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With the ever-increasing volume of data, the need for systems that can handle massive datasets is
becoming gradually critical. High performance visible light communication (VLC) systems offer an
expedient solution, yet its widespread adoption is hindered by the limited modulation bandwidth of light
emitting diodes (LEDs). Through ab initio many-body perturbation theory within the GW approximation
and the Bethe-Salpeter equation (BSE) approach, this work introduces a novel approach to achieving
exceptionally high modulation bandwidth by utilizing the nearly flat bands in two-dimensional
semiconductors, using SNNBr monolayer as a prototype material for overcoming this bottleneck.
Utilizing its unique properties of a direct bandgap and a nearly flat highest valence band, we
demonstrate the achievement of exceptionally high modulation bandwidths on the order of terahertz,
surpassing the capabilities of established materials such as InGaN and GaN. Interestingly, the excellent
absorption and recombination features of the SnNBr monolayer can be modulated further by the
application of in-plane tensile strain. The strain-induced proliferation of bright excitons in the visible
region, coupled with enhanced absorption and accelerated recombination rates, provides a deeper
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understanding of the fundamental mechanisms at play in two-dimensional materials, laying the
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|. Introduction

As the volume of information continues to grow, the demand for
systems capable of managing large datasets is becoming increas-
ingly essential. In various fields, including telecommunications and
data analytics, researchers are exploring advanced signal processing
techniques and alternative modulation methods to enhance data
transmission capabilities." In the realm of visible light commu-
nication (VLC), a significant challenge has been the modulation
bandwidth of LEDs.*® A study by J. J. D. Mckendry et al. in 2014”
achieved 3 GB s~' communication using a custom LED with a
60 MHz bandwidth (exceeding commercial options) and orthogonal
frequency-division multiplexing (OFDM). Subsequent research has
focused on increasing the modulation bandwidth using various
techniques, with recent advancements reaching hundreds of
gigahertz.®® This paper introduces a novel approach to achieve
exceptionally high modulation bandwidth by utilizing the nearly flat
valence band in two-dimensional semiconductors.
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groundwork for future explorations in light-matter interactions at terahertz frequencies.

Metal nitride halide structures have recently attracted signifi-
cant attention due to their promising applications in nanoelec-
tronics. Notable advancements include first-principles studies on
electrochemical and charge doping in zirconium nitride halide
(ZrNX, where X can be Cl, Br, or I),">"" the successful experimental
synthesis of transition metal nitride halides (MNX, with M being
Ti, Zr, or Hf, and X being Cl, Br, or I), and extensive research into
the superconductivity of these materials, such as zirconium nitride
chloride (ZrNCl), hafnium nitride chloride (B-HfNCI), and other
MNX compounds.'™"® In this pursuit, one of the current authors
has recently predicted a new metal nitride halide structure, ie.,
SnNBr monolayer, which exhibits high in-plane piezoelectricity
and direct bandgap nature,'* along with intrinsic spin Hall
effect.'® The piezoelectric effect, combined with semiconducting
and light-induced excitation properties, referred to as the piezo-
phototronic effect,"®"” is crucial for improving the performance
and broadening the applications of advanced electronic and
optoelectronic devices."®>' The fundamental mechanism involves
utilizing the piezopotential at the interface as a gate to regulate
carrier dynamics - generation, transport, separation and/or recom-
bination - through external strain, thereby adjusting the device
performance.'®'” Moreover, recent studies propose that tensile
strain can manipulate the energy landscape within a material,
thereby affecting optoelectronic and excitonic properties.** >
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In this scenario, we have thoroughly investigated the intriguing
band structure of the SnNBr monolayers, characterized by a
parabolic conduction band minimum (CBM) and a valence
band maximum (VBM), shared by a heavy hole band and a
light hole band. As a convention, bands with higher effective
hole masses are termed heavy hole bands (HHBs), while those
with lower masses are called light hole bands (LHBs). The
flatter one is the heavy hole band, and the steeper one is the
light hole band, for obvious reasons. The LHBs exhibit a high
carrier mobility, making them ideal for applications in photo-
catalysis and photovoltaics due to their efficient light absorp-
tion and charge transport. Conversely, the HHBs, with their
near-flat band structure, are particularly well-suited for light-
emitting devices like lasers and LEDs. It is important to note at
this point that the application of strain can be utilized to
selectively keep either the HHB or LHB on top of the valence
band, as we observed in one of our previous works.>® This work
will discuss the cause and effects of the transition of the
highest valence band from LHB to HHB with application of
strain. The highest valence band plays a key role in most optical
responses and transport properties of semiconductors. This
work focuses meticulously on this very aspect.

The compound semiconductor devices rely on carrier
transport and recombination, with the carrier lifetime being a
key factor.>*' However, the carrier recombination lifetime has
a greater impact on modulation bandwidth compared to tradi-
tional factors like RC time delay and doping concentration.>?
Radiative lifetime is the average time an electron-hole pair
(exciton) spends in an excited state before emitting light
(radiative recombination). In this regard, here we investigate
how in-plane tensile strain affects the radiative recombination
rate, exciton radiative lifetime and modulation bandwidth of
the SnNBr monolayer.

[I. Computational details

First-principles calculations were conducted using density
functional theory (DFT)** as implemented in the Vienna ab
initio simulation package (VASP).>*** Electron-ion interactions
were modeled with the projected augmented wave (PAW)
method.?® Exchange-correlation effects were described by the
generalized gradient approximation (GGA) of Perdew, Burke,
and Ernzerhof (PBE).*” To rectify the PBE bandgap underesti-
mation and enhance the accuracy of electronic and optical
property calculations, the screened hybrid HSE06 functional®®
was incorporated. This approach substituted 25% of the
exchange interaction in GGA-PBE with the equivalent from
the HSEO06 functional. For wave function expansion, we applied
an energy cutoff of 500 eV and permitted both the atoms and
the unit cell to relax until the Hellmann-Feynman forces were
minimized to below 0.001 eV A™'. Convergence criteria of
10°® eV were applied for self-consistent calculations. The
Brillouin zone was sampled using a I'-centered k-mesh with
dimensions of 30 x 17 x 1. To prevent interactions from
periodic images, a vacuum layer of around 20 A was introduced
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in the z-direction. Phonon dispersion curves were obtained via
density functional perturbation theory (DFPT) using the PHO-
NOPY software on a4 x 4 x 1 k-mesh withina 5 x 5 x 1 supercell
containing 75 atoms. The dynamical stability of unstrained and
strained SnNBr monolayers is detailed in the ESL

For optical analyses, the ground-state wave functions were
determined using DFT, with the GGA-PBE functional as incorpo-
rated in the Quantum ESPRESSO software.*® Electron—ion inter-
actions were described by norm-conserving pseudopotentials,*’
from the SG15 library,*" without the non-linear core correction
(NLCC). The non-local component of the pseudopotentials is also
taken into account in our optical calculations.”” A plane-wave
basis set with a 50 Ry cutoff energy was used to expand the
electronic wavefunctions to achieve total energy convergence of
1 x 10~ ° Ry per atom. A dense k-point grid of 29 x 17 x 1 was
employed for accurate optical calculations within the Bethe-
Salpeter equation (BSE) framework. Optical properties were
computed using the Yambo code®** based on the random
phase approximation (RPA), incorporating local field effects and
extending the calculations to the Bethe-Salpeter equation (BSE)
level atop GoW,, to account for electron-hole interactions. The
static screening analysis included 80 bands, with 54 unoccupied.
The exchange component of the BSE kernel was constructed using
21665 G-vectors for the Hartree potential, and a block size of 8 Ry
was used for the screened interaction to optimize convergence.
The quasi-particle band structure is plotted by interpolating
through the BoltzTraP approach.*’

I1l. Results & discussion

3H-SnNBr monolayers form a periodic hexagonal lattice with
a lattice constant of 3.47 A, as shown in Fig. 1(a) and (b).
The structure and stability of the SnNBr monolayers are dis-
cussed in-detail in our earlier work.* Furthermore, the band
structure is calculated within an orthorhombic lattice, with
lattice constants a = 3.47 A and b = 6.02 A. The conduction band
minimum (CBM) and valence band maximum (VBM) exhibit
similar dispersion in LDA, HSE06 and G,W, band structures.
However, for bands at higher and lower energies, the disper-
sion differs slightly for the above methods. As expected, GoW,
typically results in a larger band gap compared to HSE06 and
LDA. For the sake of higher accuracy in the band gap and
reduction in computational cost, we used the HSE06 band
dispersion, which lies intermediate to the results of LDA and
GoW, methods for further calculation of electronic properties
and orbital analyses. The band dispersion of pristine-SnNBr
comprises a valley like-conduction band at the minima of
unoccupied bands and a flatter valence band at the maxima
of occupied bands, as depicted in Fig. 1(c).

The difference in bandwidth of the highest valence band
(HVB) and the lowest conduction band (LCB) is due to strong
hybridization of Br (s + p, orbitals ~2 + 15 = 17%), N (s + p,
orbitals ~24 + 6 =30%), and Sn (s + p, orbitals ~49 + 3 = 52%)
orbitals in LCB. Whereas the HVB is composed mostly of only
Br atom (px + p, orbitals ~70 + 27 = 97%), keeping the band
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Fig. 1 (a) Top view and (b) side view of the SnNBr monolayer — solid line rhombus represents hexagonal unit cell, dotted line rectangle represents
orthorhombic unit cell. (c) Band dispersion of unstrained SnNBr monolayer; the solid blue, solid black and dashed red lines represent band dispersion

calculated by GoWy, HSEO6 and LDA, respectively.

localized and therefore nearly flat. The valence band maximum
(VBM) is shared by a heavy hole band (HHB) and a light hole
band (LHB), which is a characteristic of a typical semiconduct-
ing material. The orbital contributions of each element are
shown in Fig. 2. Stronger orbital overlap due to hybridization in
LCB creates more delocalized electronic states, leading to a
more spread-out distribution of electrons, translating into the
observed valley shape of the band.

Strain can modify the band structure of the material, bringing
the conduction and valence bands closer together. To meticulously
understand the effect of strain on band dispersion, we focus on
examining the isolated band dispersion of just HVB and LCB
(Fig. 3(a)) in an orthorhombic unit cell. The Kronig-Penney model
predicts a significant influence of strain on bandwidth,*® this effect
has also been demonstrated in other materials previously.**” The
bandwidth of LCB increases with the application of in-plane uni-
form biaxial tensile strain, effectively pushing the conduction band
minima (CBM) to lower energy. Conversely, the bandwidth of the
HVB narrows with tensile strain, resulting in a flatter HVB. Notably,

while the CBM shifts downward, the valence band maxima (VBM)
remain nearly at the same energy level, leading to a reduction in
the electronic band gap. Interestingly, the position of the CBM and
VBM is insensitive to strain and remains at I" under +4% biaxial
strain, keeping the band gap direct. Furthermore, the bandwidth of
both the HH and LH valence bands is decreasing under the effect
of tensile strain, as visible in Fig. 3(b). We have also conducted
these studies using a hexagonal unit cell and found results
identical to those of the orthorhombic unit cell, as shown in the
comparative results in Fig. S2 in the ESL} The energy gap between
the HH and LH valence bands increases from 1.2 meV to 4.5 meV
under the effect of strain, making the HHB or the nearly flat band
as the HVB invariably. The observed discrepancy in the strain
response between the LCB and HVB can be attributed to the
underlying mechanisms of band formation. In order to scrutinize
it closely, we investigated the effect of strain on the orbital
composition of LCB and HVB, as shown in Fig. 4.

When tensile strain is applied to a material, the lattice
spacing increases. This change in the atomic structure affects
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Fig. 2 Major orbital contribution of Br, N and Sn atoms in the band dispersion of unstrained SNNBr monolayer.
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Fig. 3 (a) Effect of strain on the lowest conduction band (LCB) and highest valence band (HVB), (b) light hole band (LHB) (dashed lines) and heavy hole

band (HHB) (solid lines) under the effect of strain; compressive strain is represented by negative sign, and tensile strain is represented by positive sign.

the orbital contributions to the electronic bands near the band
edges. The strain alters the crystal field splitting and the
overlap between the atomic orbitals, leading to a modification
of the band structure near the band edges. To understand this
behaviour, we further analyse the contribution of Sn_s, Br_p,,
Br_p,, and Br_p, orbitals, as shown in Fig. 4(c). The contribu-
tion of Br_p, and Br_p, orbitals in the HVB is decreasing under
tensile strain. The contributions by Br_p, orbitals move close to
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the top of the valence band with tensile strain (Fig. 4(b)) and
away under compressive strain (Fig. 4(a)), resulting in a tune-
able bandwidth for the HVB under the effect of strain. Con-
versely, the increased hybridization of Sn_s and Br_p, orbitals
under the effect of tensile strain conceivably causes the
increase in the bandwidth of LCB, making it more delocalized.
When atomic orbitals hybridize, the overlap of atomic orbitals
can lead to stronger interactions between atoms, creating a
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Fig. 4 Orbital contributions in the SNNBr monolayer (a) compressed to 4% and (b) stretched to 4%. (c) Variation of the Sn_s, Br_p,, Br_p,, and Br_p,

orbital contribution under the effect of strain.

This journal is © the Owner Societies 2025

Phys. Chem. Chem. Phys., 2025, 27, 1062-1070 | 1065


https://doi.org/10.1039/d4cp03829k

Published on 04 2024. Downloaded on 07/11/25 02:42:54.

View Article Online

PCCP Paper

7 T T T 14 T T 2.4
a b

@) ——E, (b) *, ]

6 == Eqp 12f \\ 123
=~ Lof * o 122
2 /
= ar 2 0.8 ® 421 ;
&} 2 % =
g3 -
< 0.6 12.0
- *.

2F

0.4 ° 419
1F
0.2F * 1.8
-4 -2 0 2 4 -4 -2 0 2 4
Strain (%) Strain (%)
c r v T T v d
(©) 14 W @
12
108 = 600
10F g)
= 8} 40.6 Z «
) = F 00
| {04
ar 3 200-
{02 ©
2k
| 0.0 0:
0 T T L
1.0 1.5 2.0 2.5 3.0 35 4.0 -4 -2 0 2 4

Energy (eV)

Strain (%)

Fig. 5 (a) Optical (Eqp) and quasi-particle (Eqp) band gap decreasing with increase in strain, (b) bandwidth of highest valence band (HVB) and lowest
conduction band (LCB) under the effect of strain, (c) optical spectra of unstrained SNnNBr using GoW, + BSE, and (d) increasing population of bright

excitons under the effect of strain.

larger number of available energy levels, which can widen the
energy range of the band.

For a comprehensive comparison, we further calculated the
G,W, quasi-particle band gap and BSE optical band gap under
the effect of strain. The variation of the band gap with strain is
shown in Fig. 5(a). Both the electronic and optical band gap are
decreasing under tensile strain, consistent with the above
analysis. The difference between these, Ey, = Eqp, — Eqp, repre-
sents the exciton binding energy of the first bright exciton. Both
the optical and electronic gap decrease under strain, though
this decrease is non-monotonic, resulting in a tuneable but
inconsistent trend in the exciton binding energy. The decrease/
increase in bandwidth (W) of HVB/LCB is calculated by the
GoW, quasi particle calculations, as shown in Fig. 5(b). Under
the influence of strain, the bandwidth of HVB narrows signifi-
cantly from 1.28 eV (at 4% compressive strain) to 0.23 eV (at 4%
tensile strain), while that of LCB expands from 1.88 eV (at 4%
compressive strain) to 2.35 eV (at 4% tensile strain). Having the
advantage of the localized highest valence band, a good number
of optical transitions are expected with fast decay rate. Fig. 5(c)
reports optical spectra of the unstrained SnNBr monolayer
obtained via G,W, + BSE, along with the oscillator strength of
optical transitions. Evidently, a significant number of bright
excitons are observed in the visible region (1.63-3.26 eV) and a
continuum of dark excitons is available at higher energies.

1066 | Phys. Chem. Chem. Phys., 2025, 27,1062-1070

Furthermore, we take the ensemble of only bright excitons in
the visible energy range under the effect of strain. The popula-
tion of bright excitons increases drastically with the application
of tensile strain, as can be seen in Fig. 5(d). This can be viewed as
a chief advantage of having a flat band in semiconducting
materials. The flatter the HVB gets, the higher the number of
optical transitions.

Fig. 6(a) and (b) display the absorption spectra and
solar flux of the SnNBr monolayer under the effect of strain, as
calculated by G,W, + BSE. The results indicate a noticeable red
shift in the absorption spectra and solar flux, showing an
increase in the number of optical transitions in the visible region.
Abundant availability of bright excitons indicates excellent
absorption and suits SNNBr monolayer to optoelectronic properties.
The bright excitons have high oscillator strength and also high
recombination rate.

Increased orbital overlap resulting from hybridization in
LCB leads to more delocalized (spread out) orbitals, which in
turn reduces the effective mass of electrons (m?) under tensile
strain. In contrast, the more localized and flatter HVB have a
higher effective hole mass (m;;) when tensile strain is applied,
as shown in Fig. 7(a). The effective mass of an electron remains
isotropic under the effect of strain along both armchair and
zigzag directions, while that of the hole tends to be anisotropic
with tensile strain, which can also be observed by the curvature

This journal is © the Owner Societies 2025
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Fig. 6 (a) Absorption spectra of SNNBr showing red shift under the effect of tensile strain, and (b) solar flux of SNNBr shifting prominently in the visible

region with increasing strain.

of the highest valence band, clearly visible in Fig. 3 and Fig. 4.
Furthermore, the reduced band gap under the effect of tensile
strain increases the overlap of their wavefunctions, enhancing
the probability of radiative recombination, both along the
armchair and zigzag directions, as shown in Fig. 7(b). The
average radiative recombination rate and exciton radiative life-
time are calculated at zero momentum using the Wannier
approach with Fermi’s golden rule.*® This approach is effec-
tively used in many recent studies.?**°>! Details of the form-
alism are given in the ESIL.{ High radiative recombination rate
leads to more efficient conversion of electrical energy into light
energy in laser diodes. This improves the overall efficiency and
brightness of the laser device.”>”* No difference is observed in
the recombination rates of the unstrained SnNBr monolayer
along the armchair and zigzag directions, which is consistent
with the isotropic nature of the SnNBr monolayer."* Minute
anisotropy arises on the application of strain. Exciton radiative
lifetime at zero momentum (k = 0) is taken as the inverse of the
radiative recombination rate. Notably, the short lifespan of

excitons can enhance the internal quantum efficiency and
support telecommunications applications.”**> With increasing
tensile strain, HVB becomes flatter; maximizing the overlap of
the wave functions and significantly enhancing the transition
probability. As a result, the lifetime of the carrier is greatly
reduced (Fig. 7(b)). Recent research has shown that the carrier
recombination lifetime has a more significant impact on the
modulation bandwidth of the visible light communication
(VLC) system than the RC (resistance-capacitance) time delay
and doping concentration.?>® The modulation bandwidth is
the frequency range over which a device can effectively mod-
ulate signals. It is particularly important in applications like
optical communications, where the ability to transmit data at
high speeds is essential. The f34g point indicates the frequency
at which the output power drops to half its maximum value or
the voltage gain is attenuated to 0.707, the value at the peak,
reflecting the device’s capability to handle high-frequency
signals. The LED modulation bandwidth is a limiting factor
for ultra-high speed VLC systems,’”*® which is linked to the
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Fig. 7 Effect of strain on: (a) effective hole mass (my,) and effective electron mass (m.), (b) recombination rate (y,) and lifetime (1) at zero momenta, and

(c) modulation bandwidth at 3 dB-down scale (fzqp).
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carrier recombination lifetime by the following equation
at —3 dB scale:

1
SiaB =5

Notably high modulation bandwidth (of the order of THz)
observed in the SnNBr monolayer is of great interest for the
VLC devices. This response is higher than that of InGaN and
GaN-based LEDs.*>”®

This high value can be attributed to the nearly flat HVB,
which is further confirmed by understanding the impact of
strain on the modulation bandwidth. The modulation band-
width can be tuned by the application of strain. The depen-
dence of 3 dB-down modulation bandwidth (f3qg) on strain is
shown in Fig. 7(c). Similar to all other factors, tensile strain
causes minute anisotropy to the modulation bandwidth as well,
which means that the modulation bandwidth can vary based on
the orientation of the device relative to the applied electric field
or the direction of light propagation. The orientation-
dependent modulation bandwidth is beneficial for the design
and optimization of high-speed LED devices.®

V. Conclusion

This study demonstrates the potential for significant band
engineering in semiconductors through strain-induced local-
ization and delocalization of electronic states. It is shown that
applying strain to the SnNBr monolayer flattens the highest
valence band, thereby exhibiting excellent absorption properties
in the visible spectrum, further improved by tensile strain due to
an increased population of bright excitons. Notably, the effective
hole mass is substantially increased, leading to a significant boost
in radiative recombination rate and a corresponding reduction in
lifetime. These combined effects enable the SnNBr monolayer,
with its direct bandgap and nearly flat HVB, to achieve remarkably
high modulation bandwidths on the order of terahertz. The
results suggest that SnNBr-based LEDs hold immense promise
for addressing the growing demand for high-speed data transmis-
sion, paving the way for advanced VLC systems to handle large
volumes of data.
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