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We theoretically investigate the electronic and optical properties of nanostructured MoS, bilayers, consisting
of vertically stacked monolayer (ML) of pristine MoS, and ML of periodic triangular nanoplatelets or holes. Our
calculations reveal that the interplay between edge atoms in periodic nanostructures, size of nanostructures, and
distances between them, control the appearance and size of the band gaps, and optical response, including the
number and intensity of peaks; the nanostructured bilayers with periodic nanoplatelets in particular exhibit rich
optical properties. Specifically, we find the electronic states, originating from the atoms of the ML with either
periodic nanoplatelets or holes, get embedded between electronic states of pristine MoS, ML, but now with red-
and blueshifted valence and conduction bands, respectively. For a ML with periodic nanoplatelets, electronic
states originate primarily from p orbitals of S atoms, and for a ML with periodic holes, they originate from
d orbitals of Mo atoms. The electronic structure is accessed through the self-consistent tight-binding (SCTB)
method, which is the extension of our tested parametrized TB model that includes nonorthogonal sp3d> orbitals
and spin-orbit coupling. We systematically examine the parameters in our SCTB to avoid possible distortion of
electronic states, ensuring high quality of our predictions.
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I. INTRODUCTION

Semiconducting transition metal dichalcogenides (TMDs),
such as MoS,;, WS,, MoSe,, or WSe;, have reportedly ex-
hibited distinct, layer dependent properties, which have qual-
ified them to serve as platform to uncover intriguing two
dimensional electronic physics [1-8]. Revealed features also
inspired quest for appropriate applications, including solar
cells, [5,9] field effect transistors [10-12], or valleytronics
[13-15], to name just a few examples.

Further modifications of specific properties of pristine
TMDs, where our primary focus is on the electronic and
optical properties, have been based on altering certain aspects
of the structure. Attention of numerous theoretical and exper-
imental investigations has been directed toward investigations
of nanostructured TMDs, such as nanowires, [16-21] and
nanoplateletes [22-24], vertically and laterally stacked het-
erostructures of different TMDs [25-31], defects in a single
monolayer (ML) of pristine TMDs [32,33], and controllable
effects of external electric and magnetic fields [14,34-41].

For example, for nanostructured MoS,, presence of edges
was shown to lead to the occurrence of electronic states in the
band gap [23,24]. On the one hand, this fact implies potential
applications as thermoelectric materials or as catalysts [23].
On the other, it makes the existence of band gap, as one of
the advantages of pristine MoS, over graphene, lost for the
finite-sized MoS,. Interestingly, by engineering the edges of
MoS; nanowires, i.e., for a certain combination of the edge
atoms that influence nonbonding S-atom p orbitals and Mo
atom d orbitals, one could open and tune a band gap [24].

Next, it was experimentally demonstrated that differ-
ent TMDs can be stacked vertically ML by ML, forming
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vertically stacked TMD heterostructures [25,27,29,42]. The
choice of constituent components and the number of MLs
of given TMD in a heterostructure dictates the structural
stability and the electronic properties of these systems [25-28,
43-45]. For example, intrinsic strain in MoS,;/MoSe, or
MoSe;/MoTe, heterostructures was induced by the lattice
mismatch between constituent TMDs, and was theoretically
demonstrated to influence the structural stability [43]. Further-
more, it was suggested that bilayer TMD heterostructures, in
particular MoS, /WS, could be used in solar cells because of
their type II alignment where MoS, behaves as acceptor, and
WS, as donor [9]. A recent experimental report introduced
MoS;,-WS; hybrid structures that combined both vertical and
in-plane heterostructures [46].

Point and line defects in a ML of TMDs were shown
to modify the electronic, optical, and transport properties
[32,33,47]. For example, Mo (or W) point defects in 1ML
of MoS, (or WS,) introduce midgap states, which are spa-
tial localized on the defect, behaving similarly to resonant
scatterers in graphene [32]. Also, defects in a IML of a
TMD could lead to the enhanced nonradiative recombination
[48], and should be controllable for potential application in
optoelectronic devices [49].

Here, we explore an alternative avenue in tuning the elec-
tronic and optical properties of TMD-based nanomaterials;
we introduce a nanostructured TMD-based bilayer system. It
consists of a ML of a pristine TMD, and a two-dimensional
(2D) array of a few atom TMD-based nanostructures in the
second ML, where the MLs interact through van der Waals
(vdW) force. We cast MoS; as a representative of TMDs,
given that pristine and nanostructured MoS, has been widely
studied both experimentally and theoretically [22-24,50]. For
periodic nanostructures, we consider triangular nanoplatelets
and holes.
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We find that the interplay between edge atoms in periodic
nanoplatelets or holes, their sizes, and distances between
them, control the appearance and size of the band gaps,
and optical response. Our calculations reveal the electronic
states, originating from the atoms of the ML with either peri-
odic nanoplatelets or holes, get embedded between electronic
states of pristine MoS, ML, but now with red- and blueshifted
valence and conduction bands, respectively. For a ML with
periodic nanoplatelets, electronic states originate primarily
from p orbitals of S atoms, and for a ML with periodic
holes, they originate from d orbitals of Mo atoms. Whereas
the nanostructured bilayers with periodic holes exhibit rather
poor optical response, the bilayers with periodic nanoplatelets
exhibit rich optical properties, characterized by the number
and intensity of peaks.

Given rapid progress in fabrication techniques of TMD-
based systems, such as reduced dimensionality nanos-
tructures [16,17,22,25,26,50,51], vdW heterostructures [46,
51-53], and ML alloys such as MoS,-WS, or MoSe;,-WSe,
[46], it is reasonable to expect experimental realization
and characterization of arbitrary TMD-based nanostruc-
tured system with control at subnanometer scales, see, e.g.,
Refs. [21,25,46,50,54,55]. In this light, our theoretical find-
ings could motivate further experimental and theoretical
investigations of the nanostructured bilayers and inspire po-
tential applications in, e.g., high-performance optoelectronic
devices [5,46,56], including their targeted design [57].

The electronic structure of our nanostructured MoS, bi-
layer systems is resolved within a self-consistent tight binding
(SCTB) model. We advance our parametrized tight binding
(TB) model with nonorthogonal sp>d> orbitals and spin-orbit
coupling (SOC) [24,27,41] to include a self-consistency loop
[24,58,59]. In such a way, we prevent possible occurrences
of an improper charge redistribution and nonphysically large
charge transfers at surface of a few-atom nanostructure in the
second ML of our nanostructured MoS, bilayer system. We
systematically test parameters in our SCTB, ensuring high
quality of our predictions.

We also note that our parametrized TB model (without SC
loop) has been previously tested; its predictions of the elec-
tronic structure of pristine 1ML, 2ML, and bulk MoS, [24],
nanostructured MoS, [24], and vertically stacked MoS,/WS,
heterostructures [27], exhibited good agreement with findings
extracted from density functional theory (DFT), GW, and
experiment.

II. METHOD
A. Model structure

Figures 1(a) and 1(b) show the structure of the nanostruc-
tured MoS, bilayer system analyzed in this work. Our model
systems consist of a bottom ML of pristine MoS,, and a 2D
array of few-atom MoS; nanoplatelets in the top layer. The
top layer is bounded to the MoS, ML by weak vdW forces.

We focus on triangularly shaped nanoplatelets [Fig. 1(a)]
because this shape has been found in experimental studies
[25,26,46,50,54,60]. For example, Cain et al. demonstrated
an on-demand, temperature tunable synthesis of vertically
stacked, in-plane and hybrid triangular heterostructures, and
alloying within a ML [46]. Gong et al. reported synthesis
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FIG. 1. (a) Structure of MoS, nanoplatelet; top panel depicts
a Mo;S;; nanoplatelet with Ny, = 2, and bottom panel MogSy
with Ny, = 3; (b) periodic nanostructured MoS, bilayer system,
consisting of MoS, ML and a 2D array of MoS, nanoplatelets in
the second layer. Nanoplatelets are separated by d, and d,, and by
d. from bottom MoS, ML. Typically d. = ¢/2 (see also the text
and Fig. 4). Atomistic structure is shown in the top panel and the
geometric sketch at the bottom; (c¢) calculated DOS for pristine 1ML
MOSz (tOp), and M03S12 with I\IM0 = 2, and MO6SZ() with NMo =3
nanoplatelets (bottom); (d) calculated DOS for our nanostructured
bilayers with (d,, d,) = (2a,2a) (blue shaded region) and (d,, d;) =
(a,a) (orange shaded region). The vertical dashed lines at —0.895 and
0.890 eV correspond to the valence band maximum and conduction
band minimum of pristine 1ML MoS,, respectively; (e) calculated
real part of optical conductivity, Re[o ], for our MoS,-based systems
with (d,, d,) = (2a,2a) (blue line) and (d,, d,) = (a,a) (orange line).
Gray shaded region shows Re[o ] for pristine IML MoS,. Please note
scale of Re[o] for IML MoS, is given on the right ordinate and
differs from those of nanostructured bilayer systems with (0,0) and
(a,a).

of vertical and in-plane triangular heterostructures consisting
of MoS, and WS, MLs [25] and MoSe, and WSe, MLs
[26]. The reader is referred to Refs. [21,25,46,50,54,55] for
additional details on structural characterization of MoS, (and
other TMD-based) nanoplatelets.

By combining experimentally extracted STM images and
DFT calculations, Lauritsen et al. found that the edge structure
of triangular MoS, nanoplatelets consist of Mo edges fully
covered with S atoms [50]. Namely, a triangular shape of
MoS; nanoplatelets indicates only one of two low index
edge terminations of an MoS, hexagon, either the (1010)
Mo edges or the (1010) S edges. Experimental data coupled
with DFT calculations determined that (1010) Mo edges fully
covered with S terminate MoS, nanoplatelets [22,23,50]. For
completeness, detailed and more general discussion regarding
trends in surface composition can be found in Ref. [61].
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Triangular TMD nanoplatelets have been employed in
different theoretical studies [22,23,27,54]. For example, tri-
angular TMD-based nanoplatelets were used for development
and testing of a predictive growth model that involved thermo-
dynamic and kinetic factors, including the criteria for vertical
stacking [54]. Also, Li and Galli calculated the electronic
properties of homogeneous MoS, triangular nanoplatelets
[model nanoplatelets identical to ours in Fig. 1(a)], and
nanowires based on triangular nanoplatelets [23].

Our model nanoplatelets are characterized by their size,
i.e., by the number of Mo and S atoms in the nanoplatelet,
and the number of Mo atoms at the edge, Nyj,. For example,
the top nanoplatelet in Fig. 1(a) is defined by Mo3S;, and Ny,
= 2, and the bottom nanoplatelet by MogS,g and Ny, = 3. In
this work, we consider nanoplatelets ranging from Ny, = 2
to Nmo = 4.

Experimentally, triangular nanoplatelets as small as Nyj, =
4 were observed. Combination of experimental data and
DFT calculations identified the nanoplatelets with the edge
configuration with 100% S coverage to be the most stable
[50]. For smaller triangular nanoplatelets, Ny, < 4, Lauritsen
et al. reported experimentally plausible edge configurations,
including also S concentrations at the edges of 50% and 75%
[50]. In this work, we consider triangular nanoplatelets with
edge configuration with 100% S coverage [e.g, as shown in
Fig. 1(a)], but also discuss the influence of the reduced S
concentration at the edges of 75% and 50% [see top panels
in Fig. 5(a) and Ref. [50]].

Nanoplatelets in the array [top ML in Fig 1(b)] are sep-
arated by d, and d, in the a and b directions, respectively.
We vary the distances between nanoplatelets in the array, and
also the distance between top and bottom MLs, d.. Here, we
consider (d,, dp) varying from (a,a) to (4a,4a).

Within our study we also discuss the case where
nanoplatelets and space between them in the top ML are
replaced by holes and MoS,, respectively. In a simple term,
it is an “inverse” structure to our original structure, where, as
a result, the top ML of the nanostructured bilayer consists of
periodic triangular holes in MoS, matrix. For more details,
see Fig. 7 and the corresponding discussion.

B. Our approach

The electronic structure of our nanostructured MoS, bi-
layer systems is resolved in the framework of a SCTB method.
We introduce a self-consistency loop to our previously devel-
oped and tested parametrized TB model, with nonorthogonal
sp>d’ orbitals and SOC [24,27].

By incorporating the self-consistency loop to our model,
we avoid the risk of the appearance of nonphysically large
or spurious charge transfers in the array of nanoplatelets in
the top ML of our structure [cf. Fig. 1(b)]. This could cause
the displacement of surface states and distorted density of
states (DOS) [24,58,59]. We remind the reader that in ab
initio calculations, the Hamiltonian is solved self-consistently,
ensuring a quasicharge neutrality of each atom [58].

Converged eigenvalues and eigenvectors from our SCTB
model are then used to calculate total DOS, density of states
projected on atoms and/or orbitals of atoms (pDOS), and
the real part of optical conductivity in dipole approximation,

which gives us information about the optical response of the
material [8,24,62-70].

Parametrized TB model. Our parametrized TB model with-
out self-consistency has been already employed to describe
the electronic and optical properties of pristine 1ML, 2ML,
and bulk MoS;, nanostructured MoS, [24], and vertically
stacked MoS, /WS, heterostructures. [27] Also, within our
approach we established the role of external electric [27] and
magnetic fields [41].

Detailed discussion regarding the implementation of our
parametrized TB model can be found in Refs. [24,27.41].
Here, we provide a brief overview.

Interactions between atoms within a ML, S-S, Mo-S, Mo-
Mo, are constrained to the nearest neighbor, and between MLs
to the second nearest neighbor, sulfur atoms [24,27]. For each
atom (Mo or S), SOC includes only intra-atomic states with
nonzero angular momentum [24,71,72]. Our parametrized
TB model, when applied to MoS; uses a set of ninety six
parameters derived by Zahid et al. that includes the on-site
energy terms, SOC, and energy and overlap integrals [24,
73-77].

Self-consistency.Within our parametrized TB method
[24,27,41] and employed parametrization [74,76], the on-site
energies were fixed and fitted to reproduce the band structure
of IML, 2ML, and bulk MoS, [24,74]. In order to account for
interatomic charge redistribution in our nanostructured MoS;
bilayers [cf. Fig. 1(b)] and avoid occurrence of distorted DOS
[24,58,59,78,79], we impose the local charge neutrality within
self-consistency. Specifically, within our SCTB approach, on-
site energies get shifted until the system reaches a stable
equilibrium contingent on charges; for additional details see
Refs. [24,58,59,80].

We are solving the following problem [81-84]:

> [Hscrs 125 )Cin (', B)
b.g

= €e,(k) Y SiL ()b, B), M
v.p

where Hgcrg and S are SCTB Hamiltonian and overlap ma-
trix, respectively. €, (k) are eigenvalues and Cy , the expansion
coefficients for the eigenvectors of the band n. b (V') labels a
basis atom, and « () orbital types on that atom.

The SCTB Hamiltonian is given by [81,82,84,85]

[Hscrs1 (k) = [Hrs1o% (k) + SUien[(Q)"" — Z))
+ (O - Z)]suh @

where [Hrg] is the parametrized TB Hamiltonian, [24] Qg’l“" is
the Mulliken charge on the atom b, and Z} is the targeted bulk
value of the number of valence electrons in the atom b. We re-
mind the reader that Q)™ =Y~ > {1/(exp[ksT (€,(k) —
Ef)]+ I}Clzn(b, a)S(K)Cy (b, ), where E is the Fermi en-
ergy, and kgT is thermal smearing [85-87]. Urcn is the local
charge neutrality constant, where we adopt U cn = 8 eV after
testing different values (see below).

In the self-consistent loop, we solve Eq. (1), which de-
pends on charges, to obtain eigenvalues and eigenvectors,
and then calculate Mulliken charges using eigenvalues and
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eigenvectors. For each and every atom b in the supercell, we
impose the convergency criterion:

|(Qi§/lun)n=i+1 - ( 24“11)it=i| <tol, 3

where we adopt tol = 10~ after testing different values of tol
(see below).

An efficient convergence in our SCTB calculations is
achieved through implementation of a modified Broyden’s
method introduced by Johnson [88]. Each self-consistency
cycle contains information from all previous iterations [89],
and is solved within the Srivistava’s computational scheme
[90].

Within our SCTB approach, we need to find appropriate
values for parameters Upcn and tol. Upcn controls how rig-
orous is the constraint on the final charges [cf. Eq. (2)]; the
higher the value of Uy cn, the more rigorous is the constraint
on the charge. In Appendix A, we analyze U cn varying from
Uren =0eV to 12 eV, where U cn = 0 eV corresponds to the
case without self-consistency [cf. Eq. (2)]. We compare DOS
and Fermi energy, E, for different values of U; cn. Our calcu-
lations reveal that states in DOS obtained from parametrized
TB model without SC (Urcn = 0 eV) are distorted, making
the constraint on the local charge neutrality necessary. Our
analysis demonstrates that Up cx = 8 eV is an acceptable value
[cf. Fig. 8 in Appendix Al].

Next, regarding a pertinent value for tol [Eq. (3)], in
Appendix A, we start with tol = 1072 and increase the re-
quirement for the convergence to fol = 107°. By taking into
account how values of tol influence DOS and E, we find that
tol = 10~ is an appropriate value [cf. Fig. 9 in Appendix A].

Finally, let us briefly reflect on the degree of self-
consistency implemented in this work. Starting from our
parametrized TB model that, by definition, artificially as-
sumes no charge transfers, we add a relatively simple function
[please see the second term in Eq. (2)] to account for an
additional contribution originating from charge fluctuations.
In addition to on-site contributions [b=>' in the second term in
Eq. (2)], we also have atoms’ pairwise interactions depending
on the overlap between orbital « of atom b and orbital g of
atom b/, i.e., [(QY! — Z0) + (QM!! — Z9)], scaled by Sz’,’g.

In our approach the total energy is shifted by a constant.
In a more rigorous representation of charge fluctuations, one
should understand and properly model contributions from
Coulomb interaction, and exchange-and correlation, see e.g.,
Ref. [78]. This however, makes calculations more complex
and limits, at least currently, the size of the system that can
be analyzed.

Distance scaling of hopping and overlap integrals. In our
nanostructured MoS, bilayer systems, atoms deviate from
their equilibrium positions; this includes edge atoms in in-
dividual nanoplatelets after relaxation, and variation of the
distance d,. between the top and bottom MLs in our sys-
tem [cf. Fig. 1(b)]. Given that our employed TB parameter
set is derived for atoms at equilibrium positions, as it is a
standard procedure, we scale them by engaging the distance
scaling constant [81,91-93]. The distance scaling constant
includes polynomial and exponential parts, with associating
parameters.

In Appendix B, we test a range of parameters, investigating
relevance of polynomial and exponential part in the distance
scaling constant. We find two sets of parameters in the dis-
tance scaling constant, one that describes the displacement of
edge atoms in nanoplatelets, and the other that incorporates
variation of the distance between MLs, d., which interact
through vdW type forces. Where applicable, we compared our
findings to those extracted from DFT calculations [94,95] and
found good agreement [cf. Appendix B].

To encapsulate, within our approach, self-consistency loop
is added to our proven parametrized TB model to account for
charge transfers between atoms in our nanostructured MoS,
bilayer systems. We systematically tested parameters of our
SCTB model, the local charge neutrality constant and the
tolerance, and found optimal values. Next, in order to model
variation TB parameters with the deviation of atoms from
their equilibrium positions, we modify our TB parameter set
by introducing the distance scaling constant. Our systematic
analysis led to the two distance scaling constants, one for the
nearest-neighbor interaction within the ML or nanoplatelet
[cf. Figs. 1(a) and 1(b)], and the other one for vdW-type
interaction between the bottom ML and the top ML of the
2D array of nanoplatelets [cf. Fig. 1(b)].

For completeness, we provide a brief overview of how
the converged eigenvalues and eigenvectors from our SCTB
model are employed to calculate total DOS, density of states
projected on atoms and/or orbitals of atoms (pDOS), and the
real part of optical conductivity in Appendix C; for additional
technical details the reader is referred to Ref. [24].

III. RESULTS AND DISCUSSION

In this study, we focus on understanding the electronic and
optical properties of nanostructured bilayers. We explore the
interplay between structural features of periodic nanostruc-
tures in the top ML of the bilayer, reflected through their
size and edge-atom positions, and the distances between them,
from one side, and their interaction with the bottom ML of
pristine MoS, from the other.

For periodic nanostructures in the top ML we adopt tri-
angular nanoplatelets, ranging in the size from the smallest
possible triangular nanoplatelets, corresponding to Ny, = 2,
to nanoplatelets with Ny, = 4, which have been experimen-
tally observed [50]. In this way, from a fundamental view-
point, we are able to understand the competing effects of the
edge states versus states from the interior of the triangular
nanoplatelets on the optoelectronic properties; for Ny, = 2,
the edge effects dominate, but reduce with the increase in the
size of nanoplatelets. From a practical viewpoint and given
recent progress in fabrication [21,46], we reveal distinctive
optoelectronic properties of the nanostructured bilayers with
nanoplatelets with Ny, <4, that could stimulate experimental
studies of these systems and potentially lead to interesting
applications in optoelectronic devices.

We consider the distances between the nanoplatelets in a
and b directions, (d,, dp), varying from (d,, dy) = (a,a) to
(d., dp) = (4a,4a); see Fig. 1(b). We also discuss changes
in the electronic structure and optical response if instead
of periodic triangular nanoplatelets, we introduce periodic
triangular nanoholes.
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A. Effect of internanoplatelet distance for cases with Ny;, = 2

Let us first look at the electronic structure of the indi-
vidual components of our nanostructured MoS, bilayers sys-
tem, pristine IML MoS,, and triangular MoS; nanoplatelets.
Whereas, the electronic structure of a single ML of MoS;
exhibits a finite (direct) band gap, as shown in top panel in
Fig. 1(c), the edge atoms in nanoplatelets introduce electronic
states in the band gap, changing the character of the material
from semiconducting to metallic (see also Refs. [24,27]).
As an example, we show the calculated DOS of a Mo3S;
nanoplatelet with Ny, = 2 and a MogS;o nanoplatelet with
Npo = 3 in the bottom panel in Fig. 1(c).

Regarding the electronic properties of nanostructured bi-
layers, we start with the bilayers containing periodic triangu-
lar Mo3S; nanolatelets with Nyj, = 2 in the top layer, and
consider (d,, dy) = (a,a) and (d,, d,) = (2a,2a). To visualize
the structure we note that, e.g., for (d,, dp) = (a,a) the corner
S atoms of two neighboring nanolatelets are separated by the
lattice constant in both, a and b directions; see also Fig. 1(b).

Figure 1(d) shows calculated DOS for our nanostructured
bilayers We observe the occurrence of the electronic states in
what was a band gap in DOS of pristine MoS,, area in the
plot between two vertical dashed lines. The distances between
nanoplatelets in the top ML, (d,, d),), determine the existence
of mini band gaps. For (d,, dy) = (a,a), we do not observe
any band gaps, but for (d,, d,) = (2a,2a) we identify two band
gaps of ~0.5 and ~0.6 eV, separated by a peak at ~—0.15 eV.

Optical responses of our two model nanostructured bi-
layers, represented via the real part of optical conductivity,
Re[o], are shown in Fig. 1(e); for comparison, we also show
Re[o] of pristine IML MoS,. We draw the reader’s attention
to the ordinates, where the scale of Re[o] for IML MoS, is
given on the right ordinate, and differs from the scale for the
spectra of the nanostructured bilayers with (a,a) and (2a,2a),
which is shown on the left ordinate.

We see that (d,, dp) determines the optical properties of
these systems. For (a,a), we observe one dominant and broad
peak at ~0.67 eV, and for (2a,2a), we see three relatively
narrow peaks located at ~0.72, ~0.9, and ~1.5 eV. Inter-
estingly, irrespective of (d,, dp), all the peaks are located
below the peaks in the spectrum of pristine 1ML MoS;;
they all originate from the transitions between the states of
the periodic nanoplatelets in the top ML, and specifically
the edge-atom states of nanoplatelets (see the discussion
below).

Calculated DOS and spectra of our nanostructured bilayers
do not contain any features that could be traced to either
pristine ML of MoS,, or nanoplatelets. Instead, our model
systems exhibit the distinctive electronic and optical proper-
ties, where by controlling the periodic nanostructure in the top
ML of our bilayers, we can tune their electronic properties,
such as band gaps, and optical response, i.e., number of
peaks and their positions. Also, these distinct features have
not been observed in isolated or periodic vertically stacked
nanoplatelets, which demonstrated metallic behavior [96].

The origin of the distinctive electronic and optical prop-
erties of nanostructured MoS, bilayers can be resolved by
analyzing the projected DOS on all orbitals of atoms at the
top ML of our system. Our results are summarized in Fig. 2.

p/DOS

I — p-orb (S)
n 30 --- p-orb (Mo)
O i — d-orb (S)
Q15 ¢ ; --- d-orb (Mo) A
0 ;
-2 -1 0 1 2
E (ev)
(b) - : ,
I :|| — pDOS (2ML)
60 s-orb
n — p-orb
o]
a)
a

pDOS

FIG. 2. Calculated total DOS and projected DOS for nanos-
tructured MoS, bilayers with (a) (d,, d,) = (a,a) and (b) (d,, dp)
= (2a,2a). Top panels show total DOS (shaded region) and total
pDOS of the 2D periodic array of nanomaterials in the top ML, and
contributions of s, p, and d orbitals of all S and Mo atoms in the
top ML. Bottom panels show calculated contribution of p- and d-
orbitals of S and Mo atoms in the top ML. The vertical dash-dotted
lines show the position of Fermi energy E;.

Calculated total DOS and projected DOS on all orbitals
of all atoms of nanoplatelets for our nanostructured bilayer
with (d,, dp) = (a,a) is shown in Fig. 2(a), and for the bilayer
with (d,, dp) = (2a,2a) in Fig. 2(b). Top panels show the total
DOS (shaded region) and projected DOS on orbitals of all
atoms (Mo and S) of the top ML, i.e., periodic nanoplatelets.
The bottom panels show calculated contributions of p and d
orbitals of S and Mo atoms of nanoplatelets to the total DOS.

We see that the total DOS for the energies in the interval
[—1.5,0.7] eV is predominantly determined by the orbitals of
atoms in the top ML, i.e., periodic nanoplatelets. For energies
outside that interval, i.e., the energies lower than —1.5 eV or
higher than 0.7 eV, the dominant contribution to the total DOS
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originates from the orbitals of the atoms in the bottom ML,
i.e., pristine IML MoS,.

Resolved by the orbitals of atoms constituting
nanoplatelets in the top ML, the primary contribution to
total DOS comes from the p orbitals of S atoms for the
energies up to ~0.2 eV, [cf. bottom panels in Figs. 2(a) and
2(b)], and for the energies in the interval [0.2,0.7] eV, in
addition to the contribution of p orbitals of S atoms, we
also observe the contribution of d orbitals of Mo atoms and
d orbitals of S atoms. As it has been commonly found in
TMD-based systems [24], contributions of sorbitals of S and
Mo atoms are negligible.

Distinct electronic properties of nanoplatelets compared
to those of pristine 1ML MoS, originate from edges of
the nanoplatelets. Edge atom composition, as extracted from
experiment [50], reveals the excess S atoms [cf. Figs. 1(a)
and 1(b)], which increases the S/Mo ratio compared to the
bulk case. Also, all edge atoms have reduced number of
neighbors, which implies reduced orbital atom interactions.
It was shown that the electronic states arising from Mo and S
edge atoms (see also discussion below) have energies close
to Fermi level (vertical dashed line in Fig. 2). The edge S
atoms introduce p states comparable to the p-d hybridized
states near the top of valence band. [23]

Compared to isolated nanoplatelets, our nanostructured
bilayer contains a 2D periodic array of nanoplatelets, where
nanoplatelets interact between each other as well as with
the bottom ML of pristine MoS,. Whereas the interaction
between the nanoplatelets and the bottom ML of MoS, is
constant, the strength of interaction between the nanoplatelets
in the top ML is determined by (d,, dp); the number of
neighbors of the edge S and Mo atoms, i.e., nonbonding p
and d states of the edge S and Mo atoms, varies with (d,, dp).
Consequently, this is reflected on the electronic properties. If
we look at DOS of the two nanostructured bilayers in Fig. 2,
DOS of the nanostructured bilayer with (d,, d) = (a,a) does
not exhibit either pronounced peaks or band gaps [Fig. 2(a)],
but DOS of the nanostructured bilayer with (d,, dj) = (2a,2a)
have well pronounced peaks and mini gaps, resembling DOS
of isolated nanoplatelets [bottom panel in Fig. 1(c)].

Let us elaborate further on the variation of the number of
neighbors. Focusing on the nearest neighbors, in the pristine
IML MoS,, each S atom has seven nearest-neighbor S atoms
(six in plane and one in the other S layer) and three nearest-
neighbor Mo atoms. Mo atom has six nearest-neighbor Mo
atoms and six nearest-neighbor S atoms (three in each S
plane). On the other hand, the number of nearest neighbors of
the edge atoms in isolated nanoplatelets, varies depending on
the position. Corner edge S atoms have three nearest-neighbor
S atoms (two in plane and one in the other S layer), and
only one Mo neighbor. Other edge S atoms have five nearest-
neighbor S atoms and two Mo atoms. Mo atoms at the edge
have six nearest-neighbor S atoms and two Mo atoms.

In the case of the nanostructured bilayer, the number of
the nearest neighbors for the edge atoms of the nanoplatelets
depends on (d,, dp). For (d,, dy) = (a,a), corner edge S atoms
have five nearest-neighbor S atoms (four in plane and one
in the other S layer), and one Mo neighbor, just as in the
case of single/isolated nanoplatelets. Other edge S atoms have
five nearest-neighbor S atoms and two Mo atoms. Mo atoms

at the edge have six nearest-neighbor S atoms and two Mo
atoms. For periodic nanplatelets with (d,, dp) > (2a,2a), the
number of the nearest neighbors of edge S and Mo atoms is
identical to the case of isolated nanoplatelets. Therefore, by
controlling (d,, d;), we can control the electronic properties
of these systems.

We remind the reader that in our nanostructured bilayers,
periodic nanoplatelets interact with the bottom ML of pristine
MoS, through weak vdW forces; in our SCTB model that
is included through the second nearest-neighbor S-S hopping
and overlap integrals.

Dash-dotted lines in Fig. 2 denote the position of Fermi
energy, Ey. Ey is sensitive on the variation of (d,, dy,); Ey for
(da, dp) = (2a,2a) is redshifted compared to E for (d,, dy,) =
(a,a) by 26 meV. However, the shift in E; does not introduce
any qualitative differences.

In the light of the previous discussion let us revisit the
optical response of our two nanostructured bilayers given in
Fig. 1(e). We see that the peaks in the optical spectra up to
energies of ~1.7 eV correspond to the transitions between
the occupied states near E; and empty states in what was
the band gap in pristine ML MoS,, originating from the
periodic nanoplatelets in the top ML of our systems. For
the nanostructured bilayer with (d,, dp) = (a,a), the empty
states are spread in the interval [—0.4,0.3] eV [cf. Fig. 2(a)],
determining a broad peak in the optical spectrum at ~ 0.67 eV.
For the nanostructured bilayer with (d,, d,) = (2a,2a), the
empty states exhibit peaks in the interval [—0.4,0.3] eV [cf.
Fig. 2(b)], which is reflected in the optical spectrum as three
peaks at ~0.72, ~0.9, and ~1.5 eV [Fig. 1(e)].

Interestingly, optical transitions for photon energies
>1.7 eV are not significantly influenced by the variation of
(dy, dp) [cf. Fig. 1(e)]. They originate from the electronic
states of the bottom, pristine MoS, ML, coupled to the ML
with periodic nanoplatelets via weak vdW forces, but do not
reproduce the two peaks in the spectrum of pristine 1ML
MoS; [cf. Fig. 1(e)].

Figure 1(e) also reveals optical activity of our nanostruc-
tured bilayers for photon energies <0.5 eV. At these energies,
the contribution of intraband transitions should also be taken
into account. However, these transitions depend on lattice
imperfections and temperature and are not considered in this
work; the reader is referred to Appendix C and Ref. [24]
for additional discussion. Also, our spectra are calculated
considering a single-particle picture. Inclusion of excitonic
effects would also involve possible transitions for electrons
and holes localized in different MLs. For comparison with
experimentally measured spectra, one would need to include
those effects as well.

Figure 3 shows how total DOS and pDOS on atoms in top
ML (left panels), and [Reo] (right panels) are influenced by
the variation of distances between nanoplatelets, (d,, dp). For
completeness, we also show the cases of (a,a) and (2a,2a),
which are already shown in Figs. 1(d) and 1(e).

Calculated total DOS and pDOS for different (d,, dj,) show
that the orbitals of atoms of the top ML have dominant
contribution to total DOS up to energies of ~0.7 eV, where
the exact upper limits vary with the variation of (d,, dp).
In the interval [—0.3,0.3) eV, (d,, d,) determines whether a
miniband or a single peak in DOS will be created; minibands

085411-6



DISTINCTIVE OPTOELECTRONIC PROPERTIES OF ...

PHYSICAL REVIEW B 100, 085411 (2019)

40 (a’a‘)

— pDOS (2

20

0

40 1 (aza) - ]
20
0 1
»n 40 f (2a,a)
o
o 20 E 4
0 1 I T

] ‘e\:}g\ ‘z\
=i

60 (2a,2a)
30

0
80 (3a,3a)

shid i d Ll

120 ' (4a4a) I '
60 :A_JJ

0

N

N
'
[y

0 1 2 04 08 12 16 20
E (eV) Eph (eV)

FIG. 3. Calculated total DOS (shaded area) and pDOS (lines) of
the states originating from the top ML with periodic nanoplatelets
(left) and Re[o] for different distances between nanoplatelets (d,, dj,)
[see also Fig. 1(b)].

for the bilayers with (a,a), (a,2a), and (2a,a) are replaced by
a single peak for the nanostructured bilayers with (2a,2a),
(3a,3a), and (4a,4a). In the interval [0.3,0.7) eV, two peaks
in DOS of the nanostructured bilayers with (a,a), (a,2a), and
(2a,a) are replaced by a single peak for the bilayers with
(2a,2a), (3a,3a), and (4a,4a).

These findings are a direct consequence of the variation in
the number of (nearest) neighbors for the edge atoms of the
nanoplatelets in the top ML of our bilayers. With the increase
of (d,, dp) from (d,, d,) = (a,a) to (d,, d,) = (a,2a) [or (d,, d})
= (2a,a)], a mini gap of ~0.25 eV is opening at ~0 eV. For
example, by looking at the nearest-neighbor atoms only, the
number of the nearest-neighbor atoms of the two (our of three)
corner edge S atoms reduces from five to four. As a side note,
we draw the reader’s attention to the fact that the total DOS
and pDOS of (a,2a) and (2a,a) are identical. This is because
of periodicity of our nanostructured bilayers in the a and b
directions [cf. Fig. 1(b)].

With the further increase of (d,, dp) to (2a,2a), (3a,3a), and
(4a,4a), the miniband transforms to the peak at ~—0.15eV
and we observe the creation of two mini band gaps around the
peak (Fig. 3). Also, two peaks in the interval [0.3,0.7) eV of
DOS for the bilayers with (a,a), (a,2a), or (2a,a), are replaced
by the single peak in DOS of the bilayers with (2a,2a), (3a,3a),
and (4a,4a).

The occurrence of peaks in DOS of the bilayers with
(2a,2a) (and higher) resembles DOS of isolated nanoplatelets
[cf. bottom panel in Fig. 1(c)]. However, compared to DOS of
an isolated nanoplatelets, positions of peaks and development
of mini band gaps in DOS of the nanostructured bilayers are

enabled not only through variation in the size of nanoplatelets,
but also through the interaction between the nanoplatelets in
the top ML of the bilayer and with the bottom ML of pristine
MOSz.

Next, if we look at [Reo] (right panels in Fig. 3), the
number and width of peaks in the spectra is determined by
(d,, dp), similar to the variation of the electronic properties
with (d,, dp). We have already discussed compared the optical
response of the bilayers with (d,, dy) = (a,a) and (d,, dp) =
(2a,2a).

Starting from the analyzed spectrum of the nanostructured
bilayer with (a,a), which exhibits one dominant and broad
peak at ~0.67 eV, the increase in (d,, dp) to (a,2a) or (2a,a)
leads to the occurrence of additional peaks in spectra. How-
ever, although DOS and pDOS for the bilayers with (2a,a)
and (a,2a) are identical, their spectra differ. This is because
we consider the polarization in the a direction. If we were to
consider polarization in b direction, we would have a reverse
situation with spectra (not shown here). We note that the
positions of two peaks in these spectra are aligned, as denoted
with the dashed lines in the second and third panels on the
right-hand side in Fig. 3.

With the increase of (d,, dp) from (2a,2a) to (3a,3a) and
(4a,4a), the three dominant peaks located at ~0.72, ~0.9, and
~1.5 eV in the spectrum of the bilayer with (2a,2a) persist
at approximately same energies. The reason for the existence
(and alignment) of these peaks can be traced back to the
peaks and mini band gaps in DOS of these nanostructured
bilayers, originating from the edge atoms of the nanoplatelets
in the top ML of the bilayers (discussed above). Interest-
ingly, an additional peak red shifted in energy compared to
~0.72 eV peak, appears in the spectra of the bilayers with
(3a,3a) and (4a,4a) (bottom two plots on the right-hand side
in Fig. 3). We also note the existence of peak at ~0.35 eV
for the bilayers with (2a,2a), (3a,3a), and (4a,4a). However,
we do not discuss the transitions at low energies, as intraband
transitions, which are not included in our model, could have
significant influence; see also our previous discussion and
Appendix C.

In the spectra of all considered nanostructured bilayers, for
photon energies >1.7 eV, optical response originate from the
transitions between the states in the bottom ML, i.e., pristine
MoS; ML, interacting through weak vdW forces with the top
ML with periodic nanoplatelets; the influence of top ML is
only reflected through the intensity of the transitions in this
region.

B. Effect of positions of edge sulfur atoms

In the interplay between the edge atoms of the
nanoplatelets and the distances between nanoplatelets in the
top ML, the electronic and optical properties of our nanos-
tructured bilayers are determined. Whereas we could expect to
tune (d,, dp) in the experiment with reasonable accuracy, the
full control of the edge-atom positions could be challenging.
In order to investigate how even modest variations of positions
of the edge atoms of nanoplatelets in the top ML influence
the electronic and optical properties of our nanostructured
bilayers, we artificially modify the edge-atom positions in
nanoplatelets.
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We consider a nanostrucuted bilayer with (d,, dp) =
(2a,2a), and nanoplatelets where edge-atom are in (i) relaxed
atomic positions, (ii) ideal (bulklike) positions, (iii) artificially
modified starting from relaxed positions, so the distance be-
tween edge S atoms in ¢ direction is reduced, denoted as
drgj)ges, (iv) artificially modified starting from relaxed posi-
tions, but the distance between edge S atoms in ¢ direction
is increased, drgizb,es, and (v) relaxed edge-atom positions, but
with the distance between MLs, the bottom pristine MoS,
ML, and top ML with periodic nanoplatelets, is increased by
5%, di% — ¢y, Our results are summarized in Fig. 4.

Figure 4(a) shows the calculated DOS for our model nanos-
tructured bilayer and different edge-atom positions. We see
that only DOS of the nanostructured bilayer with the ideal
(bulklike) edge-atom positions qualitatively differs from DOS
of the bilayers with other considered edge-atom configura-
tions. Specifically, in the energy interval [—0.3,0.3] eV, DOS
of the bilayer with ideal edge-atom positions exhibits two
peaks, wheres DOS of all other considered bilayers shows
only one peak.

However, if we look at the optical response, [Reo ], shown
in Fig. 4(b), we see that, whereas the positions of peaks are
influenced by the edge-atom positions, there are always three
dominant peaks in the spectra. Also, for the transition energies
>1.7 eV, we see that spectra for the bilayers with different
edge-atom positions are very similar, which is expected given
that this part of the spectra originates from the transitions
between states in the bottom ML of pristine MoS,. However,
the spectrum of the nanostructured bilayer with ideal, bulklike
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FIG. 4. Calculated DOS (a) and [Rec] (b) for (2a,2a) periodic
MoS, nanomaterial system, with different position of edge atoms,
ranging from ideal bulk atom positions, relaxed atom positions,
artificially modified positions, dr'!) . and dr®  (see text), and with

edges edges
increased distances between the layers by 5%, di" — c,,,.

positions of edge atoms do not reveal low intensity peaks, e.g.,
for the photon energies in the interval [1.0,1.4] eV.

Overall, the variations of edge-atom positions are directly
reflected in the electronic properties and optical response of
nanostructured bilayers. The analysis of the nanostructured
bilayers with ideal, bulklike positions of edge atoms is not
sufficient to provide the correct description of the electronic
properties, but it does reproduce three dominant peaks in the
spectra, agreeing qualitatively with spectra of the nanostruc-
tured bilayers with realistic and artificially modified edge-
atom positions.

C. Influence of S/Mo ratio in nanoplatelets

Within our SCTB approach, we have revealed the elec-
tronic and optical properties of the nanostructured MoS;
bilayers with the nanoplatelets with edge configuration with
100% S coverage, shown in Fig. 1(a). Lauritsen et al. sug-
gested that smaller nanoplatelets could have reduced S con-
centration at the edges [50], where S coverage got reduced
from 100% [see, e.g., Fig. 1(a)] to 75% and 50% (see top
panels in Fig. 5(a) and also Ref. [50]). We discuss how those
changes at the edges influence the electronic and optical prop-
erties. Our results are summarized in Fig. 5 for nanostructured
bilayers with (d,, dp) = (2a,2a).

Top panels in Fig. 5(a) show edges of two nanoplatelets
with reduced S coverage at the edge, Mo3S¢ nanoplatelets
with edges with 50% S coverage (left panel), and Mo3Sy
nanoplatelets with edges with 75% S coverage (right panel).
Top ML of our model nanostructured bilayer consists of 2D
array of these nanoplatelets.

We show the calculated total DOS (shaded region) and
pDOS of the 2D periodic array of nanoplatelets in the top ML,
and contributions of s, p, and d orbitals of all S and Mo atoms
in the top ML. Bottom panels show calculated contribution of
p and d orbitals of S and Mo atoms in the top ML. The vertical
dash-dotted lines show the position of Ey.

We see that irrespective of edge configurations of
nanoplatelets the electronic states, originating from the atoms
of the ML with periodic nanoplatelets get embedded between
electronic states of pristine MoS, ML. For 50% S-coverage
[left panels in Fig. 5(a)] and 75% S coverage [right panels
in Fig. 5(a)], the total DOS for the energies in the interval
[—1.6,0.4] eV and [—1.3,0.7] eV, respectively, is predomi-
nantly determined by the orbitals of atoms in the top ML, i.e.,
periodic nanoplatelets. For energies outside those intervals,
the dominant contribution to the total DOS originates from
the orbitals of the atoms in the bottom ML, i.e., pristine
IML MoS;. This is in agreement with systems with 100% S
coverage (cf. Fig 2).

In all of the considered cases, the electronic states of the
periodic nanoplatelets originate primarily from p orbitals of S
atoms and d orbitals of Mo atoms. As expected, reducing of S
coverage at the edge increases the contribution of d orbitals of
Mo atoms, e.g., compare bottom panel in Fig. 2(b) and bottom
panels in Fig. 5(a).

Figure 5(b) shows how the calculated DOS for our model
nanostructured bilayers with the periodic nanoplatelets with
50% and 75% S coverage compare to DOS of the nanos-
tructured bilayers with nanoplatelets with 100% S coverage.
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FIG. 5. (a) For nanostructured bilayers with (d,, d,) = (2a,2a)
and triangular nanoplatelets with edge configurations with 50% and
75% S coverage (edges are shown schematically in top left and
right panels, respectively), calculated total DOS (shaded region) and
pDOS of the 2D periodic array of nanoplatelets in the top ML, and
contributions of s, p, and d orbitals of all S and Mo atoms in the
top ML. Bottom panels show calculated contribution of p and d
orbitals of S and Mo atoms in the top ML. The vertical dash-dotted
lines show the position of E; calculated total DOS (b) and optical
response (c) of nanostructured bilayers with nanoplatelets with edge
configurations with 50%, 75%, and 100% S coverage.

We see that mini band gaps occur in DOS of all considered
systems. However, S coverage determines the position and
size of the band gap. Specifically, for the nanostructured bi-
layer consisting of periodic nanplatelets with 50% S coverage,
our calculations reveal the band gap of ~0.9 eV redshifted
compared to E, for bilayers with the nanplatelets with 75% S
coverage, the band gap of ~1.0 eV is exposed in DOS, but is
blueshifted with respect to E;. We remind the reader that for
nanostructured bilayers with nanoplatelets with 100% S cov-
erage, two mini band gaps of ~0.5 and ~0.6 eV were created,
separated by a peak in DOS, and blueshifted compared to E
[cf. Fig. 2(b)].
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FIG. 6. Calculated real part of optical conductivity, [Rec], for
different sizes of nananoplatelets in the 2D array, Ny, = 2, 3, and
4, and distances between nanplatelets, (a) (d,,d,) = (a,a), and
(b) (da, dp) = (2a,2a).

Next, the influence of the edge configurations of
nanoplatelets of our model nanostructured bilayers on [Reo ]
is shown in Fig. 5(c). We see that spectra of all considered
nanostructured bilayers exhibit optical activity. Specifically,
as already discussed [cf. Figs. 1(e) and 6], the spectrum
of the nanostructured bilayers with periodic nanoplatelets
with 100% S coverage exhibits three dominant peaks at
~0.72, ~0.90, and ~1.50 eV, and one lower intensity peak at
~0.35 eV. We see that reduced S coverage from 100% to 75%
does not change the number of peaks, but determines their
positions: low intensity peak at ~0.35 eV gets blueshifted
to ~0.40 eV, and three dominant peaks at ~0.72, ~0.90,
and ~1.50 eV now occur at the transition energies ~1.10,
~1.30, and ~1.45 eV. With reducing S coverage further,
which corresponds to the nanostructured bilayer with periodic
nanoplatelets with %50 S coverage, the spectrum reveals a
peak at ~0.50 eV, which is broader than low-transition energy
peaks in the spectra of our model systems with nanoplatelets
with 75% and 100% S coverage at the edge, and three peaks
localized in the transition energy interval (0.65,0.80) eV.
Given that spectra for the transition energies >1.7 eV origi-
nate from the transitions between states in the bottom ML of
pristine MoS,, variations of the S concentration at the edges
of the periodic nanoplatelets in the top ML are not reflected in
that range of transition energies.

Overall, irrespective of the edge-atom composition, the
electronic states which originate from the atoms of the top
ML with periodic nanoplatelets get embedded between the
electronic states of pristine MoS, ML. However, positions
and intensity of the peaks in the spectra by the edge-atom
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configurations. This includes not only reduced S cover-
age [Fig. 5(c)], but also variations in edge-atom positions
[Fig. 4(b)].

D. Size effect of nanoplatelets

Next, we address how the increase in size of nanoplatelets
influences the optical response of our nanostructured bilay-
ers. We consider MogSyo nanoplatelets with Ny, = 3 and
Mo;(S30p nanoplatelets with Ny, = 4. Our results are shown
in Fig. 6(a) for (d,, dy) = (a,a) and Fig. 6(b) for (d,, dp) =
(2a,2a). For comparison, we also show the calculated [Reo ]
for the bilayer with nanoplatelets Ny, = 2.

For the nanostructured bilayer with (d,, d;) = (a,a), one
dominant and broad peak at E,,~ 0.67 eV for Ny, =2
gets redshifted and broadened with the increase in the
nanoplatelets’ sizes, to Ny, = 3 and 4. For higher photon
energies of up to 1.6 eV, the optical activity is rather low,
irrespective of the size of the nanoplatelets. For photon en-
ergies >1.7 eV, we observe the increased optical activity,
which originates from the bottom, pristine MoS, ML, and is
not noticeably affected by the top ML.

For nanostructured bilayer with (d,, dy) = (2a,2a), the
increase in the size of the nanoplatelets, leads to the suppress-
ing of the intensity of peaks, i.e., the three dominant peaks
in the spectrum of the bilayer with Ny, = 2 nanoplatelets
get suppressed in the spectrum of the bilayer with Ny, = 3
nanoplatelets, and almost entirely suppressed in the spectrum
of the bilayers with the nanoplatelets with Ny, = 4. For the
nanostructured bilayer with the nanoplatelets with Ny, = 4,
there is only one dominant, and broad peak redshifted in
energy compared to the low energy peaks in the spectra of
Nupo = 2 and 3 systems.

Optical activity increases for photon energies >1.7 eV,
which, as already discussed, originates from the transitions
between the states in the bottom, pristine MoS, ML. This fea-
ture seems to be a common fingerprint of our nanostructured
bilayer systems and is not affected by the size of nanoplatelets,
(d,, dp), or the edge-atom positions.

The variation of the optical response with the size of the
nanoplatelets in our systems can be traced back directly to the
role of the edge-atom states; larger the size of nanoplatelets,
smaller is the influence of the edge states. Therefore the
decrease in the optical response, i.e., in number and intensity
of peaks, is directly related to the increase in the nanoplatelet’s
size. This conclusion is valid also for nanostructured bilayers
with periodic nanoplatelets with 50% and 75% S coverage.

E. Effect of holes

Finally, we consider nanostructured bilayers, where
nanoplatelets in the top ML are replaced by holes, surrounded
by MoS,, i.e., it is an “inverse structure” to our initial struc-
ture, where we now have periodic triangular holes in MoS;
matrix in the top ML. We consider nanostructured bilayers
with holes separated by (d,;, dp) = (a,a) and (d,, dp) = (2a,2a).

Figure 7(a) shows calculated total DOS and pDOS on
all orbitals and atoms in the top ML of the nanostructured
bilayers with holes; left panels refer to our findings for the
bilayer with periodic holes separated by (d,, d,) = (a,a) and
right panels for the bilayer with (d,, dp) = (2a,2a).
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FIG. 7. (a) Calculated total DOS and partial DOS for peri-
odic, triangluar holes instead of nanoplatelets in the top layer with
(a) (d,, dp) = (a,a) in left panels and (d,, d,) = (2a,2a) in the right
panels. Top panels show total DOS (shaded region) and total pDOS
of the 2D periodic array of holes in the top ML, and contributions
of s, p, and d orbitals of all S and Mo atoms in the top ML. Bottom
panels show calculated contribution of p and d orbitals of S and Mo
atoms in the top ML. The vertical dash-dotted lines show the position
of Fermi energy, E; (b) calculated real part of optical conductivity,
[Reo], for the case of nanoplatelets replaced by holes in the second
layer with different distances (d,, d») = (a,a) (left) and (d,, dy) =
(2a,2a) (right). For comparison, we also show how the spectra for
periodic nanoplatelets with (a,a) and (2a,2a).

We see that the total DOS for energies in the interval
[—1.2,0.9] eV is predominantly determined by the orbitals of
the atoms in the top ML. Resolved by the orbitals, unlike the
case of periodic nanoplatelets where the leading contribution
to total DOS originated from p orbitals of edge S atoms,
irrespective of (d,, dp), for the bilayers with the periodic holes,
the leading contribution originates from d orbitals of Mo
atoms [bottom panels in Fig. 7(a)]. We also note relevant
contribution of p orbitals of S atoms. As already mentioned,
contribution of s orbitals of S and Mo atoms to total DOS in
TMD-based systems is negligible [24].

Unlike nanoplatelets, where Mo edge atoms are fully
covered with S atoms [cf. Fig. 1(a)] and consequently the
dominant contribution to total DOS comes from p orbitals of
S atoms, nanoholes contain Mo edge atoms not covered with S
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atoms. This leads to the reduced number of neighbors of Mo
edge atoms and consequently nonbonding d orbitals, which
determine the electronic states in what was the band gap in
IML of pristine MoS,.

Dash-dotted lines in Fig. 7(a) denote the position of
Ef. Ef of nanostructured bilayers with periodic holes is
blueshifted compared to our nanostructured bilayers with
periodic nanoplatelets, by ~1.3 eV. Also, E; for (d,, dp) =
(2a,2a) is redshifted compared to Ey for (d,, dy) = (a,a) by
42 meV.

Figure 7(b) shows calculated [Reo ] for our nanostructured
bilayers with periodic holes in the top ML. For comparison we
show [Reo] for the bilayers with the periodic nanoplatelets
with (a,a) and (2a,2a) in the top ML. Optical activity for the
nanostructured bilayers with periodic holes is observed for
the transition energies up to 0.6 eV, and transition energies
>1.7eV.

In the lower energy range (up to 0.6 eV), calculated [Reo ]
originates from the transitions from the occupied states of
what was the band gap in pristine IML MoS, and empty states
around E;. However, for this range of transition energies we
should also consider the contribution of intraband transitions
that is not included in our model. These transitions depend
on lattice imperfections (and temperature), and are very often
model via phenomenological expression (see Appendix C and
Ref. [24]).

At the other end of the calculated spectrum, optical tran-
sitions for photon energies >1.7 eV originate from the elec-
tronic states of the bottom, pristine MoS, ML, coupled to the
top ML with the periodic nanoholes via weak vdW forces.
This part of spectrum is very similar to the spectra nanos-
tructured bilayers with periodic nanoplatelets irrespective of
(da’ db)

Interestingly, whereas the spectra for the bilayers with
periodic nanoplatelets in the interval [0.5,1.6] eV is very
sensitive to (d,, dp) [cf. see Fig. 7(b)], the spectra of the
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bilayers with periodic nanoholes display very little optical
activity irrespective of (d,, dp). The reason for weak optical
response lies in the reduced orbital interaction of edge Mo
atoms and the d-orbital character of empty states around
E; (de_yp) and occupied states in the energy interval
(—=1.0, =0.5) eV, d,. Next, the insensitivity of the spectra
on (d,, dp) for the bilayers with nanoholes originates from
the fact that edge atoms of the MoS, matrix surrounding
nanoholes are not affected by the variation of the distances
between holes. Whereas the variation in the distances between
nanoholes quantitatively influence the electronic structure
[compare left and right panels in Fig. 7(a)], it does not affect
optical properties, which are mainly determined by the edge
atoms. Given this analysis, nanostructured bilayers with
periodic nanoplatelets are more useful for the optoelectronic
properties, specifically with the ability to control number and
positions of peaks in the optical spectra, but also to control
localization of carriers in the top ML.

F. Discussion

Overall, our findings suggest that it is possible to tune
the electronic and optical properties of MoS,-based nanos-
tructured materials in controllable fashion, opening pathways
for potential applications in different optoelectronic devices.
Specifically, we have shown that the choice of the periodic
nanostructures in the top ML of the nanostructured bilayers,
whether they are nanoplatelets or holes, Fig. 1 versus Fig. 7,
edge atoms and their positions (Figs. 4 and 5), the distances
between nanoplatelets (Fig. 3), and the interaction with the
bottom ML of pristine MoS, determine the electronic and
optical properties of these systems.

Recent experimental reports demonstrated the fabrication
of TMD-based nanostructures with an impressive control at
subnanometer scales [21,25,46,50,55,97,98]. Structural char-
acterization revealed structures ranging from nanoplatelets

060 0 60 0 60
LA R A A R LR s R A S O
sePREEBRBRR BRI
— Uien=9¢V — Ucy=11eV
60 | Uen=10eV - Ucy=12eV

DOS

-1.0 ¢

Es (eV)

FIG. 8. (a) Structure of Mo03S;, nanoplatelet (left) and nanostructured MoS, bilayer with periodic Mo3S, nanoplatelets in a direction
(right) and (b) calculated DOS for different values of Upcy for nanoplatelet (left) and nanostructured bilayer (right). ULCN = 0 eV removes
self-consistency loop, reducing our SCTB to a parametrized TB model, and (c) variation of the calculated Fermi energy, E; with U cy for the

nanoplatelet (left), and nanostructured bilayer (right).
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and nanowires [16,21,46,50], vertical and lateral heterostruc-
tures [25,26], including WS, nanoplatelets within MoS, 2D
matrix and their vertical stacking [16,46], to ML alloys of
MoS,-WS, and MoSe,-WSe, [46].

Thus we could expect to tune (d,, d) in the experiment
with reasonable accuracy, but the full control of an exact
edge atoms decoration and the edge-atom positions is not
easily achievable. We have demonstrated (cf. Fig. 4) how the
variation of the edge-atom positions, including relaxed atomic
positions, ideal positions, or artificially modified positions of
the edge atoms, do not qualitatively influence the electronic
properties, but it does determine the number, positions, and
intensities of peaks in the optical spectra. Similarly, variation
of S concentration at the edges of nanoplatelets in our model
nanostructured bilayers (we considered reduction from 100%
to 75% and down to 50%) does not qualitatively influence
electronic and optical properties, but can be used to control
creation and position of band gaps [Fig. 5(b)] as well as
positions of peaks in the optical response [Fig. 5(c)]. At this
point, a detailed theoretical model, such as, e.g., the SCTB
implemented here, from one side and proper experimental
setup enabling fabrication and structural characterization with
high, atomic scale precision, including potential revealing of
vacancies in interior of nanoplatelets from the other, could
open new interesting research questions and potentially lead
to new nanostructured bilayers with optimized optoelectronic
properties, perhaps also tunned for targeted applications.

Furthermore, given that ML-TMDs are chemically inert
and the dispersive nature of vdW forces, they can be coupled
with different materials through weak vdW forces. For ex-
ample, one can embed ML-TMDs in various heterostructures
(e.g., silicon-based ones) with a net result of increased per-
formance and functionality, or combine TMDs with graphene
or other layered materials to create hybrid nanostructures [3].
Thus it is reasonable to expect that our model systems can be
fabricated; consequently, predictions of this work could po-
tentially inspire further experimental studies of these systems.

IV. SUMMARY

We reported a theoretical study of the electronic and optical
properties of nanostructured MoS, bilayers, which consist
of vertically stacked ML of MoS, and periodic triangluar
nanoplatelets and holes. We demonstrated that the interplay
between edge atoms in periodic nanoplatelets or holes, their
sizes, and distances between them, controlled the appearance
and size of the band gaps, and optical response.

Our calculations of the electronic structure revealed the
electronic states, originating from the atoms of the ML with
either periodic nanoplatelets or holes, got embedded between
electronic states of pristine MoS, ML, but with red- and
blueshifted valence and conduction bands, respectively. For
a ML with periodic nanoplatelets, electronic states originate
primarily from p orbitals of S atoms, and for a ML with
periodic holes, they originate from d orbitals of Mo atoms.

Whereas the nanostructured bilayers with periodic holes
exhibited rather poor optical response, the bilayers with pe-
riodic nanoplatelets, irrespective of nanoplatelets’ edge con-
figurations exhibited rich optical properties, characterized by
the number and intensity of peaks. The calculated real part of

optical conductivity showed that the lowest optical transitions
originated from the optical transitions within the top ML, con-
taining periodic nanoplatelets. The size of the nanoplatelets
and the distance between them, determines the number and
the intensity of the peaks in the spectra.

Overall, our findings suggest that it is possible to tune the
electronic and optical properties of MoS,-based nanostruc-
tured materials in controllable fashion. Given that fabrication
of different TMD-based systems have been already demon-
strated, we expect our study to inspire further theoretical
and experimental work on this subject, and potentially open
pathways for potential applications in different optoelectronic
devices.
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APPENDIX A

In Sec. I B, we discuss technical details of introducing the
self-consistency loop to our parametrized TB model, please
see Egs. (1)—(3). Predictions of our SCTB model depend on
the value of the local charge neutrality constant, Urcn [cf.
Eq. (2)]. Also, we need to establish how strict limits we
should impose on the convergence, i.e., what would be the
appropriate value for tol [cf. Eq. (3)].

Here, we test a range of values for parameters Urcn and
tol, using two test MoS,-based systems shown in Fig. 8(a).
The first system is a Mo3S;, and Ny, = 2 nanoplatelet, left
panel in Fig. 8(a), and the second is a nanostructured MoS;
bilayer system, with 1ML MoS; in the bottom layer and an
array of MosS, nanoplatelets in the second layer, right panel
in Fig. 8(a).

Local charge neutrality constant, U cn. We analyze U cn
varying from Upcny = 0 to 12 eV, where U ey = 0 eV
corresponds to the case without self-consistency [cf. Eq. (2)].

We compare DOS and Fermi energy, E, calculated for dif-
ferent values of Up cn. Our results are summarized in Fig. 8(b)
for DOS, and in Fig. 8(c) for Ey; left panels show DOS and
E for our model nanoplatelet and right panels to DOS and E
for our nanostructured bilayer system.

For Urcn = 0 eV, we see that, irrespective of the analyzed
test system, a nanoplatelet or a nanostructured MoS, bilayer,
DOS for Urcn reveals artificial band gaps, and Ef differs
significantly from E; extracted from SCTB with nonzero
Urcn. This suggests that the parametrized TB method is not
sufficient for this type of analysis and that self-consistent
calculations are required.

With the increase of Uy cn, calculated DOS changes, and
artificial band gaps get smaller. For U cn > 8 €V, calculated
DOS are basically indistinguishable in the energy interval
[—1.5,1.5]eV.

Next, regarding Ey, in the absence of self-consistency in
our calculations, i.e., Urcny = 0 eV, Ey is significantly lower
compared to E; for any of the nonzero Urcn cases. For ex-
ample, Ef(U]_CN =0 CV) — Ef(ULCN =3 GV) = —379 meV
for the model nanoplatelet [left panel in Fig. 8(a)] and
Ef(Uien =0eV) — Ef(Uen =3 eV) = —222 meV for the
model nanostructured MoS,; bilayer [right panel in Fig. 8(a)].
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With the increase of Ujcn, E; increases, but at much
smaller rate; for example, the difference Ef(Urcn = 8 eV) —
Ef(Uen = 12eV) < 10 meV for either of our two model
systems.

Numerically, we focused on the [3,12] eV interval for
ULcn. We note that higher the value of Upcn, the more
rigorous is the constraint on the final charges; for example,
in an asymptotic case of Upcn — 0o, QM = QU. Therefore,
given our presented findings, especially calculated DOS for
different values of U ¢y, and the corresponding discussion,
we adopt Urcn = 8 eV in our calculations in the main body
of the manuscript.

Tolerance in our SCTB calculations. Convergence criterion
in our SCTB calculations is defined by Eq. (3). Value of rol
determines the accuracy of our calculations, and the number
of iterations Ny, required to achieve that accuracy. We use our
two test systems shown in Fig. 8(a), and calculate DOS and
E; for different values of tol. We start from tol = 1072 and
increasing the requirement for the convergence to tol = 1075.

Calculated DOS and E for our model nanoplatelet [cf. left
panel in Fig. 8(a)], as they vary for different zol, are shown in
Figs. 9(a) and 9(b), respectively. For our nanostructured MoS;
bilayer system [cf. right panel in Fig. 8(a)], Figs. 9(c) and 9(d)
show calculated DOS and E/, respectively.

Calculated DOS for tol = 1072 differs significantly from
those calculated adopting tol = 103 and higher. However,
starting from tol = 1073, we see that irrespective of our model
system, a nanoplatelet or a nanostructured bilayer, calculated
DOS is indistinguishable from DOS obtained with increased
accuracy, 10~* and higher; see top panels in Figs. 9(a) and
9(b) for the calculated DOS of a nanoplatelet and nanostruc-
tured bilayer, respectively.

Next, E; obtained adopting zol = 1072, is noticeably over-
estimated compared to E; calculated assuming higher ac-
curacy, tol = 103 and higher; for example, for our model
nanoplatelet [left panel in Fig. 8(a)], Ef(tol = 1072) —
Ef(tol = 1073) = 18 meV, and for our model nanostructured
MoS, bilayer [right panel in Fig. 8(a)l, E/(tol = 1072) —
E¢(tol = 107%) = 64 meV. With the further increase in the
accuracy, variation in Ey for tol = 1073 to tol = 1079, are
less than 0.2 meV for the nanoplatelet, and less than 5 meV
for the nanostructured bilayer.

In our calculations in the main body of the manuscript,
we chose rol = 10~* because Ef(tol = 1074 —Ef(tol =
107°) = 0.4 meV for the nanoplatelet, and E¢(tol = 107%) —
E¢(tol = 107%) = 0.2 meV for the nanostructured bilayer. We
note that results reported in Appendix A (Figs. 8 and 9) are
obtained for ol = 1074,

In addition, it is interesting to note that if we look at
the number of iterations N, needed to achieve desired
accuracy, we see that the convergence for the case of the
nanoplatelet [left panel in Fig. 8(a)] requires significantly
larger Nie,. For example, for rol = 107, requires Nje =
100 for the nanoplatelet and Ny, = 9 for the nanostructured
bilayer. Given that there are no qualitatively differences in
the electronic structure of the nanoplatelet and nanostructured
bilayer with the increase tol from tol = 1073 to tol = 107%,
SCTB calculations with ol = 1073 could also be a reasonable
compromise between accuracy and the number of iterations
[see e.g., Fig. 9(b)].
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FIG. 9. (a) Calculated DOS for different values of the conver-
gence constraint o/ for nanoplatelet given in left panel in Fig. 8(a);
(b) calculated Fermi energy E; for the nanoplatelet for different
values of rol and number of iterations N needed to achieve the
convergence; (c) the same as (a) but for nanostructured bilayer
system given in right panel in Fig. 8(a); and (d) the same as (c) but
for the nanostructured bilayer.

APPENDIX B

It is well known that within a TB approximation, devia-
tion of atoms from the equilibrium atomic position requires
introducing the distance scaling of hopping and overlap inte-
grals [81,92]. Within our TB implementation for TMD-based
materials, we employ the TB parameter set for MoS, as
introduced by Zahid ef al. in Refs. [73-75]. This parameter
set has been successfully employed in our TB model to
extract the electronic structure of pristine and nanostructured
MoS; [24,27,41]. Here we investigate relevant parameters for
the distance scaling constant, required for modeling of the
nearest-neighbor interactions between atoms away from their
equilibrium positions and also S-S second nearest-neighbor
interactions simulating vdW forces between MoS, ML and
the nanostructure [cf. Fig. 1(b)].
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The distance scaling of hopping and overlap integrals is
treated as follows [81,92]:

Viik(r) = Vije(ro) - f(ro, 1), (B1)

where V;ji(rg) and V;;x(r) denote hopping (or overlap) inte-
grals for atoms in equilibrium positions and perturbed from
the equilibrium positions, respectively; f(ro, ) is the distance
scaling constant, which is given by [81,92]

o=@ ol (£) - ()]} o0

where T, nexp, 7, and n, are parameters.

Typically, the Harrison universal form is adopted [81,93].
This includes the following values for the parameters in
Eq. (B2): nep = 0.0, and t depends on the orbitals in the
hopping integral; for s-s, s-p, and p-p, t = 2.0, for s-d and
p-d,t =3.5,and ford-d, Tt = 5.0.

However, it was typically assumed that this (ro/r)" de-
pendence is valid near the equilibrium atomic positions, but
could break down at larger separations [91,92]. Given that we
also model vdW type interactions, and the fact that the atomic
functions decay exponentially, within our TB implementation
we test parameters for distance scaling that include exponen-
tial term as well [cf. Eq. (B2)].

In this Appendix, we test a range of parameters in the
distance scaling constant to account for the variations of (i)
the interlayer separation, i.e., variation of the vdW type forces,
which are in our model included through second nearest-
neighbor S-S interactions [24] and (ii) the distances between
nearest neighbors in the nanostructure [cf. Figs. 1(a) and 1(b)].
In what follows, we analyze (i) and (ii) in a greater detail
and, where possible, compare our findings with results already
reported in literature.

First, to find parameters in the distance scaling constant
for the variation of the inter-layer separation [see d. in the
right panel in Fig. 1(a)], we consider 2ML MoS,, as shown
in Fig. 10(a). This system is chosen because there are recent
DFT calculations available for us to make comparison.

Figure 10(b) shows the calculated band structure of pristine
2ML MoS;; it is an indirect band gap material with the
valence-band maximum at I' high-symmetry point in the Bril-
louin zone (BZ), and the conduction-band minimum at K. We
use (red) arrows to depict the indirect band gap, Eg(I',, K.),
the direct band gap, E,(K,, K.), and the difference between the
top of the valence band at I' and K points of BZ, AE(T",, K,).

We test how different values of parameters 7, Rexp, e,
and n. in Eq. (B2) influence Eg(I'y, K.), E (K, K.), and
AE(T,, K,); five fiducial distance scaling parameter sets,
f(ro, r), are given in Table 1.

Figure 10(c) shows how E,(I'y, K.), E.(K,,K.), and
AEg (T, K,) vary with the distance between MLs, c/2.
Specifically, with the increase of the distance between MLs
(i) the indirect band gap increases almost linearly; with the in-
crease in ¢ by ~2 A, E,(T'y, K.) increases by ~237-330 meV,
depending on f (rp, ) (Table I). For example, for Ac = 2.05A,
AE Ty, K.) =238 meV with fi(rg, r), and AE,(T",, K.) =
328 meV with f>(rg, ).
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FIG. 10. (a) Structure of pristine 2ML MoS,, where c is the lat-
tice parameter perpendicular to the plane of the structure determining
the distance between two MLs; (b) calculated band structure of 2ML
MoS,, where arrows depict the indirect band gap E,(T',, K.), the
direct band gap E,(K,, K.), and the difference between the top of
the valence band at I' and K points, AE(T",, k,); (c) variation of
E Ty, K.), E,(K,, K.), and AE(T,, k,) with the lattice parameter c.
The dotted line denotes the value of ¢ = 2.729 eV used in the initial
fitting of the TB parameter set, see Refs. [24,74,75].

(ii) The direct band gap, E,(K,, K.) also increases, but
for Ac = 2.05A, AEy(K,, K.) increases by ~20 meV; for
example, for Ac = 2.05A, AE (K, K.) = 19.6 meV with
fi(ro, r), and AE,(K,, K.) = 22.7 meV with f4(ro, 7).

(iii)) AE(Ty, K,)) reduces. The largest drop is found for
f>(ro, r) distance scaling parameter set, where for ¢ = 14.4 A
and AE,(T",, K;,) = 6.5 meV. As a precaution when choosing
suitable parameters, we note that for a fixed ¢ and a certain
combination of parameters, it is possible to artificially shift
top of the valence band at I point down and make a 2ML
MoS; a direct K,-K, band-gap material. We have eliminated
those nonphysical scenarios from the analysis.

As it can be seen in Fig. 10(c), the variation of Ey(I",, K..),
E,(K,, K.), and AE(T'y, k,) with the distance between MLs
is not qualitatively influenced by the choice of the distance
scaling parameter set, Table I. The reported differences for
here considered f(ry, r) are only quantitative, where the direct
band gap E¢(K,, K.) is the least sensitive to the choice of a
parameter set from Table 1.

TABLE 1. Parameters in Eq. (B2) for the distance scaling of
hopping and overlap integrals.

param. orb. fi(ro,7r) fa(ro,r) fi(ro.r)  fa(ro,r) fs(ro,7)
T $-5 2.0 2.0 2.0 2.0 2.0
s-p 2.0 2.0 2.0 2.0 2.0
p-p 2.0 2.0 2.0 2.0 2.0
p-d 3.5 3.5 3.5 2.0 3.5
d-d 5.0 5.0 5.0 2.0 5.0
Nexp all 0.0 =T =T =T 0.25
T, all - 2.5 3.5 3.5 1.5
n. all - 4.0 4.0 4.0 2.0
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TABLE II. Distance scaling for nearest neighbor NN, (within a
ML) and van der Waals, vdW, type (second nearest-neighbor S-S)
interactions for the nanoplatelet [Fig. 8(a) left panel and nanostruc-
tured bilayer [Fig. 8(a) right panell; fi(r, ro) and fi(r, ry) are defined
in Table I and Eq. (B2). Calculated Fermi energies for nano and
nanostructured bilayer MoS, systems depending on the choice of the
distance scaling are given in the last two columns. Note that for the
MoS, nanoplatelet there is no influence of vdW type interactions,
thus only distance scaling of NN interactions is relevant.

Dist. scal. NN vdwW E™ V) EMM (eV)

s fitro,r)  filro, 1) —0.8782 —0.8744
7 fs(ro,v)  falro, 1) —0.8779 —0.8757

13 filro, ) f3(ro, 1) —0.8782 —0.8758

Our results agree qualitatively with DFT predictions
[94,95]. For example, Zhou et al. employed DFT method
with generalized gradient approximation as parametrized by
Perdew, Burke, and Ernzerhof, and reported that by the
increase in ¢ by 2 A (from 12.4 to 14.4A) results in the
increase of the indirect band gap by AE, (", K.) = 310 meV,
and the direct band gap by AE,(K,, K.) =30 meV [94].
Although results extracted from DFT are sensitive to the
adopted exchange-correlation functional and particular imple-
mentation [8,94], we see that our TB findings [Fig. 10(c)] are
in a good agreement with the predictions of Zhou et al. [94]

Next, we discuss how different parameter sets in our dis-
tance scaling constant [Egs. (B1) and (B2)], influence the elec-
tronic properties of nanoplatelets and nanostructured bilayer
systems, investigated in the main body of the manuscript.
To analyze the distance scaling constant we employ the
same nanoplatelet and nanostructured bilayer system shown
in Fig. 8(a), and calculate DOS for those systems.

In our analysis, we distinguish between the nearest-
neighbor interactions (NN), relevant for both our model
nanoplatelet and nanostructured bilayer, and vdW type inter-
actions, relevant only for our model nanostructured bilayer.
We analyze a wide range of parameters for the distance
scaling constant, and the three distinct cases are shown in
Table II. First one, f]“"°, assumes that the distance scalings
for NN and vdW interactions obey the Harrison universal
form [81,93], the second one f;%" assumes that the distance
scaling both, for NN and vdW, includes exponential decay,
using parameters of f3(rg, r) defined in Table I. The third
f3° distinguishes between NN interactions, which were
modeled assuming the Harrison universal form, and the vdW
interactions, modeled using the exponential decay. As a re-
minder to the reader, we note there is no vdW interactions for
nanoplatelets, only the distance scaling for NN is relevant.

Figure 11 shows calculated DOS for the relaxed
nanoplatelet and nanostructured bilayer MoS, materials using
the scaling constants given in Table II. We see that the dif-
ferent parameter sets in the scaling constant do not influence
DOS and do not cause any qualitative changes. Also, focusing
on the Fermi energies (last two columns in Table II), we see
that different scaling constants from Table II introduce only
minor variations, less than 1.5 meV. In the main body of the
manuscript, we show results using the parameter set of the
scaling constant f3"°.
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FIG. 11. Calculated DOS for the relaxed MoS, nanoplatelet
(a) and nanostructured bilayer (b) for different distance scaling con-
stants. The structures of the model nanoplatelet and nanostructured
bilayer are shown in Fig. 8(a), and parameter sets for the distance
scaling constants in Table II.

APPENDIX C

Technical details regarding the calculations of DOS,
pDOS, and Re[o]) are given in Ref. [24]. Here, we present
basic explanations.

DOS is defined as

D(E) = 8(E — €xn). (1)

k,n

Partial DOS of an orbital « in the atom b is given by

Dpo(E) =Y 8(E — &G, (b, @)S(K)Cic (b, ). (C2)

k,n

We remind the reader that for any two band indexes n and m:
Cl:nS (K)Cx,m = 8ym- For solving Egs. (C1) and (C2), instead
of Dirac delta function, we assume Lorentzian-broadening
function, with typically broadening of I' = 30 meV.

Optical response of our nanostructured bilayers is obtained
from the calculated real part of optical conductivity in the
dipole approximation [8,24,62—-67]:

7 occ empty

Te d*k
R = — —— | pum(k 28
clo@)] = 7o Z ; /1 , Gy P )
X (Em,k — €k — hw)’ (CS)

where fiw is the photon energy, p,,, is the momentum matrix
element, and €, and ¢, are converged eigenenergies of nth and
mth bands, respectively. Also, e denotes the electron charge
and m, the electron mass. The integration is carried over the
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first Brillouin zone (1BZ). For more details regarding Eq. (C3)
see, e.g., Refs. [8,63].

In the case of TB method [24,64,65], the momentum
matrix element p,,, is calculated directly from the TB (or
SCTB) Hamiltonian and the expansion coefficients for the
eigenvectors, without additional parameters:

pnk) =Y =Cl,(b,a)Cn®, &)
ba,ba’

X Z MRREMY (R), (C4)
R

where Egg,(R) is the Slater-Koster matrix of tight-binding
parameters [76], defined using our input TB parameter
set [73,74]. As was the case for DOS calculations, in

solving Eq. (C3), instead of Dirac delta function we employ
Lorentzian-broadening function.

As also mentioned in the main body of the manuscript, for
calculating the real part of optical conductivity in Eq. (C3) we
consider only interband transitions. There is, however an ad-
ditional contribution to the optical conductivity, coming from
intraband transitions. Because momentum conservation is not
satisfied for direct absorption of a photon by an intraband
optical transition [63]. These transitions depend on lattice
imperfections (and temperature); and are often represented
using phenomenological expression [24,63]: Re[o "™ (w)] =
00/(1 + w?t}), where oy and 7p denote dc conductivity and
the electron scattering time, respectively. Discussion regard-
ing this issue can be found in our Ref. [24]. For transition
energies discussed in this work, these transitions can be
neglected [24,63,68-70].
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