic properties of 2D
h-BN and MoS, beyond the optical limit can be characterized by
the g-dependent imaginary dielectric functions and the g-E
dispersion diagrams. We chose the lowest-energy excitations
(also called A excitons in this article) as exemplary excitons for
the following analysis. For 2D h-BN, the A excitons are mainly
situated at around 5.5 eV in the optical limit and show positive
dispersions with the increase of g as shown in Fig. 3(a)—(c) and
(e)-(g). A similar dispersion has been found for the 3D coun-
terpart in Fig. 3(d) and (h), which agrees well with previous
experiments on bulk h-BN.** Note that according to eqn (7), our
restoration method only rescales the imaginary part of the
dielectric function with no change in the peak positions.
Therefore, the intrinsic exciton dispersion of monolayer h-BN in
Fig. 3(e) agrees well with unrestored predictions by Cudazzo
et al.”® As for 2D MoS,, the lowest-energy excitonic features
appear at around 2.0 eV at vanishing g, and also demonstrate
positive dispersions as q increases (see Fig. 4(a)—(c) and (e)-(g))-
Likewise, bulk MoS, exhibits a positively dispersive A exciton as
shown in Fig. 4(d) and (h), which is consistent with the results
measured by Habenicht et al'® Moreover, we can observe
declines in the exciton peak intensities as g increases for both h-
BN and MosS, regardless of 2D or 3D form, which is universally
observed in previous experiments.

3.2 Intrinsic g-dependent plasmonic properties of 2D h-BN
and MoS,

As for the intrinsic plasmonic properties of 2D h-BN and MoS,
shown in Fig. 5 and 6, we mainly focus on the two prominent
plasmons in the energy-loss functions. To keep in line with
analogous peaks in graphite and graphene, we label the two
peaks as the 7 peak (low-energy feature) and the m + o peak
(high-energy feature) throughout this paper. For 2D h-BN, we
discover positive dispersions for both 7 and 7 + ¢ plasmons as
shown in Fig. 5(a)-(c) and (e)-(g). Meanwhile, the plasmonic
dispersion in 3D h-BN is predicted to resemble its 2D counter-
part as depicted in Fig. 5(d) and (h), and is also in good agree-
ment with previous measurements on bulk h-BN.">*

Nanoscale Adv., 2023, 5, 6990-6998 | 6993
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(a—d) Imaginary parts of the intrinsic dielectric functions Im em(q, w) of h-BN from monolayer to bulk calculated for increasing values of g

I'M from monolayer to bulk. Open circles are drawn to indicate the

dispersions of the lowest-energy excitons (also called A peaks in this article).

Furthermore, the peak intensities of both 2D and 3D 7 and 7 +
o plasmons of h-BN are predicted to decrease with the increase
of g, as shown in Fig. 5(a)-(d). Note that the decreases in the 7
plasmon peaks are subtler compared to those in the w + o
plasmons. In 2D MoS, the plasmonic dispersions are more
complicated: the 7 plasmons show no obvious dispersion as q
increases, while the w + o plasmons demonstrate positive
dispersions as depicted in Fig. 6(a)-(c) and (e)-(g). It is worth
noting that the dispersions of the w and m + ¢ plasmons in
monolayer MoS, agree well with the latest experimental
results.”® Likewise, 3D 7 and 7 + ¢ plasmons are predicted to
have similar dispersions as 2D plasmons for MoS, as shown in
Fig. 6(d) and (h), which are also consistent with the experi-
mental results of bulk MoS,." As for the peak intensities in the
energy-loss spectra of 2D and 3D MoS,, the 7 plasmon peaks
barely change with the increase of g, while the 7 + ¢ plasmon
peaks show apparent declines, as shown in Fig. 6(a)—(d).

3.3 Dimensionality effects in the dispersion modes of
excitons and plasmons of h-BN and MoS,

We have observed similar positive dispersions of excitons and
plasmons in both 2D and 3D forms of h-BN and MoS,. This

6994 | Nanoscale Adv, 2023, 5, 6990-6998

raises the question of whether the dimensionality has any
impact on the excitonic and plasmonic properties beyond the
optical limit. Upon closer examination of the dispersion
curvatures depicted in Fig. 3-6, distinctions in these disper-
sions emerge as the dimensionality changes from 2D to 3D. We
can classify the dispersions of excitons and plasmons into three
modes. Mode I is the quasilinear dispersion (proportional to g),
which has been measured in the plasmon excitations of carbon
nanotubes®® and graphene.> Mode II is the parabolic dispersion
(proportional to g*) and is predicted as the characteristics of 2D
Wannier-Mott excitons (such as the lowest-energy bright
exciton in graphene®) and experimentally measured in the
plasmons of 3D bulks.'**>* Mode IIl is called the ,/g dispersion
(proportional to ,/q) and has been considered as the charac-
teristics of 2D Frenkel excitons (such as the lowest-energy bright
exciton in h-BN**) and plasmons of 2D electron gas.** We first
look at the dispersion behaviours of the lowest-energy excitons
in h-BN and MoS,. It is obvious that A excitons in both mono-
layer h-BN and MoS, have characteristic /g dispersions, which
are consistent with the dispersion mode of Frenkel excitons
according to Cudazzo et al.,”® whereas their bulk counterparts
show linear-like dispersions which also influence the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dispersions of bilayer and trilayer systems. As for the dispersion
behaviours of plasmons, the situation becomes different
between 1 and 7 + ¢ plasmons. The 7 plasmon dispersions are
predicted to have the same modes in 2D and 3D forms for h-BN
(parabolic mode) and MoS, (non-dispersive mode). Neverthe-
less, the © + o plasmons show distinct features in dispersion
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Fig. 7 The dispersions of the @ + o plasmons and A excitons of
monolayer (a and b) h-BN and (c and d) MoS, compared with (e—h)
their bulk counterparts along I'M as a function of g, ,/q or g as noted.
Note that linear fittings are depicted as dashed grey lines.
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modes between 2D and 3D forms. In both h-BN and MoS,, the
dispersions of 7w + ¢ plasmons demonstrate linear-like modes in
monolayer systems. Meanwhile, their bulk counterparts show
3D-characteristic parabolic dispersion modes, which are often
detected in bulk h-BN and MoS,"** and affect the bilayer and
trilayer dispersions as well. We can further rescale the 2D and
3D excitonic and plasmonic dispersions of h-BN and MoS, with
different dependences on g, g* or \/q as depicted in Fig. 7. As
a consequence, we observe that the dimensionality effect indeed
plays an important role in the dispersion characteristics of
excitons and plasmons of h-BN and MoS,.

3.4 Thickness dependences of excitons and plasmons of h-
BN and MoS, at finite g

Apart from dispersion modes, we can study the significant
interplay between the layer thickness and the positions of
excitonic and plasmonic peaks at fixed q. As illustrated in Fig. 8,
the energies of A excitons in h-BN and MoS, barely change with
the increase of layer thickness at finite g, which is consistent
with the experimental data of MoS, at zero momentum.®* As for
plasmons, the ™ + o peaks are predicted to blueshift from
monolayer to bulk in both h-BN and MoS, at finite g. However,
the thickness dependences of the w plasmons beyond the
optical limit are found to differ between h-BN and MoS;: in h-
BN, the energies of the 7 plasmons show nearly no evolution
as layer thickness increases, whereas the 7 plasmons blueshift
with the increasing layer thickness in the case of MoS,. Note
that the thickness dependences of the 7 and 7 + ¢ plasmons in
MoS, at finite g are similar to the experimental measurements
at q — 0.31,56

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In conclusion, we have developed an effective restoration
procedure to eliminate the influence of artificial vacuum
spacing in the periodic supercell calculations based on the
relationships between the vacuum volume and the dielectric
functions at finite g and have successfully extracted the intrinsic
excitonic and plasmonic properties of 2D h-BN and MoS,
beyond the optical limit. We have further elucidated the role of
momentum transfer in the intrinsic excitonic and plasmonic
properties of 2D h-BN and MoS,. Specifically, we have discov-
ered positive dispersions for the A excitons and 7 + ¢ plasmons
of 2D h-BN and MoS,. As for the m plasmons, momentum
transfer is predicted to have different effects, resulting in
positive dispersions for 2D h-BN and no dispersion for 2D MoS,.
Moreover, we have disclosed distinct dispersion modes in 2D
excitons and plasmons of h-BN and MoS, compared with their
3D counterparts, manifesting the important role of the
dimensionality effect in the excitonic and plasmonic disper-
sions. We have also discovered the thickness dependences of
the intrinsic excitonic and plasmonic peaks in 2D h-BN and
MoS,; at finite g. The calculations are in good consistency with
the latest experimental measurements. Looking ahead, our
restoration approach is promising to be extended to a broader
range of materials, such as the in-plane anisotropic semi-
conductor phosphorene and the thin layers of transition metal
carbides and nitrides (MXenes), alongside the varied realm of
van der Waals heterostructures (vdWHs). In general, our
simulations provide a comprehensive description of the
intrinsic momentum and thickness dependent behaviours of
excitons and plasmons in low-dimensional systems, which
advances the understanding of the propagation mechanism of
excitons and plasmons in confined geometry and paves the way
for novel nano-electronic and optoelectronic devices.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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