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Chapter 5 Mixed-phase heterostructure engineering of SnS

5.1 Introduction

As one of the initial members of the orthorhombic two-dimensional (2D) material family,
black phosphorene (BP) has demonstrated remarkable physicochemical properties, making
it a promising candidate for nanosensor applications [1-3]. In the previous chapter, we
explored how defect-engineered BP can enhance gas sensing performance due to its high
defect susceptibility. In this chapter, we shift our focus to SnS, a BP-analogous material
from the orthorhombic transition metal monochalcogenide (TMMC) family. SnS shares a
similar structural configuration with BP but offers greater stability, as evidenced by its
higher vacancy formation energy (discussed in Table 1.1) in both Sn-rich and S-rich
growth environments [4]. Compared to its isostructural counterpart BP, SnS exhibits better

resistance to oxidation [5].

a-SnS, also known as orthorhombic SnS, a puckered 2D TMMC material with an
anisotropic structural configuration, and broken inversion symmetry in its monolayer form,
has garnered significant interest due to its distinct intrinsic properties, like aeolotropic
electronic and optical properties, spin-orbit splitting, and high thermoelectric coefficient
[6-8]. In the recent years, SnS has become a subject of topical research due to its
prospective applications in optoelectronic devices such as photovoltaics (PV) [6,9-12].
While other chalcogenide materials like CdTe, and CulnGaSe: exhibit high PV
efficiencies, their use is limited by factors such as high cost and toxicity [13,14]. In
contrast, SnS, with its abundance in the earth's crust and non-toxic nature, along with its
suitable optical band gap for solar light absorption, offers significant advantages over other

PV materials [6,10].

The effectiveness of PV devices depends on the intrinsic electronic structure of
SnS. Incident light particles (photons) interact with the material, exciting electrons to the
higher-energy conduction band (CB) from the lower-energy valence band (VB). This
excitation leaves holes behind in the VB. The movement of these excited electrons and
holes within the material generates an electric current. The pristine electronic states of SnS
allow for defect-free absorption, a critical factor for developing highly efficient and
effective PV devices. Therefore, preserving the intrinsic optoelectronic properties of SnS

is essential for its effectiveness, to function as a photovoltaic device.
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In this work, we propose stacking a monolayer of SnS with a large band gap
semiconductor such as hexagonal boron nitride (4#-BN) to preserve its intrinsic
optoelectronic properties. The inert electronic and optical properties of #-BN monolayer is
discussed in Appendix A.6. Renowned for its superior chemical and thermal stability over
other 2D materials like graphene, 4-BN has already demonstrated its effectiveness in
mitigating defects in BP [15—17]. To be mentioned, that heterostructures based on similar
lattice structures are extensively studied, but those with dissimilar lattices (orthorhombic-
hexagonal) remain scarce, and hold promise for developing mixed-phase heterostructures
in the future. The well-known electronic structure underestimation in density functional
theory (DFT) is corrected by employing Green’s function ‘G’ with screened Coulomb
potential ‘W’ (GW) calculation established upon many-body perturbation theory (MBPT).
The optical absorption (imaginary €) spectrum of the proposed heterostructure is derived
through the Bethe-Salpeter equation (BSE). We speculate that the mixed phase SnS/A-BN
heterostructure can effectively preserve the intrinsic properties of SnS, making it a

desirable prospect for next-generation PV and other optoelectronic devices.

5.2 Computational details

The calculations were done using the PWSCF code in the Quantum Espresso software suite
based on DFT and plane-wave pseudopotential approach [18-21]. The generalized-
gradient-approximation (GGA) with non-empirical Perdew-Burke-Ernzerhof (PBE)
parameterization was used to treat the exchange-correlation functional in the calculations
[22]. The electron-ion interactions were modelled using the scalar-relativistic Optimized
Norm-Conserving Vanderbilt Pseudopotential (ONCVPSP) [23]. The kinetic energy
cutoff (ecutwfc) and the charge density cutoff (ecutrho) for the wavefunctions was kept at
50 Ry (680¢eV), and 300 Ry (4081 eV), respectively. The sampling of the primary Brillouin
zone (BZ) for BNNT, monolayer SnS, SnS/BNNT heterostructures were done at 1x6x1,
6x6x1, 6x6x1 k-point grid, respectively, generated via the Monkhorst-Pack scheme. For a
precise integration of the BZ during the non-self-consistent calculations an even denser
corresponding k-grid of 1x18x1, 12x12x1, 12x12x1, were considered for the three
structures respectively. An energy convergence threshold of 10 Ry and a force
convergence threshold of 107 Ry/Bohr were used to relax the lattice and atomic

parameters. The convergence criteria for self-consistent calculation were set at 107 Ry.
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Semi-empirical Grimme’s DFT-D2 parameter accounts for the Van der Waals (vdW) force

in the heterostructure [24].

Lattice mismatch along a particular direction was calculated by,

Lsns~LnBN » 10 (5.1

Lsns

here, Lg,5 and L, gy are the lattice parameters of SnS and /#-BN supercell along a particular

direction.

The strain % on each layer along a particular direction was calculated by,

L -L -
hetero™ »SnS/R-BN . 1) ...(5.2)
Lsns/n-BN

here, Lyetero 18 the lattice parameter of the heterostructure along a particular direction, and

Lsns/n-n 1s the lattice parameter of SnS or #-BN supercell along the same direction.

The binding energy (Eb) per unit cell of the heterostructure was calculated by the following

formula:
Ep = Esns/n-Bn — Esns — En-Bn ...(5.3)

the terms Egns/n-gn, Esns, Enpn represent the total energies of the SnS/A-BN

heterostructure, isolated SnS layer, and 4-BN layer, respectively.
The equation to calculate the charge density difference (CDD) is as follows:
A P = Psns/n-BN ~ Psns — Ph-BN (54

where, Psns/n-BN> Psns, Pr-en indicate the overall charge densities of the SnS/A-BN

heterostructure, isolated SnS layer, and 4#-BN layer, respectively.

Beyond DFT, the energy levels were corrected by introducing quasiparticle
interactions through GW computations based on MBPT. The quasiparticle interaction is

introduced by the following non-linear equation,
P P
Effk = €nk + Znk < Wnklz(Er?k ) = Vee| Wi > ...(5.5)

where the term Z,, represents renormalisation factor. With the evaluation of the

dynamical and static components in the self-energy (2), the plasmon-pole approximation
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(PPA) is used to determine the single pole function frequency subjected to the dielectric

matrix [25,26].
The excitonic electron-hole effect is incorporated by solving the BSE [26,27],
(Ecke — Evi)ASer + Tprer < vek|KE™ v’k > AS) 1 = Q5 A3 ...(5.6)

where, the screened interaction between excited electrons and holes are described by the
kernel term K" [26,27]. The terms AS_,, and 2° represent the electron-hole amplitudes,
and the exciton energy, respectively. E . and E,, are the quasiparticle energies of the
electron and hole states. The subscripts v, ¢, and k represents the valence band, conduction
band, and k vector, respectively. The GW+BSE computation is done using the YAMBO
package [28,29].

5.3 Structural properties and stability of SnS/h-BN heterostructure

At first, the structural parameters of the SnS and #-BN monolayer were optimized using
the DFT-GGA approach. The optimized unit cell parameters for SnS are found to be a =
4.05 A and b = 4.43 A, while for #-BN they are a =b = 2.52 A. These results align well
with previous reports [30,31]. Given the different geometries of the SnS and /#-BN unit
cells (orthorhombic and hexagonal, respectively), an orthorhombic unit cell of 4-BN was
adopted to build the heterostructure. The optimized lattice parameters for the orthorhombic
unit cell of 2-BN are a=2.52 A, b =4.36 A. The SnS/A-BN heterostructure was modelled
using a 2x1 supercell of SnS and a 3x1 orthorhombic supercell of #-BN (Fig. 5.1). The

following transformation matrix was used to model the orthorhombic unit cell of #-BN.

1 -1 0
Tv=[1 1 0
0 0 1

A schematic illustration of modelling the mixed-phase heterostructure is provided in Fig.
5.2. The ground state energy of the SnS/A-BN heterostructure was found to be minimal
when the cell parameters are a = 8.00 A, b =4.40 A (Fig. 5.1). The lattice mismatch in the
SnS/h-BN heterostructure is 6.67% and 1.58%. The values are listed in Table 5.1. While a
6.67% mismatch might seem marginally high, it is experimentally feasible because the
growth of vdW heterostructures depends on vdW interactions rather than chemical bonding

at the interface [32]. Heterostructures with highly mismatched lattice parameters, such as
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Figure 5.1: (a) Top view, (b,c) side view of mixed phase SnS/h-BN heterostructure, (d,e)

convergence test of lattice parameters vs. ground state energy.
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Figure 5.2: Schematic representing the modelling process of the SnS/h-BN

heterostructure.
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Figure 5.3: AIMD simulation at (a) 300 K, (b) 450 K, (c) 600 K, and (d) 700 K (the axis
on the left side of the figures represents the energy of the heterostructure and the axis on

the right side of the figures represents the temperature scale).

Table 5.1: Lattice parameters of the monolayer supercells and the strain experienced by

them within the heterostructure.

SnS h-BN Heterostructure
Cell size 1x1 2x1 1x1 3x1 1x1
Lattice a 405A 81A 252A 756A 8.00 A
parameters b 443 A 443A 436A 436A 4.40 A
a -1.23% 5.82%
Strain % b -0.67% 0.92%

SnSe2/MoS: (20%) and In2Se3/MoS: (20%), have already been synthesized experimentally
[33,34]. Additionally, a recent computational study on electric field-controlled type-I to
type-1I band conversion in BP/SnS heterostructure also reported a lattice mismatch of 7%
[35]. As shown in Fig. 5.1(b) the optimized interlayer separation between SnS and 4-BN
is3.11 A.
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The heterostructure possesses a stable interface binding energy of -1.91 eV per unit cell.
The negative value of binding energy (Ep) suggests that the heterostructure is structurally
stable and energetically favourable. To further evaluate the stability of the SnS/A-BN
heterostructure, ab initio molecular dynamics (AIMD) calculations were executed at room
temperature (300 K), 450 K, 600 K and 700 K. The maximum energy fluctuations in the
total energy of the heterostructure over 8.5 ps at these temperatures were compared to the
binding energy (E» =-1.91 eV) of the heterostructure. At room temperature and 450 K, the
maximum energy fluctuations are 0.27 eV and 0.16 eV, respectively. This suggests that
the ideal temperature for experimentally synthesizing the mixed-phase SnS/h-BN
heterostructure is around 450 K. At 600 K, the energy fluctuation increases to 1.87 eV,
nearly equal to the binding energy of the heterostructure. At 700 K, the energy fluctuation
(~2.61 eV) due to thermal agitation surpasses the binding energy, potentially causing the
heterostructure layers to separate. The minimal energy fluctuations observed over a period

of 8.5 ps suggest that up to 600 K the heterostructure is thermally stable (Fig. 5.3).
5.4 Interlayer charge transport and built-in electric fields

From the charge density difference plot (Fig. 5.4(a)), it is evident that charges accumulate
near the surface of #-BN. This occurs because nitrogen has the highest electronegativity
among the four atomic species in the heterostructure. Bader charge analysis reveals that
0.032 e has been transferred from the surface of SnS to the surface of #2-BN. Consequently,
there is a built-in electric field between the two surfaces, directing from 4#-BN to SnS. This
built-in electric field at the junction of the heterostructure can be easily visualized from
Fig. 5.4(b). The difference in electrostatic potential (AVhetero) between the two surfaces is
0.61 eV. This potential difference drives the charge flow between the surfaces. Apart from
the potential difference at the surface interface, there is a potential difference between the
two atomic layers of SnS (AVsns = 0.14 eV). The charge dynamics at the heterostructure
interface cause non-uniformity in the electrostatic potential between the two atomic layers
within SnS (Fig. 5.4(a)). Such intralayer potential difference is not generally observed in

freestanding SnS monolayer (shown in the inset of Fig. 5.4(b)) or other vertical SnS based
heterostructure reported in literature [36]. The built-in interlayer (Ehetero) and intralayer

(ESns) electric fields in the heterostructure play a crucial role in spatially separating
electron-hole pairs, thereby significantly enhancing the ability to improve the translation

of photogenerated charges and improving the PV efficiency (discussed later in section 5.6).
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Figure 5.4: (a) Charge density difference plot of SnS/h-BN heterostructure (cyan and
yellow colour represents the accumulation and depletion of charges, respectively); (b)
electrostatic potential along the z-direction of SnS/h-BN heterostructure (inset:
electrostatic potential of SnS monolayer), (c) electron localization function (elf) plot of
SnS/h-BN heterostructure (the blue to red colour bar indicates the lowest (-1) to highest
(1) value; (d) layer projected electronic band structure plotted along the X-I-Y-T-X high
symmetric path (blue and red colour indicates the contribution from the SnS and h-BN
monolayers, respectively); (e) orbital projected density of states (PDOS) of SnS/h-BN
heterostructure; and (f) schematic showing the straddling type-1 band alignment of SnS/h-

BN heterostructure.
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The electron localization function in Fig. 5.4(c) evidently illustrates that the bonding

between the SnS and 4-BN layers is vdW in nature.
5.5 Preserved electronic properties of SnS

The electronic properties of the heterostructure, calculated using DFT-GGA, reveal a type-
I band alignment (Fig. 5.4(d,e)). Both the conduction band minimum (CBM) and valence
band maximum (VBM) predominantly originate from the SnS layer (Fig. 5.4(d)). Near the
Fermi level, most bands are primarily composed of SnS, while the #-BN bands lie deeper
and farther away. The projected density of states (PDOS) indicates that Sn 5p orbitals
contribute to the conduction bands near the Fermi level, while S 3p orbitals dominate the
valence bands (Fig. 5.4(e)). This suggests that the intrinsic electronic properties of SnS,
particularly the states in the vicinity of the Fermi level, are well preserved by the deep-
lying orbitals of #-BN. The schematic represented in Fig. 5.4(f) depicts the straddling type-
I band structure of the heterostructure. This straddling band alignment results in an indirect
band gap, with the VBM positioned along the I'-Y direction and the CBM along the I'-X
direction. At the DFT-GGA level, the indirect band gap of the heterostructure is 1.38 eV.

To assess the extent to which SnS electronic states are preserved in the heterostructure, we

compare the straddling band structure of SnS/4-BN to the band structure of a freestanding

Table 5.2: Indirect and direct band gaps of SnS/A#-BN heterostructure and SnS monolayer
along with their direction in the BZ calculated at the GW and DFT-GGA level. The last

column shows the difference between the band gaps of SnS monolayer and SnS/4-BN

heterostructure.
Nature of Calculation SnS SnS/h-BN AE
gap level Gap (direction) Gap (direction) *
GW 228eV([I-YtoI'-X) 2.20eV(I-YtoI-X) 0.08 eV
Indirect
DFT-GGA 1.52eV(I-YtoI'-X) 1.38eV([I-YtoI'-X) 0.14eV
GW 2.50eV (I'-Y) 2.47eV (I'-Y) 0.03 eV
2.83 eV (I'-X) 2.72 eV (I'-X) 0.11eV
Direct
1.72 eV (I'-Y) 1.60 eV (I'-Y) 0.12eV
DFT-GGA
1.94 eV (I'-X) 1.70 eV (I'-X) 0.24 eV
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Figure 5.5: GW band structure of (a) SnS monolayer, (b) SnS/h-BN heterostructure (the
dotted lines in the figures indicates to the bands calculated using DFT-GGA approach, the
quasiparticle GW bands in (a) and (b) are represented by the violet, and the orange lines,
respectively,; the highest valence band (HVB) and the lowest conduction band (LCB) in
(a), and (b) are represented by the red and wine coloured line, respectively); (c, d)
illustrates the BZ and schematic representation of band gaps of SnS, and SnS/h-BN,

respectively.

SnS monolayer. At DFT-GGA level, the SnS monolayer has an indirect band gap of 1.52
eV (represented by the dotted lines in Fig. 5.5(a)). The VBM in SnS monolayer is along
I'-Y direction and the CBM is along I'-X direction. The results for SnS monolayer align
well with previous reports [6,10,30]. As discussed earlier, the heterostructure shares this
indirect band gap characteristics with the monolayer SnS. The direct bandgaps of both SnS
monolayer and the SnS/A4-BN heterostructure exhibit their minimum direct bandgaps along
the I'-Y direction with DFT-GGA values of 1.72 eV and 1.60 eV, respectively (Table 5.2).
Along the I'-X direction, the corresponding values are 1.94 eV and 1.70 eV. While the
overall bandgap trends are similar between the monolayer and heterostructure, notable
differences emerge in the band gap values. The indirect band gap in the heterostructure is

dropped by 0.14 eV, whereas the direct band gap along I'-Y and I'-X valleys are red shifted
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by 0.12 eV and 0.24 eV, respectively. We surmise that these significant discrepancies in
the band gap values between SnS monolayer and the SnS/4-BN heterostructure lies in the

inefficiency of DFT-GGA calculation level.

DFT often underestimates the electronic band gap of a material as it excludes
electron-electron and electron-ion interactions. For an accurate calculation of a material's
electronic structure and to compare the results with experimental studies, it is crucial to
incorporate these missing interactions. In addition, including these many-body interactions
can yield precise and accurate electronic structures. For instance, while DFT-GGA predicts
a direct bandgap for #-BN monolayer, quasiparticle calculations reveal an indirect bandgap
along the K-I" direction [15,37]. To obtain a precise electronic band structure of the SnS/A-
BN heterostructure, we incorporate quasiparticle-corrected GW calculations. Our
quasiparticle-incorporated band structures for SnS (Fig. 5.5(a)) and the SnS/A-BN
heterostructure (Fig. 5.5(b)) show significant corrections compared to the DFT-GGA band
structures (Table 5.2). While the shape of the band structure remains invariant and closely
follows the band alignment of DFT-GGA calculation, the band gap is significantly
corrected. The GW calculations for SnS monolayer are in agreement with the existing
literatures [38—40]. The quasiparticle corrected minimum band gap of the heterostructure
is 2.20 eV. The minimum direct band gap along the I'-Y and I'-X valley are 2.47 eV and
2.72 eV, respectively. As shown in Table 5.2 and illustrated in the schematic Fig. 5.5(c,d),
compared to DFT-GGA band gaps, the indirect band gap of the monolayer and the
heterostructure now differ by marginal 0.08 eV, and the direct band gap along I'-Y and I'-
X valley differ by significantly lower values of 0.03 eV and 0.11 eV, respectively. Thus,
the quasiparticle corrected band structure of the SnS/A-BN heterostructure suggests that
the band gaps of the SnS/A#-BN heterostructure coincides closely with the band gaps of SnS
monolayer. These band gaps, specifically the minimum direct gaps, play the most

significant role in the absorption phenomena of SnS based optoelectronic devices.

Although the band gaps of SnS and SnS/A4-BN heterostructure are closely aligned, there
are some noticeable changes in the shape of the band structure along the I'-X and T-X
valleys. A closure inspection reveals that the dispersion of the band energy in these valleys
differs between SnS monolayer and SnS/A4-BN heterostructure. These modifications in the
band dispersion may be attributed to two factors: (i) the compressive strain imposed on
SnS in the heterostructure, or (ii) the interlayer coupling of SnS with 4-BN. In the SnS/A-

BN heterostructure, the SnS monolayer experiences compressive strain of 1.23% along the
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x-direction and 0.67% along the y-direction (Table 5.1). Although strain can alter the band
gap in SnS, it is unlikely to be the key factor in shaping the E-k diagram [41,42]. To confirm
this, we examined the electronic band structure of the SnS/A-BN heterostructure without
imposing strain on the SnS surface (Fig. A.7). This calculation was done at the DFT-GGA
level, as the quasiparticle band structure imitates the shape of the DFT-GGA band structure
of the heterostructure. We found that even with 0% strain, the band dispersion along I'-X
and T-X in the heterostructure remains different from that in the SnS monolayer. This
confirms that the observed changes in band curvature originate from interlayer coupling
between SnS and 4-BN within the heterostructure. Although the #-BN orbitals lie deep in
the CB and VB regions, the interplay between the orbital states of the two surfaces is

significant enough to modify the band curvature of straddling SnS.

These modifications in the band dispersion can substantially impact charge carrier
mobility within the heterostructure, subsequently affecting its optical absorption
properties. To assess this, we calculated the effective mass of charge carriers in the highest
valence band (HVB) and lowest conduction band (LCB) for both the SnS/A-BN
heterostructure and the SnS monolayer at the extremum band positions (Table 5.3). While
most effective masses remain comparable between the two systems, the hole mass along
the I'-X valley is somewhat larger in the heterostructure due to a less dispersive band curve.
This slightly reduces the hole mobility in the I'-X direction. However, this less dispersive
band curve preserved by /#-BN is anticipated to have higher carrier mobility compared

defective SnS, which has even flatter defect states [5]. Furthermore, the built-in intralayer

electric field (ESnS) is expected to compensate for reduced mobility and enhance the

transport of photogenerated carriers within their respective bands.

Table 5.3: Calculated charge carrier effective mass of SnS/4-BN heterostructure and SnS

monolayer.

SnS SnS/h-BN

Band valley
Carrier m’(mg) m“(mg)
electron 0.08 0.04
I'-X
hole 0.24 0.38
electron 0.06 0.06
Ir-Y
hole 0.07 0.08
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5.6 Intralayer excitons in presence of electric field

Due to the weak dielectric screening in 2D materials, excitonic effects play a vital role in
their optical properties and the performance of optoelectronic devices [39]. By solving
BSE, we can obtain the direct band-to-band transitions, which can be compared with the
experimental observations of absorption [38]. The imaginary part of the macroscopic
dielectric function (Im €) is presented in Fig. 5.6(a) for linearly polarized incident light
along x- and y-directions. To better understand the excitonic effects, we calculated the
optical absorption spectra both with electron-hole (w/eh) and without electron-hole
(wo/eh) interactions. The energy difference between the GW direct electronic band gap
and the excitonic peak in the spectra is considered as the BSE exciton binding energy
(EBE). As anticipated from the electronic structure, the first excitonic peak (Asns) in
SnS/h-BN heterostructure and the SnS monolayer arises at 2.21 eV and 2.17 eV,
respectively, due to incident polarization along the y-direction (Fig. 5.6(a,b)). The second
excitonic peak (Bsns) in the heterostructure and the monolayer appears at 2.47 eV, and 2.52
eV, respectively (Table 5.4). This second peak is due to light incident along the x-direction.
The small difference in the optical band gaps is due to the reduced direct band gaps in the
heterostructure, caused by the interlayer vdW coupling of SnS and %-BN, as discussed

earlier in the electronic properties section. The vertical drop lines in Fig. 5.6(a) depict the

Table 5.4: The excitonic peak positions and exciton binding energy (EBE) of SnS/A-BN
heterostructure (Fig. 5.6(a)) and SnS monolayer (Fig. 5.6(b)) along with their respective
direct band gap position in the BZ momentum space. The last two rows show the results
of SnS monolayer under the compressive strain of 1.23% and 0.67% along the x- and y-

direction, respectively.

System k-valley Direct band gap Exciton peak EBE
r-y 247eV 221eV 0.26 eV
SnS/h-BN
r-x 2.72 eV 2.47 eV 0.25eV
-y 2.50 eV 2.17eV 0.33 eV
SnS monolayer
r-X 2.83 eV 2.52eV 031eV
SnS monolayer r-y 2.48 eV 2.16 eV 0.32 eV
(strained) r-x 2.72 eV 2.41 eV 0.31eV
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Figure 5.6: Optical absorption spectra of (a) SnS/h-BN heterostructure (the excitonic
strength is indicated by the vertical drop line in a normalized scale of 0 to 1), and (b) SnS
monolayer, average electron-hole density of (c) Asws, and (d) Bsns exciton in the
heterostructure (the magenta (top panel) and the cyan (bottom panel) colour represents
the electron and hole density, respectively); schematic demonstrating the electron-hole
pairs in (e) monolayer SnS without intralayer electric field, and (f) SnS/h-BN
heterostructure with intralayer electric field (the solid black arrows on electrons and hole

indicates the direction of force due to the electric field).

excitonic strengths in a normalized scale of 0 to 1 (refer to the axis on the right). Both the
excitons at 2.21 eV and 2.47 eV along two directions have the strength ~1, indicating they
are the brightest excitons in the heterostructure. The other excitons having strength ~0 are

the dark excitons. From the electron-hole average density plots, it is evident that the bright
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excitons along the two-polarization direction are intralayer and confined to SnS surface

(Fig. 5.6(c,d)).

Comparing the EBEs of the monolayer and heterostructure indicates that Asns and Bsas in
the heterostructure are weakly bound (Table 5.4). This may be caused by the small
compressive strain experienced by the SnS surface within the heterostructure or the
intrinsic electric field arising from the non-uniform charge dynamics in the heterostructure.
It is well known that the electronic and optical properties of 2D materials and their
heterostructures are highly sensitive to strain effects. As discussed earlier, the SnS surface
experiences a small compressive strain along its two polarisation axes, which may
influence the binding energies of Asys and Bsns. To explore the effect of strain on As,s and
Bsns, we solved the BSE for SnS monolayer under compressive strain of 1.23% and 0.67%
along its two coordinate axes, x and y, respectively (Table 5.4). The results clearly indicate
that the compressive strain reduces the electronic band gap of SnS. However, despite this
reduction, the exciton binding energy remains unaffected, as the optical band gap decreases
proportionally. Thus, the compressive strain is not the cause of the weaker exciton binding
in the heterostructure. Intrinsic electric field also plays a crucial role in spatially separating
electron-hole pairs, specifically in heterojunctions with interlayer excitons [43—46]. As the
electrons and holes are spatially separated across different vertical surfaces, the interlayer
electric field assists in further weakening the EBEs in such heterostructures. However, in

SnS/h-BN heterostructure, Asns and Bsns are confined to SnS surface, meaning they are
not affected by the interlayer electric field ﬁhetero, but can be significantly influenced by

the intralayer electric field ESnS- It is to be mentioned that the ESnS is directed along the z-
axis and will affect the electron-hole pairs that have spatial separation along the z-direction.
Given the two atomic layered structure, it is possible for the electrons and holes in SnS to
have spatial separation along the z-direction. This can also be visualised from the average
electron-hole density plot of Asns and Bsas shown in Fig. 5.6(c,d). The schematic in Fig.
5.6(e) illustrates the spatially separated electron-hole pairs in monolayer SnS along the
zigzag and armchair direction. In SnS/A-BN heterostructure, the electron-hole pairs with
spatial z-component separation are influenced by the vertical ESnS (Fig. 5.6(f)). The
electron in such a case will drift in the direction opposite to the electric field, while the

hole will move along the direction of the field. Therefore, the weak EBEs of Asss and Bsus,

in the heterostructure, is attributed to the vertical intralayer electric field, ESnS: which

promotes exciton dissociation, and enhances recombination lifetime and charge transport.
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This characteristic can significantly benefit SnS-based photovoltaic and other

optoelectronic devices.

5.7 Conclusion

This study investigates the electronic and excitonic properties of SnS monolayer stacked
with 4-BN for the potential application in optoelectronic devices. Structural optimizations
using DFT-GGA and stability analyses via AIMD confirm structural and thermal stability
(up to 600 K) of the SnS/A-BN heterostructure. Two built-in electric fields, namely

interlayer Ehetero, and intralayer ESnS arises due to the charge transfer between SnS and /-
BN surfaces. Electronic property analysis reveals a type-I straddling band alignment with
an indirect band gap of 1.38 eV, corrected to 2.20 eV using quasiparticle GW calculations.
Both the CBM and VBM originate primarily from the SnS layer, preserving its intrinsic
electronic properties. Excitonic effects, analysed through optical absorption spectra, show
that the first excitonic peak occurs at 2.21 eV for the heterostructure and 2.17 eV for the
monolayer, with a second peak at 2.47 eV and 2.52 eV, respectively. These similar
excitonic characteristics underscore the well-preserved optimal optical absorption of SnS
in the heterostructure. Effective mass calculations indicate comparable charge carrier
masses between the heterostructure and the monolayer, with a slight increase in hole mass

along the I'-X valley in the heterostructure. This reduction in hole mobility is offset by the

intralayer electric field. The intralayer electric field, ESHS, produced by the non-uniform
charge dynamics of the heterostructure, reduces the EBE of Asss and Bsns from 0.33 eV to
0.26 eV and 0.31 eV to 0.25 eV, respectively, increasing the recombination lifetime of the

excitons.

In conclusion, SnS/A-BN heterostructure combines electronic properties of SnS with
the stability of A-BN. Weakly bound excitons, effective charge separation, and
photogenerated charge transport enhancements via built-in intralayer electric field can
significantly enhance the performance of SnS-based photovoltaic and optoelectronic
devices, making SnS/A#-BN heterostructure promising candidates for future optoelectronic

applications.
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