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ABSTRACT: Stacking two or more two-dimensional materials to form a heterostructure is
becoming the most effective way to generate new functionalities for specific applications.
Herein, using GW and Bethe—Salpeter equation simulations, we demonstrate the generation
of linearly polarized, anisotropic intra- and interlayer excitonic bound states in the transition
metal monochalcogenide (TMC) GeSe/SnS van der Waals heterostructure. The puckered
structure of TMC results in the directional anisotropy in band structure and in the excitonic
bound state. Upon the application of compressive/tensile biaxial strain dramatic variation
(¥3%) in excitonic energies, the indirect-to-direct semiconductor transition and the red/blue
shift of the optical absorption spectrum are observed. The variations in excitonic energies and
optical band gap have been attributed to the change in effective dielectric constant and band
dispersion upon the application of biaxial strain. The generation and control over the
interlayer excitonic energies can find applications in optoelectronics and optical quantum
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computers and as a gain medium in lasers.

he past decade has witnessed a growing interest in two-

dimensional (2D) transition-metal dichalcogenides
(TMDC) because of their prospects for electronics,"” spin/
valley electronics,™* optoelectronics,” and catalytic applica-
tions.” Advances in experimental techniques have now made it
possible to manipulate the properties of these 2D materials by
stacking them together to generate a new kind of system called
the van der Waals (vdW) heterostructure.” " The vdW
heterostructure not only preserves the properties of mono-
layers, but quantum coupling between monolayers also
provides a platform to play with the electronic and optical
properties of these structures.''”'® For example, the
heterostructure of semimetallic graphene and insulating h-BN
acting as a vertical transport barrier exhibit a room temperature
high ON/OFF (>10°) switching ratio."*

Recently, the observation of interlayer excitons (ILE),
where the electron and hole are confined in different layers, in
TMDC/TMDC vdW type II heterostructures ignited a new
interest in studying the optical properties of these 2D
semiconducting materials. Because of the localization of
electrons and holes in different layers, the spatially indirect
or interlayer exciton possesses a relatively longer life span'>
and shorter binding energies, which makes them fascinating for
realizing the Bose—Einstein condensates'” and their applica-
tions in solar cells’” and photodetectors.”' However, the high
symmetry of the TMDC crystal makes the optical properties as
well as the intensity of intra- and interlayer excitons
directionally isotropic.'”'® In addition, the intensity of these
excitons is insensitive to the nature of polarization of the
incident light.
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More recently, transition metal monochalcogenides (TMC),
another class of 2D materials with structural anisotropy, have
drawn the attention of the scientific community due to the
presence of the anisotropic optical response and excitons.
Anisotropic intralayer excitonic bound states are observed in
the low-symmetric 2D layers of phosphorene,”” ReS,,*>** and
monolayer TMC.”>™*" These anisotropic properties can be
further enhanced or tuned by making 2D TMC/TMC vdW
heterostructures.

Here, using first-principles GW and Bethe—Salpeter
equation (BSE) simulations, we report anisotropic IL excitonic
bound states in the type II vdW heterostructure of TMCs
GeSe/SnS. Interestingly, the optically active anisotropic inter-
and intralayer excitons are linearly polarized along the armchair
and armchair/zigzag directions, respectively. A direct correla-
tion between the in-plane biaxial strain and band alignment is
observed for the GeSe/SnS vdW heterostructure. On
application of more than 1% strain, the linearly polarized
anisotropic ILE disappeared because of the change in band
alignment of the heterostructure. The effects of strain
engineering are also observed on the peak position and
binding energies of intra- and interlayer excitons.
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The computational methodology used in this present study
has been discussed in detail in the Supporting Information
(section 1). The stable a phase® of both monolayers, GeSe
and SnS (space group Pmn2,), with puckered and anisotropic
structures are considered for this study. The convergence tests
of ground state energy and optical absorption are performed
and presented in Figures S1—SS. The structures of individual
layers (Figure S6) and their electronic, transport, and optical
properties are discussed in detail in the Supporting
Information. These findings are in excellent agreement with
previous reports.”>” The GeSe/SnS heterostructure is
constructed by stacking the optimized unit cells of individual
monolayer TMCs, as shown in Figure 1a,b and Figure S7. The
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Figure 1. (a) Side view and (b) top view of the atomic structure of
the GeSe/SnS heterostructure. The armchair and zigzag directions are
indicated in (b). (c) Band structure of the GeSe/SnS heterostructure
within the GGA-PBE approximation. The color gradient map reveals
the projection of bands into the isolated monolayers.

lattice parameters (a, b) and interlayer distances (d) of the
heterostructure with stacking AA and AB have been optimized
(Figure S7a—f). The optimized lattice parameters for the more
stable heterostructure with AB stacking are summarized in
Table S1.

The electronic band structure of the heterostructure
calculated by using the GGA-PBE method is shown in Figure
lc. The high symmetric directions I'=Y and I'=X in the
reciprocal space represent the ac and zz directions,
respectively, in the real space (Figure lc and Figure S8).
The GeSe/SnS heterostructure is found to be an indirect band
gap semiconductor with a band gap value of 1.03 eV (1.56 eV)
at the GGA-PBE (GW) level (Figure S9) of approximation
(Table S1). The valence band maximum (VBM) and the
conduction band minimum (CBM) are located at Y’ and X’
points, respectively. Interestingly, a competing minima in
conduction band is observed at Y’ in the GeSe/SnS
heterostructure, which is almost degenerate with minima at
X' (energy difference <0.1 eV). The direct semiconducting
gaps at X’ and Y’ points are 1.95 and 1.64 eV (Figure S9),
respectively. We observed a type II band alignment of the
GeSe/SnS heterostructure at Y’ (ac direction) in BZ. The
conduction band at Y’ (C,) and the valence band at Y’ (V,)
originate from the Ge-p, state of the GeSe layer and Sn-s and
S-p, states of the SnS layer, respectively.

The structural anisotropy is reflected in band dispersion
also; the conduction band is more dispersive along the I'=X
(zz) direction compared to the 'Y (ac) direction (Figure
1c). The nature of band dispersion of the valence band is
opposite to that of the conduction band, where the valence
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band is flat along the I'—X (zz) direction compared to the I'—
Y (ac) direction. Because of the inverse proportionality
between the effective mass and the curvature of the band
dispersion, the effective mass of charge carriers (Table S2) and
therefore the charge transport will also be anisotropic. For the
heterostructure, calculated electron mobilities along the ac and
zz directions are 7.55 and 18.00 X 10° cm? V7! s}
respectively. On the other hand, the hole mobilities along ac
and zz are found to be 0.38 and 1.12 X 10° cm? V™! 57},
respectively. Therefore, the electron mobility is 2.38 times and
the hole mobility 2.95 times larger along the zz direction than
that along the ac direction. The anisotropic transport
properties can be attributed to the anisotropic geometrical
structure of the TMCs as discussed earlier. Interestingly, the
carrier mobility of the GeSe/SnS heterostructure is much
higher than that in individual TMDs” and comparable to that
of phosphorene.*

To understand the optical behavior of the GeSe/SnS
heterostructure, the optical absorption spectrum is calculated
by using many-body perturbation theory in the GW+BSE
approximation. The BSE for the excitonic state S of the wave

function ll/ci and energy Eg can be written as
(BY — EX)yy) + Z Kierh05,,) = Eshyr) "
1

where K is the kernel of electron—hole interactions. The

cv,crvy
macroscopic dielectric function by BSE in the frequency
domain of the system can be obtained from the expression
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where u is the velocity operator between valence and
conduction energy state and A is the polarization vector.
Using the many-body perturbation theory in the GW
approximation, we evaluate the optical absorption spectrum
of GeSe/SnS heterostructure (Figure 2a). The solid and
dashed lines correspond to the optical absorption of the
heterostructure with (w/eh) and without electron—hole pair
(wo/eh) interactions. Similar to the electronic properties, a
profoundly distinct optical response of the heterostructure is
obtained along the ac and zz directions. The optical absorption
spectra calculated wo/eh interactions give the information on
the quasi-particle band gaps of the heterostructure. The band
edge is defined as the position where the increase in the rate of
absorption (wo/eh interaction) is largest.”” The optical
absorption spectrum of wo/eh of the ac and zz components
yields the values of 1.64 and 1.95 eV, corresponding to the
direct band gap values at Y’ (representing ac) and X’
(representing zz), respectively.

The excitonic effects are observed, when the e—h
interactions are included in the optical absorption by the
GW-BSE approximation. The four intense intralayer excitonic
bound states corresponding to the individual monolayers of
AGeser Bsng Agng and B, are also observed in the GeSe/SnS
heterostructure. The intralayer excitons, localized along the ac
and zz directions, are named as A and B excitons, respectively.
The peak positions of the corresponding excitons are at 1.53,
1.79, 1.81, and 2.11 eV, respectively. The red shift of the peak
positions of the intralayer excitons has been observed (Figure
S10a,b) in heterostructure compared to the isolated mono-
layers. These changes in the heterostructure can be attributed
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Figure 2. (a) Optical absorption spectra of the GeSe/SnS
heterostructure calculated by using BSE (w/eh) and RPA (wo/eh)
methods along the zz and ac directions. The vertical black lines
represent the oscillator strength. The inset shows the calculated
oscillator strength of the ILE. (b—e) Planar average charge density of
the heterostructure along the z-direction and a schematic
representation of intra- and interlayer excitonic bound states of the
GeSe/SnS heterostructure.

to an increase in dielectric screening (Table S3). The puckered
structure of this heterostructure results in the anisotropic
optical response and the linearly polarized excitons in the
system. The exciton binding energies, the difference between
the electronic band gap and the optical band gap, E.,, of Ag.s.,
Agps Bsns, and B, excitons are 0.19, 0.27, 0.15, and 0.68 eV,
respectively. The binding energies of both intralayer A excitons
are higher compared to that of B excitons (except Bg.s.). This
implies that the excitonic bound states, which are localized
along the ac direction, are more strongly bound compared to
the zz direction. As discussed earlier, the carriers are more
mobile along zz than that along the ac direction, which makes
Coulomb interactions between electrons and holes weaker
along the zz direction.

Apart from the linearly polarized intralayer bound states, an
additional lowest energy transition state has been observed in
the optical absorption spectrum along the ac direction below
the Ag.s. by 0.14 eV (Figure 2a). This lowest energy state has
been identified as the ILE, where electrons and holes reside on
the GeSe and SnS layers, respectively. The ILE transition state
is linearly polarized along the ac direction and appears due to
the type II band alignment along this direction (at Y’) as
shown in Figure lc. The value of binding energy of the ILE is
0.23 eV. In spite of the higher effective mass of the charge
carriers along the ac direction, the ILE is weakly bound, which
is due to the longer charge separation between the carriers
leading to reduction in the effective Coulomb interactions
between the e—h pairs. As a consequence of the charge
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localization in different layers, the transition probability, which
is given by the oscillator strength, is very low for the IL
transition as shown in the inset of Figure 2a. Bader charge
analysis indicates a charge transfer of 0.018e between the
monolayers. This leads to a built-in electric field at the
interface of the GeSe/SnS heterostructure, helping to separate
electrons and holes in the different layers, leading to an
increase in the recombination lifetime of the ILE. Our
calculations predict that the ILE in GeSe/SnS is weakly
coupled comgared to that in the TMDC/TMDC hetero-
structures,'®"® which will help in the easier charge separation.
Hence, the presence of the long recombination time and the
weakly bound linearly polarized IL excitonic bound state can
make the GeSe/SnS vdW heterostructure a potential candidate
for photocatalysis and solar cell applications. Along with the
excitons in this heterostructure, the biexcitons or multiexcitons
can also play a role in light—matter interactions. However, the
contribution of biexcitons and multiexcitons is negligible in
comparison to excitonic effects in a 2D system. Furthermore,
these higher order many-body effects arising due to the
interaction of exciton—exciton or exciton—electron/hole
cannot be captured by using BSE approximation.

A clear picture of localization of excitons emerges from the
z-direction planar averaged charge density (Figure 2b—e) of
heterostructure. The planar averaged charge density indicates
that C; and V, originate from the GeSe and SnS layers,
respectively (Figure 2b). Therefore, the ILE along the ac
direction with very low oscillator strength originates from the
interlayer excitonic transition from V, to C, at the Y’ point as
shown in Figure 2b. The C; and V, bands at the Y’ point
mainly originate from the GeSe layer. Therefore, Ag,g. exciton
is formed by localization of electrons and holes in C, and V, at
the Y’ point, respectively (Figure 2c), whereas the C, and V,
bands at the Y’ point originate from the SnS layer (Figure 2d),
which leads to the formation of Ag in the heterostructure.
Figure 2e shows that Bg,g originates from the X’ point, where
C; and V; points mainly localized at the SnS layer. The low-
energy optical active transitions are mostly dominated by the
ac directional polarized excitons. Hence, GeSe/SnS hetero-
structure strongly absorbs ac polarized light in the energy range
140 eV (ILE peak position) to 1.80 eV and remains
transparent to zz polarized light. Because of this unique
anisotropic phenomenon, the heterostructure can be used as
an optical polarizer22 and, in optical quantum computers, as
three-dimensional visual displays and liquid crystal dis-
plays 332

There is a chance to further enhance or modulate these
properties by applying in-plane to the heterostructure. Previous
reports also suggest that strain can tune the band gap as well as
electronic and optical properties of 2D materials.”* ™" The
application of strain can also modulate the excitonic binding
energies of a system by weakening or strengthening the
dielectric screening of the medium.*”*' The applied uniaxial

strains along the x (2z) and y (ac) directions are defined as
b= b,

€, = _—

a—ag _
= ——and €, =

a, by
z direction has been considered along with applied in-plane
uniaxial and biaxial strains in the heterostructure. Structural
change in the GeSe/SnS heterostructure is more sensitive to
biaxial strains compared to the uniaxial strains (see Figure S7f).
The BT stretched and BC compressed cell parameter strains
are taken to be negative and positive values, respectively.
Furthermore, the out-of-plane compressive and tensile strains

. The complete relaxation along the
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are also applied in the system to investigate the modulation of
optical properties (detailed discussion in section 7 of the

Supporting Information).

The evolution of the band edges (C;, V}, Cs, and V;) of the
heterostructure with €, is shown in Figure 3a. The indirect-to-

@ M (Y'=Y') D (Y~X’ (®) 2% D (Y~Y") ID (Y~X)
A_3' E 0—0’ N‘“‘._.. H
> ' <& —~ L
© §e0e0008e80000g > .
8 4000 g T P
FafoCrevy o LBl el N
5 'O'Cl"'Y—&"J'. - -=-GW M
g i e® § | -+«-PBE A
B sl ye* ee? @ \n

e

B —
(C) &, .

J.t - =

Vi

Figure 3. (a) Evolution of different band edges at X’ and Y’ as a
function of €. (b) Variation of band gap values by GGA-PBE and
GW methods with €. (c) Top view of band-decomposed charge
density of different band edges at X’ and Y’ points, showing the
bonding (C;) and antibonding (V;, V;, and C, edges) character of the

direct band gap transition has been observed upon application
of €, (~ —1%) (Figure 3a). Furthermore, under the
application of €, the band gap of the system decreases
continuously and becomes zero at 6% strain as shown in Figure
3b. Both of the transitions are due to the downward shift of the
C; valley with €,; as shown in Figure 3a. The band-
decomposed charge densities of VBM and CBM at both X’
and Y’ points are given in Figure 3c. The C}, V}, and V; valleys
clearly show the antibonding character of the orbitals, whereas
the C; valley shows the bonding characters of the orbitals.
Upon application of compressive €,; on the unit cell, the atoms
come closer to each other, and their wave functions start to
overlap. As a result, the bonding nature of C; increases with
the BC strain, leading to a downward shift of the C; point. On
the other hand, with the BC strain the bonding nature of C,
V,, and V; points decreases, leading to a shift toward higher
energy regions (Figure 3a).

The absorption spectrum shows a significant blue (red) shift
with the applied BT (BC) strains with respect to the
unstrained peak position as shown in Figure 4a—c (Figure
4d—f). The linearly polarized state of all the intralayer excitons
has been preserved even under the strain in the system. On the
other hand, the ILE is absent under high BC strain, €,; > 1%
(Figure 4f). First peak of the optical absorption (w/eh)
determines the optical band gap of the system. Therefore, the
optical band gap up to 1% strain is represented by peak
position of the ILE and beyond that (Figure 4f) by the peak
position of Ag,g, exciton. The shift in excitonic energies with
biaxial in-plane (intra- and interlayer excitons) is shown as in

orbitals. Figure 4g. For out-of-plane strain, the absorption spectrum
shows a red (blue) shift with tensile (compressive) strains with
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Figure 4. (a—c) Optical absorption spectra of GeSe/SnS heterostructure with bitensile (BT) strain. Optical absorption shows the blue shift. (d—f)
Optical absorption spectra of GeSe/SnS heterostructure with bicompressive (BC) strain. Optical absorption shows the red shift. (g) Evolution of
low-energy levels of intra- and interlayer excitonic states for different €. (h) Variation of static dielectric constants in the ac and zz directions as a
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respect to the unstrained peak position as shown in Figure
S1la—c (Figure S11d—f). The ILE is present throughout the
whole out-of-plane strain (— 3 to 3%) range. To understand
the red and blue shift of optical absorption and excitonic
energy levels with €y, the static dielectric constant for all the
strain has been calculated as shown in Figure 4h. The BC
strain brings atoms closer to each other and leads to greater
overlap of the orbitals. It results in an increase of dielectric
screening (€) of the system (Figure 4h) in both ac and zz
directions, and the absorption peaks corresponding to intra-
and interlayer excitons show a blue shift with the BT strain and
a red shift with the BC strain.

The E,, values of intra- and interlayer exciton (except Bg.s.)
remain almost constant with the external ey; as shown in Figure
Sa. The variation of the excitonic energy levels (Figure 4g) and
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Figure S. (a) Variation of binding energies of intra- and interlayer
excitonic states for different ¢,;. (b) Evolution of electronic states of
V, and V, valleys as a function of €;. (c, d) Schematic representation
of IL transition states at BT (— 3%) and BC (2%) strains,
respectively.

the corresponding electronic direct band gap (Figure S12)
with respect to €, follow the same trend (except Bgeg.)-
Therefore, the difference between the electronic direct band
gap and excitonic energy level remains almost constant, leading
to unaltered behavior of the excitonic binding energies. The
small decrease in the excitonic binding energies can be
understood by using the Mott—Wannier effective mass model.
The two-body excitonic binding energy of an ideal 2D
sheet* in the Mott—Wannier effective model can be written
as EF_ZXD =

- * where my, ., = m.m,/(m, + my), and € are the
0

free electron mass, the effective mass of the exciton, and the
static dielectric constant of the system, respectively. The
excitonic binding energy of ILE calculated via the classical
Mott—Wannier model was found to be closer (0.11 V) to the
BSE-calculated value (0.23 eV). With increasing dielectric
screening, a decrease in binding energy of excitons is observed
(Figure Sa). The variation of excitonic binding energies as a
function of €y; is more noticeable in B excitons compared to
that of the A excitons. Because of the greater overlap of
electronic states along the zz direction for all the strains, the
dielectric constant is higher along the zz direction compared to
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the ac direction (Figure 4h). Compared to all the intralayer
excitons, the variation in the binding energy of ILE is very
small. Because of the localization of electrons and holes in
different layers at Y’, the optical band gap (Figure 4g) follows
exactly the same trend as that of the electronic band gap
(Figure S12) at Y', and as a result, the E, of ILE remains
constant.

From Figures 4f,g and S5a, it is observed that the ILE
disappears at higher compressive strain. In order to get the
physical insight, the contributions of electronic states from
different layers in V, and V, valleys for e,; have been
calculated. The evolution of GeSe and SnS electronic states in
V, and V, valleys with strain are shown in Figure Sb. It is
observed that the major (minor) contributions of electronic
states in V; and V, valleys are from SnS (GeSe) and GeSe
(SnS) layers, respectively (Figure Sb). The application of €y,
leads to charge transfer between these two valleys. The
contribution of the electronic states from different layers in V,
and V, valleys does not change much in the case of ¢,; from
—3% to 1% as shown in Figure Sb. Therefore, the charge
transfer between these two valleys is very small up to 1% biaxial
strain, helping the heterostructure to preserve the type II
alignment as well as the interlayer anisotropic exciton in this
range of ¢,; (Figure Sc). Beyond 1% BC strain, the charge
transfer between the layers becomes enormously high (Figure
Sb), and both the valleys (V; and V,) no longer act as isolated
monolayer electronic states. At this €}, the Y’ does not remain
type II, and as a result the interlayer excitonic bound state
disappears (Figure 5d).

In summary, we have studied the generation of linearly
polarized, anisotropic intra- and interlayer excitonic bound
states in the GeSe/SnS van der Waals heterostructure. Our
calculations suggest that the puckered 2D honeycomb-like
geometry leads to directional anisotropy in excitonic bound
state of this heterostructure. A variation in excitonic binding
energies and optical band gap has been observed, which is
ascribed to the change in effective dielectric constant and the
band dispersion upon application of biaxial strain. The red/
blue shift of the optical absorption spectrum is observed upon
applying compressive/tensile biaxial strains. The destruction of
type II band alignment and hence linearly polarized anisotropic
ILE has also been found for the higher biaxial compressive
strain due to the charge transfer between the layers. This study
provides a useful guidance for the optimization of the excitonic
binding energies and tuning the formation of interlayer
excitonic bound state, which can assist its applications in
photovoltaics, lasers, optical quantum computers, and opto-
electronic devices.
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