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Broken spatial inversion symmetry in semiconducting materials with time-reversal pair valleys can exhibit
valley polarization. Based on first-principles calculations, here we propose a lateral heterostructure of a kagome
lattice of A-BN and hexagonal graphene domains that exhibits opposite Berry curvature in inequivalent K
and K’ valleys. Explicit consideration of the excitonic scattering processes within the GW and Bethe-Salpeter
equation formalism confirm insignificant intervalley coupling and consequent valley-polarization ability along
with a 0.46 eV higher binding energy of triplet excitons. Such a heterostructure with a large charge carrier
mobility can be exploited for advanced valleytronic and optoelectronic applications.
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I. INTRODUCTION

The quantum degrees of freedom of electrons can serve
as the foundations for information storage and processing
[1]. Two-dimensional (2D) hexagonal materials with broken
spatial inversion symmetry possess an additional electronic
degree of freedom known as the valley, alongside their charge
and spin [2,3]. The primary challenge in harnessing the valley
degree of freedom lies in overcoming the valley degeneracy
[4,5]. Significant efforts have been dedicated to achieve val-
ley polarization, either through intrinsic mechanisms or by
employing extrinsic strategies [6-9]. For example, the inher-
ent broken inversion symmetry in monolayer transition metal
dichalcogenide systems leads to opposite Berry curvature at
the K and K’ valleys in momentum space [10-12]. Conse-
quently, the electrons in these two valleys selectively couple
with opposite helicity of circularly polarized light to form
excitons [12]. When a transverse electric field is applied to
the system, the movement of charge carriers in the K and K’
valleys occurs in opposite directions. These carriers can act
as the exciton qubits that are capable of storing information
as “zero” and “one” [13]. Extrinsically, the valley degeneracy
can be lifted through applied magnetic fields by a few meV
[6,7,14].

Graphene, the most widely studied 2D system, lacks any
gap at the valleys and preserves the spatial inversion sym-
metry that results in zero Berry curvature [15,16]. Creating a
staggered sublattice potential can serve as a way to break the
inversion symmetry [10]. In this regard, 2D hexagonal boron
nitride (h-BN) could act as an ideal candidate for showcasing
valley-related properties [17,18]. However, due to its weak
screening and large insulating gap, the excitons in two valleys
couple with each other [19]. Such intervalley coupling sig-
nificantly suppresses the valley-polarization ability of #-BN.
Therefore, the manipulation of spatial inversion symmetry

*sdutta@iisertirupati.ac.in

2469-9950/2023/108(19)/195429(6)

195429-1

and intervalley scattering in 2D materials are critical steps
towards unlocking their potential applications in valley-based
information storage.

Controlled modifications of lattice structures can induce
such functionalities in experimentally conducive 2D materi-
als. Recently, a 2D kagome lattice comprising polymerized
heterotriangulene units has been shown computationally to
exhibit unique electronic behavior, featuring a Dirac band
enclosed by two flat bands, that can be further engineered
to obtain semimetallic or semiconducting properties [20].
These 2D kagome covalent organic frameworks have been
successfully synthesized on the Au(111) surface [21,22]. Such
a kagome lattice based on graphene has been predicted to
show opposite spin localization in adjacent triangulene units,
thereby breaking the spatial inversion symmetry [23]. A
subsequent gap opening at the two valleys ensures its valley-
polarization ability within first-principles and mean-field level
of calculations [23].

In this paper, we construct a kagome lattice of A-BN
with a subsequent filling of the hexagonal voids by graphene
domains to form their lateral heterostructure. This system pre-
serves the time-reversal symmetry with a moderate band gap
at the two valleys and breaks the spatial inversion symmetry.
Consequently, this system exhibits opposite Berry curvatures
at the two valleys with minimal intervalley scattering that are
confirmed within density functional theory (DFT) along with
the GW and Bethe-Salpeter equation (BSE) approximation.
The computational details are provided in the Supplemental
Material (SM) [24] (see also Refs. [25-34] therein). This
system also shows a higher stabilization of the triplet excitons
over a singlet that can be exploited for the enhancement of the
quantum efficiency for optoelectronic applications.

II. RESULTS AND DISCUSSION

First, we construct a kagome lattice of h-BN, cutting it
out from its monolayer and name it hBNK. We passivate the
edges by hydrogen atoms to eliminate the dangling bonds to
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FIG. 1. (a) The rhombus unit cell of hBNK lattice along with its
(b) electronic band structure. The vertical dashed lines indicate high-
symmetric points in the hexagonal BZ, shown in the inset. (c) The
rhombus unit cell of the lateral heterostructure hBNK-G along with
its (d) electronic band structure. The contribution of all carbon atoms
and all boron plus nitrogen atoms in the frontier bands are shown as
gray and blue (dark) circles, respectively. Both the band structures
are obtained within the PBE approximation and scaled with respect
to the Fermi energy (horizontal dashed lines). (e) The Berry curvature
(in atomic units) of the topmost valence band of hBNK-G over the
hexagonal first BZ (dashed hexagon).

avoid any edge reconstruction. The unit cell of the system in
a nonmagnetic ground state with a lattice constant of 12.67
A is shown in Fig. 1(a). The electronic band dispersions of
hBNK, as obtained within the generalized gradient approx-
imation with the Perdew-Burke-Ernzerhof (PBE) exchange
and correlation functional, are shown in Fig. 1(b). The band
gap of 4.7 eV in monolayer #-BN [19] significantly reduces
to 3.76 eV upon construction of the kagome lattice. The bands
around the Fermi energy becomes dispersionless, owing to the
enhanced electronic localization in the presence of hexagonal
voids in the lattice. As a result, the charge carrier mobility of
hBNK is expected to be very low and may find limited appli-
cations in semiconductor devices. Furthermore, these bands
can induce enhanced intervalley coupling as has been seen
in the case of monolayer h-BN. The less dispersive bands
from the I' to M high-symmetry direction in 4#-BN leads
to intervalley coupling and suppresses its valley-polarization
ability [19].

However, such dispersionless bands can be tuned by filling
up the hexagonal voids by graphene domains, as shown in
Fig. 1(c) and in Fig. S1 [24]. We refer to this system as hBNK-
G that shows a nonmagnetic ground state with an optimized
lattice constant of 12.49 A. The minimal lattice mismatch
between graphene and i-BN allows the seamless formation
of such a lateral heterostructure with precise control over the
domain shape and sizes, as evident from earlier experimental
reports [35-37]. Any edge disorder in hBNK can be avoided
by the formation of such a heterostructure and that in turn
alters the energy dispersion significantly, as can be seen in
Fig. 1(d). Further analysis based on cohesive energy and ab
initio molecular dynamics (AIMD) calculations proves the
stability of such a lateral heterostructure even at room tem-
perature [24]. The hBNK-G system now shows dispersive
bands near the Fermi energy with a significant reduction of
the band gap to 1.82 eV at the high-symmetry point K, that
enables the system for visible spectrum absorption. This sub-
stantial change in the energy dispersions can be attributed
to the presence of graphene domains that play a dominant
role via significant hybridization with the hBNK lattice. This
is evident from the projected band structure of hBNK-G
in Fig. 1(d). The frontier bands show minor contributions
from combined B and N atoms and major contributions from
C atoms. The enhanced dispersion results in a high charge
carrier mobility of 1.4 x 10° cm? V~!'s~! in hBNK-G [24],
which is comparable with that of black phosphorene [38].
Therefore, by creating such a lateral heterostructure, one can
enhance the optical and semiconducting properties.

Furthermore, such an enhanced dispersion along with
the formation of valleys at the time-reversal pair of high-
symmetric points K and K’ in the first Brillouin zone (BZ)
can lead to efficient valley polarization in hBNK-G, owing
to its broken spatial inversion symmetry, as can be seen in
Fig. 1(c). This can lead to circular dichroism properties in
this system as well. To explore it further, we calculate the
Berry curvature for the valence band of hBNK-G using the
DFT-based tight-binding Hamiltonian and Wannier functions
as follows [39],

Q(k) - _ Z 2Im<wnk|vx|¢n’k><Wn’k|vy|wnk> ’ (1)

PRY)
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where the summation is over all the occupied valence bands,
Ux(y) 18 the velocity operator along the x(y) direction, and ¢,
is the nth eigenstate energy. From Fig. 1(e), it can be seen
that the Berry curvature has an opposite sign with the same
magnitude at the two valleys, K and K’. This leads to an
optical selection rule that dictates selective excitations at the
two valleys under the irradiation of circularly polarized light
of different polarities. Moreover, since the Berry curvature
behaves analogously to the magnetic field in the momentum
space, an in-plane electric field generates drift velocities of
similar charge carriers, i.e., electrons or holes in the opposite
directions due to a Lorentz-like force. This can be exploited
to realize a valley-Hall effect in hBNK-G. Note that the mag-
nitude of the Berry curvature at two valleys comes out to
be 36 in bohr? [24], which is an order of magnitude higher
than that of the superatomic graphene lattice reported earlier
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FIG. 2. (a) The GW band structure of hBNK-G. The band structure is scaled with respect to the Fermi energy (horizontal dashed line). The
valence (v) and conduction bands (c) are marked with numerical values, starting from the frontier bands, denoted by valence band maxima
(VBM) and conduction band minima (CBM). The nondispersive nature of the bands v (c¢) = 1 and 2 over the I' to M point in the first BZ
is highlighted with shaded rectangles. (b) The optical absorption spectra of hBNK-G, as obtained with (dotted line) and without (solid line)
quasielectron and quasihole interactions. A constant broadening of 20 meV is considered here. The first bright singlet exciton peak is marked
with A. (c) The DOS of triplet (upper panel) and singlet (lower panel) excitons of the same system. The DOS corresponding to the dark singlets
are masked. The gap between the first triplet exciton (B) and first bright singlet exciton (A) is shown by a double-headed arrow.

[23] and comparable to the transition metal dichalcogenide
systems [40].

However, the quasiparticle nature of the excitons and their
intervalley scattering can substantially suppress the valley-
polarization ability, as has been observed in the case of a
2D h-BN system [19]. Due to reduced Coulomb screening
in 2D, such scattering processes play a dominant role and
require a many-body treatment [41]. This has driven us to
first investigate the quasiparticle dispersion within the GW
approximation [42] that leads to the following eigenvalue
equation,

=y (2

where ¥ is the self-energy operator within the GW approx-
imation and effkp and wﬁf are the quasiparticle energies and
wave functions, respectively. The term Vi is the potential
energy due to the ion-electron interactions and Vjy is the
Hartree energy. The electronic self-energy correction results
in an enhanced quasiparticle gap of 3.5 eV at the valleys, as
can be seen in Fig. 2(a). An additional self-consistent update
for G, i.e., G{W,, results in the same gap. The self-energy
correction is highest at the I" point with 1.89 eV and lowest
at the K point with 1.67 eV, whereas the correction at the M
point is 1.86 eV.

We further explore the excitonic wave functions within
BSE formalism [43] using the following equation,

[~ 392+ Vo + Vi + S () U

(e — €A%+ Y (weklKM VK = @A, (3)
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where v (c) represents the valence (conduction) band index,
AS | is the envelope function of the exciton, 2% is the excita-
tion energy of the exciton state |S), and K, is the electron-hole
interaction kernel. Using the solution of the above equation,
the absorption spectra are obtained from the imaginary part of

the dielectric function &, (w),
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where P is the polarization of the incoming photon, e is the
electronic charge, v is the velocity operator, (0| is the Fock
space within the DFT level, and |S) is the excitonic wave
function. The convergence parameters of BSE calculations are
provided in the SM [24].

We calculate the absorption spectra of hBNK-G in the
presence of linearly polarized light, considering three valence
and four conduction bands to attain the convergence and plot
the same in Fig. 2(b). The formation of a bright singlet exciton
peak A at 2.78 eV indicates a large excitonic binding energy
of 0.72 eV with respect to the quasiparticle gap. The excitonic
eigenvalue analysis shows that this peak arises from two de-
generate excitonic states (see Fig. S5 [24]). This degeneracy
can be broken by probing the circularly polarized light of the
defined chirality. We further plot the density of states (DOS)
corresponding to the singlet and triplet excitons in Fig. 2(c),
which reveals a large singlet-triplet gap of 0.46 eV with a
more stable triplet exciton. Note that, below the DOS corre-
sponding to the bright singlet exciton peak A, there appears
a dark singlet exciton, characterized by negligible oscillator
strength as compared to the bright one. That is why the
singlet-triplet splitting is calculated with respect to the bright
singlet exciton, i.e., peak A.

To investigate this large splitting, we explore the optical
transitions among a few valence and conduction bands that are
marked with numerical indices in Fig. 2(a). We calculate the
total excitation amplitude in between two band indices using
the equation Wiy = Zk IA,,Ck|2, where A,k is the amplitude
of the particular excitation. We present the corresponding data
in Table I. We find that the singlet excitons get formed mostly
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TABLE I. The contributions (in %) from band-to-band optical
transitions towards the formation of the first bright singlet (A) and
first triplet (B) excitonic peaks. The values are rounded off up to the
first order.

Singlet c¢=1 Triplet c=1 ¢c=2 c¢=3

v=1 97.9 0.5 0.1 v=1 773 034 0.0
v=2 00.4 0.4 0.1 v=2 037 156 0.0
=3 00.2 0.1 0.1 v=3 000 000 0.0

due to the transition from the top of the valence band (v =
1) to the bottom of the conduction band (¢ = 1). However,
excitations among bands, v = 1, 2 and ¢ = 1, 2 show substan-
tial contributions towards the triplet exciton. To gain further
insight, we investigate the k-resolved optical transitions for
both the first bright singlet (peak A) and first triplet (peak
B) excitons in terms of the k-resolved envelope function and
plot v}, |Ai” | in Figs. 3(a) and 3(b), respectively. Note that
here i is the degeneracy of the excitonic states. As can be
seen, the singlet exciton is being formed due to the optical
transitions at and near the K and K’ valleys [see Fig. 3(a)].
Significant contributions to the triplet excitons are arising
from these valleys too [see Fig. 3(b)]. This can be attributed to
the attractive direct electron-hole screened Coulomb interac-
tion term in the interaction kernel, which contributes towards
the formation of both singlet and triplet excitons [43]. Further
investigation reveals that the triplet exciton formation at the
valleys is a consequence of only v =1 to ¢ = 1 transitions
[see Fig. 3(c)]. In addition to this, the optical transitions
among the other bands towards the triplet formation happen
mostly over the I' — M path [see Fig. 3(d)], where these bands
are mostly dispersionless, as highlighted in Fig. 2(a). Such
flat-band-induced triplet exciton formation has been reported
in a superatomic graphene lattice [44].

The envelope function plots in Figs. 3(a) and 3(b) further
indicate the extent of intervalley coupling for singlet and
triplet excitons, respectively. The triplet excitons experience
strong intervalley scattering, as evident from the higher mag-
nitude of the envelope function in between the two valleys.
However, in the case of the bright singlet exciton, the in-
tervalley coupling between the K and K’ valleys comes out
to be only 12.5%. The higher magnitude of opposite Berry
curvature at these two valleys and such minimal intervalley
coupling indicates the efficient valley-polarization ability of
the hBNK-G system. For further confirmation, we calculate
the oscillator strengths of the bright singlet excitation un-
der the irradiation of circularly polarized light of different
chirality over the first BZ, using the following expression
[11,19,45],

1 ~ Z [AJP - (VK| (vek £ ivy)?)|ck)|2, 3)

where o indicate different chiralities of the circularly polar-
ized light, v, (vy) is the component of the velocity operator,
and X () is the unit vector along the x (y) direction. As
mentioned before, the doubly degenerate eigenstates cor-
responding to the bright singlet exciton get split while
interacting with the left (o) and right (o~) circularly
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FIG. 3. The square root of the sum of the squared excitonic
envelope function Aﬁi of (a) the first bright singlet (A) and (b) the
first triplet (B) exciton of hBNK-G over the hexagonal first BZ,
as obtained with a converged number of bands consisting of three
valence and four conduction bands. (¢) The contribution towards
the first triplet exciton from the band edges, i.e., one valence band
(topmost) and one conduction band (bottommost). (d) The resultant
values after subtracting the values of (¢) from (b). Therefore, it
represents the contribution towards the first triplet exciton from the
other two valence and the other three conduction bands other than
the band edges. The color bar displays the normalized value of the
same. The oscillator strengths of the first bright singlet (A) exciton
in the presence of (e) left- and (f) right-handed circularly polarized
light. The color bar depicts the normalized values of the oscillator
strength.

polarized light and we plot the corresponding oscillator
strengths in Figs. 3(e) and 3(f), respectively. As can be seen,
the ot forms excitons selectively at the K valley. In the
presence of an in-plane electric field, the electrons and holes
in this valley will prefer to move in opposite directions, owing
to opposite Berry curvatures of the valence and conduction
bands. However, the combination of o~ light with the in-plane
electric field will drive the charge carriers at the K’ valley in
opposite directions as compared to the other valley, owing
to the sign reversal of the Berry curvature [see Fig. 1(e)].
Therefore, the hBNK-G system can exhibit an efficient cir-
cular dichroism valley-Hall effect.
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III. CONCLUSIONS

To summarize, based on first-principles calculations, we
propose a 2D lateral heterostructure of a kagome lattice
of h-BN and hexagonal graphene domains that can exhibit
promising electronic and optical properties. An optical gap
of 2.78 eV with 0.72 eV binding energy for singlet excitons
and a high charge carrier mobility of 1.4 x 10*> cm?> V—!s~!
indicates efficient optoelectronic properties of this hBNK-G
system. Furthermore, this system is capable of stabilizing the
triplet exciton over the singlet one by 0.46 eV that can enhance
the exciton lifetime and the quantum efficiency of optical
absorption [46,47]. Owing to its broken spatial inversion sym-
metry, this system exhibits opposite Berry curvature at the
time-reversal pair valleys K and K’ with negligible intervalley
scattering that is confirmed within many-body BSE calcula-
tions. Consequently, the charge carriers at each valley can be
excited selectively by controlling the chirality of the circularly
polarized light, as shown explicitly in terms of their oscil-
lator strengths. This property can be exploited for realizing

excitonic qubits through a circular dichroism valley-Hall
device. Our study shows different pathways of inducing in-
teresting optical properties by constructing a kagome-based
periodic lateral heterostructure of widely used 2D materials
such as graphene and A-BN.
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