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Chapter 6 Mixed-dimensional excitons in SnS/BNNT heterostructure

6.1 Introduction

Heterostructures offer a strategic platform for combining the unique properties of different
materials to achieve enhanced or novel functionalities [1-6]. With the rapid expansion of
van der Waals (vdW) layered materials, researchers now have unprecedented opportunities
to engineer 2D/2D heterostructures that integrate diverse material families with distinct
electronic, optical, and structural characteristics [7—11]. These vdW heterostructures often

exhibit synergistic properties, which are not possessed by the conventional material.

Importantly, vdW interactions are not confined to interplanar forces in layered materials
[12]. Any passivated, dangling-bond-free surface can engage in vdW bonding, enabling
2D materials to form heterostructures with materials of varying dimensionalities. This
fundamental property allows layered 2D materials to be integrated with a wide range of
materials of different dimensionalities, giving rise to mixed-dimensional vdW
heterostructures. These combinations, involving 2D + nD (where n = 0, 1, or 3) materials,
have emerged as a broad and versatile class of heterostructures, opening new avenues for
material design and multifunctional applications [12—-15]. 2D/1D and 2D/0D vdW systems
are particularly compelling because they merge the quantum confinement effects of lower-
dimensional components with the excellent in-plane charge transport characteristics of 2D

materials.

A key phenomenon in vdW heterostructures is the formation of interfacial excitons
(IFEs), which are bound electron-hole pairs with the electron and hole spatially located in
adjacent layers [9,16—18]. In type-II band-aligned heterostructures, this spatial separation
reduces the overlap of electron-hole wave functions, improving exciton lifetimes (~10° s)
and allows for tunable binding energies [19]. IFEs are typically observed in 2D/2D vdW
systems, where both charge carriers experience similar confinement effects and reduced

dimensional screening.

In mixed-dimensional heterostructures, however, IFEs acquire a new level of complexity.
Since the electron and hole are confined in materials of different dimensionalities (e.g.,
2D/1D), the resulting excitons, termed as ‘inter-dimensional excitons (IDE)’, experience
asymmetric confinement and dimension-dependent screening effects. One charge carrier
may reside in a more confined lattice, leading to discretized energy states and modified

Coulombic interactions. Understanding these effects are crucial, as such interdimensional
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excitons could enable unique excitonic behaviours and improved light-matter coupling,
opening new directions for efficient energy-harvesting and quantum optoelectronic

devices.

In the previous chapter, we examined the optoelectronic properties of a 2D/2D mixed-
phase SnS/A-BN heterostructure under the influence of a built-in intralayer electric field.
Over the past few years, considerable efforts have been directed toward exploring various
2D/2D SnS-based heterostructures, such as, SnS/GeSe [9], SnS/SnSe [20], SnS/ZnS,
SnS/ZnSe [21], SnS/TaS; [22], SnS/SnS> [23], SnS/CsPbls [24], and SnS/TiO> [25], to
tailor and enhance their optoelectronic properties. Despite this progress, heterostructures
combining SnS with materials of different dimensionalities remain largely unexplored. The
influence of asymmetric confinement and dimensional mismatch on excitonic behaviour,
especially interfacial excitons, is not well understood and represents a significant

opportunity for further research.

In this chapter, we propose a novel mixed-dimensional vdW heterostructure by stacking a
monolayer of 2D SnS with a 1D boron nitride nanotube (BNNT). In the previous chapter,
discussing a 2D/2D SnS/h-BN heterostructure, we demonstrated that integrating an
anisotropic material (SnS) with an isotropic one (4#-BN) can significantly reduce the
binding energy of SnS-bound excitons via the intrinsic interfacial charge dynamics [10].
While 2D boron nitride possesses a wide band gap (~7.43 eV - 7.66 eV) [26,27] and forms
a type-I band alignment when stacked with SnS [10], BNNTs offer additional tunability.
Their band gaps can be adjusted by varying the nanotube diameter or chirality (n,0) [27],
providing a means to potentially engineer the nature of band alignment within the mixed-
dimensional heterostructure. This combination offers a promising platform for
investigating inter-dimensional excitons and unlocking their potential for next-generation

optoelectronic and energy-harvesting applications.
6.2 Computational details

The calculations were done using the PWSCF code in the Quantum Espresso software suite
based on DFT and plane-wave pseudopotential approach [28-31]. The generalized-
gradient-approximation (GGA) with non-empirical Perdew-Burke-Ernzerhof (PBE)
parameterization was used to treat the exchange-correlation functional in the calculations

[32]. The electron-ion interactions were modelled using the scalar-relativistic Optimized
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Norm-Conserving Vanderbilt Pseudopotential (ONCVPSP) [33]. 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 10® Ry.
Semi-empirical Grimme’s DFT-D2 parameter accounts for the vdW force in the

heterostructure [34].

Lattice mismatch along the direction of the nanotube axis was calculated by,

Lsns—LBNNT o 19 ...(6.1)

Lsns

here, Lg,s and LgynT are the lattice parameters of SnS supercell and BNNT unit cell along

y-direction.

The interface binding energy (Ev) per unit cell of the heterostructure was calculated by the

following formula:
Ep = Esns/BNNT — Esns — EBnnt .-(6.2)

the terms Esns/gnnts Esns, Epnnt represent the total energies of the SnS/BNNT

heterostructure, isolated SnS layer, and BNNT, respectively.

The equation to calculate the charge density difference (CDD) is as follows:

A p = Psns/BNNT — PsnS — PBNNT ...(6.3)

where, Psns/BNNT> Psns, PeNnT indicate the overall charge densities of the SnS/BNNT

heterostructure, isolated SnS layer, and BNNT, 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,
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P P
Er?k =€nk + Znk < q"nklz(Er?k) = VeePric > ...(6.4)

where the term Z,, represents renormalisation factor. With the evaluation of the dynamical
and static components in the self-energy (X), the plasmon-pole approximation (PPA) is
used to determine the single pole function frequency subjected to the dielectric matrix

[35,36].

The excitonic electron-hole effect is incorporated by solving the Bethe-Salpeter Equation

(BSE) [36,37],
(Ecke — Evi)Aser + Tyrer < ek KM v’k > AS) i = Q5 A5 ...(6.5)

where, the screened interaction between excited electrons and holes are described by the
kernel term K" [36,37]. The terms A5, 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 (VB),
conduction band (CB), and k vector, respectively. The GW+BSE computation is done
using the YAMBO package [38,39].

6.3 Construction, optimization, and interfacial charge dynamics

To model the heterostructure, we first optimized the structural parameters of the SnS
monolayer to its ground-state energy. The relaxed lattice constants of the monolayer are a

=4.05A and b=4.43 A, corresponding to the zigzag and armchair directions, respectively.

Table 6.1: Structural parameters, electronic band gap (E.“°* and E,5"), exciton peaks,

and exciton binding energies (EBE) of SnS monolayer and zigzag BNNTs.

Lattice Diameter E8¢A  E;CW  Exciton peaks EBE
parameters (A) (A) (eV) (eV) (eV) (eV)
SnS  4.05 (a), 4.43 (b) - 152" 228 20 033
2.83 0.31

BNNT
(5,0) 4.35 (b) 4.21 2.15 6.90 5.05 1.85
(6,0) 4.36 (b) 5.01 2.77 7.35 5.35 2.00
(7,0) 438 (b) 5.73 334 786 5.85 2.01

* Indicates indirect band gap.
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Figure 6.1: Relaxed atomic structures of the SnS/BNNT mixed-dimensional
heterostructures for three different BNNT chiralities: (a) SnS/(5,0) BNNT, (b) SnS/(6,0)
BNNT, and (c) SnS/(7,0) BNNT. Panel (d) illustrates the stacking orientation, where the

BNNT axis is aligned along the armchair direction of the SnS monolayer.

These values are in good agreement with previous reports [10,40]. For constructing the
mixed-dimensional heterostructure, we considered three zigzag BNNTs with chiralities
(n,0) where n = 5, 6, and 7, with the tube axis aligned along the y-axis. The selection of
low chirality was motivated by the anticipated strong curvature effects on the optical
properties [27,41,42]. The optimized diameters of the (5,0), (6,0), and (7,0) BNNTs are
421A, 5.01 A, and 5.73 A, respectively. The corresponding lattice constants along the
tube axis are b=4.35 A, 4.36 A, and 4.38 A. These results, along with those of the pristine
SnS monolayer and BNNTSs, are summarized in Table 6.1 and are consistent with earlier

theoretical prediction [27,42].

The three heterostructures were constructed by stacking a single unit cell of each BNNT
onto a 4x1 supercell of the SnS monolayer, as illustrated in Fig. 6.1(a-c). To minimize

lattice mismatch, the BNNT tube axis was aligned with the armchair direction of the SnS
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Figure 6.2: (a-c) Convergence test for lattice parameters vs. ground state energy; (d)

AIMD simulation of the SnS/BNNT heterostructures at 300 K.

layer (Fig. 6.1(d)). The optimized lattice parameters of SnS/(5,0), SnS/(6,0), and SnS/(7,0)
BNNTs are found to be 4.34 A, 4.35 A, and 4.35 A, with corresponding lattice mismatches
of 1.81%, 1.58%, and 1.10%, respectively (Fig. 6.2(a-c)). Such small mismatches are
favourable for the thermodynamic formation of heterojunctions with minimal structural
defects [43]. Moreover, the minimal energy fluctuations over a time period of 8.5 ps at
room temperature indicates to the thermal stability of the heterostructures (Fig. 6.2(d)). To
eliminate spurious interactions due to periodic boundary conditions, a vacuum spacing of
more than 16 A was introduced along the out-of-plane direction. Additionally, the large
4x1 supercell created more than 10 A spacing between the in-plane parallel BNNT along
the x-direction. The interfacial binding energies for SnS/(5,0) BNNT, SnS/(6,0) BNNT,
and SnS/(7,0) BNNT heterostructures were calculated to be -0.55 eV, -0.56 eV, and -0.59

eV, respectively, indicating energetically favourable heterointerface formation.

As the chirality of the BNNT increases, the interfacial separation between the BNNT and

the SnS monolayer also increases gradually, as illustrated in Fig. 6.1(a-c). The interfacial
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Figure 6.3: Charge density difference (CDD) plots of the mixed-dimensional
heterostructures: (a) SnS/(5,0) BNNT, (b) SnS/(6,0) BNNT, and (c) SnS/(7,0) BNNT. Cyan
and yellow regions indicate charge accumulation and depletion, respectively. The point x¢
along the x-axis marks the location of minimum interfacial separation. (d) Variation of
interfacial separation, charge transfer, and BNNT diameter as a function of increasing
chirality. Electron localization function (ELF) profiles for SnS/(n,0) BNNT
heterostructures are shown in (e) n = 5, (f) n = 6, and (g) n = 7, confirming the van der
Waals nature of interfacial interactions (the blue to yellow colour bar indicates the lowest

(-1) to highest value (+1)).

charge dynamics of the heterostructures are shown in Fig. 6.3(a-c). Due to curvature-
induced effects, charge accumulation and depletion are localized near a central region
(denoted as xo), where the vertical separation between the two materials is minimal. The
amount of charge transferred from the SnS surface to the BNNT decreases with increasing
BNNT diameter and interfacial distance, as shown in Fig. 6.3(d). The van der Waals nature
of the interfacial interactions is confirmed by the electron localization function (ELF) plots

in Fig. 6.3(e-g), indicated by the absence of significant covalent bonding at the interface.

The planar-averaged electrostatic potential profiles, shown in Fig. 6.4, reveal that the
interfacial potential difference (AVhetero) 1s @ function of nanotube chirality. Additionally,
a small intrinsic intralayer potential difference (AVsas) exists between the two atomic
layers of the SnS monolayer, on the order of ~102 V. With increasing nanotube chirality,

AVhetero gradually decreases, while AVs,s shows a slight increase. Both parameters tend to
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Figure 6.4: Planar-averaged electrostatic potential profiles of the mixed-dimensional
heterostructures: (a) SnS/(5,0) BNNT, (b) SnS/(6,0) BNNT, and (c) SnS/(7,0) BNNT. The
evolution of the intralayer potential difference (AVsus) and interfacial potential difference
(AVhetero) is illustrated, highlighting the transition from 2D/1D SnS/BNNT stacking to the
2D/2D SnS/h-BN configuration.

converge toward the values observed in a 2D/2D SnS/A-BN heterostructure, as depicted in

Fig. 6.4(d).
6.4 DFT and quasiparticle corrected electronic structures

The electronic band structures of the three heterostructures along the high symmetric &-
path ‘X-I'-Y-T-X’ are shown in Fig. 6.5. It is important to note that the charge carriers in
the SnS monolayer can propagate along both in-plane directions, whereas in the BNNT,
carrier mobility is confined to a single direction, specifically along the nanotube axis (y-
direction in this case). Consequently, the BNNT dominated bands along the X-I" direction

exhibit minimal dispersion and appear as flat bands due to this restricted mobility. Fig.
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6.5(a-c) shows the structure projected band structure at the DFT-GGA level of theory. The
heterostructures with the smaller nanotube chiralities i.e., n =5, 6, exhibit an indirect type-
IT (staggered) band alignment (Fig. 6.5(a,b)). In these configurations, the valence band
maximum (VBM) originates from the SnS layer, while the conduction band minimum
(CBM) is dominated by the BNNT. The VBM in both heterostructures lies at the Y point
along the I'-Y path in the BZ, whereas the CBM spans the entire I'-X valley due to the flat
band nature. The indirect band gaps of the SnS/(5,0) BNNT and SnS/(6,0) BNNT systems
are calculated to be 0.92 eV and 1.33 eV, respectively. As the chirality of the BNNT
increases, the BNNT derived conduction bands shift away from the Fermi level. This shift
is attributed to the diameter dependent band structure of pristine BNNTSs, where the band
gap widens as a function of chirality (see Table 6.1 and Appendix A.8). As a result, in the
SnS/(7,0) BNNT heterostructure, the CBM is no longer contributed by the BNNT but
instead originates from the SnS layer and is located at the X" point along the X-I" path (Fig.
6.5(c)). The VBM remains at Y, yielding an indirect band gap of 1.50 eV. Therefore, the
DFT-GGA calculations suggest a transition in band alignment from type-II to type-I
(straddling) as the BNNT chirality increases. The corresponding values of direct and

indirect band gaps for all heterostructures are summarized in Table 6.2.

Table 6.2: Direct and indirect electronic band gaps of the heterostructures along with their

direction/position in the momentum space at DFT-GGA (E,5%*) and GW (E,°V) level of

calculation.
Nature Calculation Direction/ SnS/(5,0) SnS/(6,0) SnS/(7,0)
of gap level Position BNNT BNNT BNNT

Indirect E,56A Yvem-XcBM 0.92" 1.33% 1.50

(eV) ESSV Yvem-XcBM 291 2.99 3.10

Y™ 1.62 1.60 1.59

E,56A X* 1.14 1.50 1.73

Direct r 1.10 1.56 1.86

(eV) Y* 3.00 3.09 3.18

ESSW X* 3.35 3.43 3.52

r 3.39 3.58 3.70

#Indicates that the CBM lies at all the points of the X-T" direction (i.e., Yypm-XTcpm)-
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Figure 6.5: Structure-projected electronic band structures of (a) SnS/(5,0) BNNT, (b)
SnS/(6,0) BNNT, and (c) SnS/(7,0) BNNT heterostructures at the DFT-GGA level of theory.

Blue and red colours represent the contributions from SnS and BNNT, respectively. The

corresponding quasiparticle-corrected GW band structures are presented in (d-f), with

solid lines indicating GW bands and dotted lines denoting DFT-GGA bands for

comparison. To illustrate the evolution of the lower conduction bands under GW

corrections, the two lowest conduction bands (C; and C3) are highlighted in red and blue,

respectively.
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However, it is well known that DFT-GGA calculations tend to underestimate band
gaps due to the absence of many-body effects, such as electron-electron and electron-ion
interactions. This can also lead to inaccurate predictions of band alignment, especially in
systems involving boron nitride [26,44]. To address these limitations, we performed
quasiparticle corrected GW calculations to obtain more accurate electronic structures. The
GW band structures of SnS/(5,0) BNNT, SnS/(6,0) BNNT, and SnS/(7,0) BNNT
heterostructures are shown in Fig. 6.5(d-f), with the corresponding DFT-GGA bands
drawn as dotted lines for comparison. For simplicity, the two lowest conduction bands
from the GW and GGA calculations are highlighted in red and blue, and are labelled as C;
and Co, respectively. As shown in Table 6.1 and Appendix A.8, quasiparticle corrections
significantly widen the DFT-predicted band gaps of pristine BNNTs. Since the lowest
conduction bands in the heterostructures with smaller chiralities (n = 5, 6) exhibit
substantial contributions from the BNNT, it is crucial to understand the nature and
evolution of these BNNT derived bands within the heterostructure, particularly after

applying GW corrections.

As expected, after incorporating quasiparticle correction in SnS/(5,0) BNNT
heterostructure, the C; band crosses the Cs, band shifting deeper into the CB along the X-
I' direction, and thus the CBM of the heterostructure is now contributed by SnS bound
dispersive band at the X" point, resulting in a type-I band alignment with an indirect band
gap of 2.91 eV (Fig. 6.5(d)). However, near the I' point of the BZ, the C; remains the
lowest CB (indicated by the dotted box in Fig. 6.5(d)). From the structure projected band
structure of SnS/(5,0) BNNT, it is clear that along the X-I" path, the Ci band is mostly
contributed by 1D BNNT orbitals, while the highest VB are dominated by 2D SnS orbitals
(Fig. 6.5(a)). This leads to a localised type-II direct band gap alignment near the I" point,
suggesting the possibility of interdimensional electron-hole pair generation under
excitation (discussed in Section 6.5). Similar shifting of C; band is also observed in the
GW band structure of SnS/(6,0) BNNT, but in a higher magnitude (Fig. 6.5(¢)). The whole
Ci band along the X-I" path crosses the Cz band. As a result, the CBM lies on the C> band
at the X" point in the X-I" direction, and is contributed by SnS orbitals. In contrast, for the
SnS/(7,0) BNNT heterostructure, no such C;-C; band crossing is observed, as the lowest
conduction bands in this case are exclusively contributed by SnS (Fig. 6.5(c,f)). Thus, the
heterostructures with higher BNNT chiralities (n = 6 and 7) exhibit purely type-I band

alignment along the entire high-symmetry path, while partial type-II characteristic is
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observed only in the SnS/(5,0) BNNT system. The direct and indirect band gaps obtained

from the GW calculations for all three heterostructures are summarized in Table 6.2.
6.5 Excitons across dimensional boundaries: IDE

After incorporating many-body interactions via quasiparticle corrections, the BSE was
solved to obtain the band-to-band direct optical transitions in the SnS/BNNT
heterostructures. The imaginary part of the macroscopic dielectric function, Im (g), for
linearly polarized light along the in-plane x- and y-directions is shown in Fig. 6.6(a-c).
Vertical drop lines indicate the strength of the excitonic transitions, normalized on a scale
from 0 to 1 (refer to the right axis in each panel). To assess excitonic effects, we calculated
the optical absorption spectra both with (w/eh) and without (wo/eh) electron-hole
interactions. At the GW level of theory, all heterostructures exhibit type-I direct band gaps
dominated by SnS states along the I'-X and I'-Y valleys (Fig. 6.5 and Table 6.2).
Consequently, the first two excitonic peaks, labelled Asss and Bsns, correspond to

intralayer excitons localized within the SnS monolayer.

As summarized in Table 6.3 and illustrated in Fig. 6.6(a-c), all SnS/BNNT heterostructures
exhibit a notable blue shift in the Asns and Bsns excitonic peaks, along with enhanced
exciton binding energies (EBEs), compared to pristine monolayer SnS. This blue shift
becomes more prominent with higher BNNT chirality. As the diameter (chirality) of the
BNNT increases, the band gap becomes broader, which significantly affects the dispersion
of the SnS-derived bands. This reduced band dispersion limits charge carrier mobility,

leading to higher EBEs in Asns and Bsas, and causing a blue shift in the excitonic feature.

Table 6.3: Excitonic peak positions and EBEs for the Asys (I'-Y) and Bsas (I'-X) excitons,
along with the corresponding direct band gaps of the three SnS/BNNT heterostructures.

For reference, the values for the pristine SnS monolayer are also included.

SnS SnS/(5,0) SnS/(6,0) SnS/(7,0)
System

monolayer BNNT BNNT BNNT
k-valley r-y r-x TI-Y r-x ry TI-X TI-Y r-x

Direct band gap (eV) 2.50 2.83 3.00 335 3.09 343 318 352
Exciton peak (eV) 217 252 246 270 251 281 258 287
EBE (eV) 033 031 054 065 058 062 060 0.65
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Figure 6.6: Optical absorption spectra of (a) SnS/(5,0) BNNT, (b) SnS/(6,0) BNNT, and
(c) SnS/(7,0) BNNT heterostructures. Excitonic transition strengths are indicated by
vertical drop lines, normalized on a scale from 0 to 1. (d) Spatial distribution of the
averaged electron-hole density associated with the interdimensional exciton (IDE) in the
SnS/(5,0) BNNT heterostructure, the pink and cyan regions represent the electron and hole
densities, respectively. (e) Magnified view of the GW band structure of SnS/(5,0) BNNT
near the I'-point, illustrating the momentum-space distribution and transition weight of the

IDE state.

While our analysis includes intralayer SnS bound excitons, the primary focus is to
explore the generation of interdimensional electron-hole pairs near the I'-point in the
SnS/(5,0) BNNT heterostructure, due to the presence of a localized type-II direct band gap.
Notably, in Fig. 6.6(a), a distinct low-energy transition state emerges at 2.68 eV (see inset),
which does not correspond to the typical SnS bound intralayer transitions. This state is

identified IDE, in which the excited electron is localized within the 1D BNNT, while the
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corresponding hole remains in the 2D SnS layer. The binding energy of this IDE is
calculated to be 0.71 eV.

The spatial distribution of the electron and hole densities associated with the IDE is
depicted in Fig. 6.6(d), illustrating their confinement within distinct dimensional
components of the heterostructure. A magnified view of the GW band structure near the
I'-point, shown in Fig. 6.6(¢), highlights the transition weights associated with the IDE.
The transition weight is maximum at the I'-point and gradually diminishes as the C; band
intersects with C> along the I'-X direction. Upon excitation, an electron transitions from
the discretized, dispersive 2D VB states of SnS to the more discretized, strongly confined
1D CB states of the BNNT. This confinement results in a dispersion less (flat) C; band in

the conduction region. Consequently, the group velocity of the electron, defined as v, =

%Z—i, approaches zero, rendering the negatively charged particle effectively immobile. This

d?E

ﬁ) -1 , which

behaviour is reflected in the effective mass of the electron m} = h?(

diverges as the band curvature vanishes, indicating an extremely large or practically

infinite effective mass.

In contrast, the hole in the valence band does not experience such confinement and
maintains a finite effective mass. As a result of the strong electron confinement, the total
effective mass of the exciton, m* = mj; + my,, becomes exceptionally large. This makes
the IDE a highly localized quasiparticle in real space, where the electron remains nearly
static, and the hole governs the centre-of-mass dynamics. The pronounced spatial

confinement of the electron-hole pair results in a large exciton binding energy.
6.6 Modulating inter-dimensional excitons via strain

From Fig. 6.6(e), we observe that the interdimensional exciton probability diminishes once
Ci crosses C», as the type-II direct band gap is localized near the I'-point. As a result, only
a single transition state is observed across dimensional boundaries in the unstrained case.
Strain provides an effective way of further modulating the electronic band structure and
excitonic properties of quantum confined materials. For example, in the SnS/GeSe 2D/2D
heterostructure, strain has been effectively employed to tune both the peak position and
the binding energy of the interlayer exciton [9]. In this regard, we apply uniaxial tensile
and compressive strain along the nanotube axis (y-direction) of the SnS/(5,0) BNNT

heterostructure. Fig. 6.7(a-c) presents the band structures under compressive strain levels
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Figure 6.7: Electronic band structures of the SnS/(5,0) BNNT heterostructure under
uniaxial strain applied along the nanotube axis. Panels (a-c) show the band structures
under compressive strain of -1%, -3%, and -5%, respectively, while panels (d-f)

correspond to tensile strain of +1%, +3%, and +5%.

of 1%, 3%, and 5%, respectively, while Fig. 6.7(d-f) correspond to tensile strain at the

similar percentages. In all cases, the C; band remains intact and unchanged.

Under increasing compressive strain, the rest of the conduction band (except Ci) shift
closer to the valence band, leading to a gradual reduction in the band gap. This shift
eliminates the localized type-II direct gap at the I'-point, thereby suppressing the IDE state.
Conversely, with increasing tensile strain, the rest of the conduction band shifts further
away from the valence band, while C; remains unaffected. As a result, the CBM becomes
localized along the C; band in the whole X-I" direction at 3% and 5% tensile strain. This
marks a transition from a type-I to a type-II alignment in the SnS/(5,0) BNNT

heterostructure.

Importantly, this type-II alignment under tensile strain now spans a local direct band gap
along the entire I'-X valley. Since Ci no longer crosses Cz, the heterostructure gains access

to multiple IDE transition states. While the pristine SnS/(5,0) BNNT exhibits only a single

106



Mixed-dimensional excitons in SnS/BNNT heterostructure Chapter 6

a b C
(a) 1% (b) 39 (©) 59,
4 4
— x-wleh Agis & 1.5 —— x-w/eh 7 1.5 —x-w/eh Agns 1.5

- x-wol/eh 'SnS - x-wo/eh Bgns x-woleh B.
S |——y-wleh @ S |——y-wleh & S |——y-wleh Saf =
a8 y-woleh 1.0 = a8 y-wol/eh 1.0 5 8 y-woleh 1.0 5
=, g =, g =, g
S o 3 ) L) )
w = w = w =
£ 0590 ¢ 059 ¢ 059

0 : : [L 0.0 0= || Y 0 - —dlloo

16 18 20 22 24 26 28 18 20 22 24 26 28 20 22 24 26 28 3.0

Energy (eV) Energy (eV) Energy (eV)
Tensile strain
@ c, © ,
CZ CZ

<] il
%P\'B 4%' VB %\'B

X r X r X r

Figure 6.8: Optical absorption spectra of the SnS/(5,0) BNNT heterostructure under
uniaxial tensile strain of (a) 1%, (b) 3%, and (c) 5%. The corresponding schematic
illustrations in (d-f) depict the evolution of the C; and C: conduction bands with increasing

tensile strain, highlighting the increase in the number of available IDE transition states

across the [-X valley.

Table 6.4: Peak positions of the IDEs under tensile strain.

Strain % IDEs energies (eV) No. of IDEs
0 (unstrained) 2.68 1
1% 2.50,2.56,2.64,2.67,2.70 5
3% 2.48,2.54,2.67,2.70,2.74,2.77, 2.80, 2.83 8
5% 2.00, 2.32, 2.36, 2.40, 2.43, 2.48, 2.52, 2.54, 2.57, 2.63 10

interdimensional transition state, the structure under 1%, 3%, and 5% uniaxial tensile strain
displays five, eight, and ten such states, respectively. The positions of the IDE states are
provided in Table 6.4. The corresponding optical absorption spectra and schematic
illustrations of the increasing number of IDE transition states are shown in Fig. 6.8(a-c)

and Fig. 6.8(d-f), respectively.
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6.7 Conclusion

In summary, we have systematically investigated the structural, electronic, and excitonic
properties of SnS/BNNT mixed-dimensional heterostructures using DFT, GW, and BSE
methodologies. The study reveals that the chirality of the BNNT plays a decisive role in
modulating band alignment. DFT predicts a transition from indirect type-II to type-I
alignment with increasing BNNT diameter, whereas quasiparticle GW corrections show a
uniform type-I alignment across all three heterostructures, with corrected indirect band
gaps ranging from 2.91 eV to 3.10 eV. A key finding is the emergence of a localised type-
IT direct gap near the I'-point in the SnS/(5,0) BNNT heterostructure, which enables the
formation of an IDE. This IDE, characterized by a flat BNNT-derived conduction band
(C1), exhibits a transition energy of 2.68 eV and a large binding energy of 0.71 eV,
resulting from the large effective mass and strong spatial confinement of the electron. Upon
applying uniaxial strain along the nanotube axis, the band structure and excitonic landscape
of SnS/(5,0) BNNT are further modulated. Compressive strain eliminates the localised
type-II direct band alignment, suppressing IDE formation. In contrast, tensile strain
enhances IDE behaviour by shifting the SnS bound conduction bands and increases the
number of accessible interdimensional transitions from one (unstrained) to five, eight, and

ten under 1%, 3%, and 5% tensile strain, respectively.

This work demonstrates that mixed-dimensional SnS/BNNT heterostructures are highly
tunable platforms for engineering novel excitonic phenomena. The strong confinement,
large binding energies, and strain-dependent tunability of IDEs make these
heterostructures promising for future quantum optoelectronic applications. Importantly,
this study presents a conceptual and computational framework for understanding and
designing mixed-dimensional van der Waals heterostructures. The demonstration of
interdimensional excitons in this system provides a foundational reference for exploring

the optoelectronic properties of diverse 2D/1D material combinations.
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