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SPECIAL TOPIC — Exciton physics: Fundamentals, materials and devices
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We investigate electronic structures and excitonic properties of monolayer SiP, within the framework of first-
principles GW plus Bethe—Salpeter equation (GW-BSE) calculations. Within the GoW( approximation, monolayer SiP; is
identified as a direct-gap semiconductor with an electronic gap of 3.14 eV, and the excitons exhibit a hybrid-dimensional
character similar to that of the bulk counterpart. The optical absorption spectra reveal pronounced excitonic effects with
strong anisotropy: the first bright exciton has a binding energy of 840 meV under x-polarized light, compared with 450 meV
under y-polarized light. We further analyze the symmetry origins of the polarization-dependent optical selection rules
through group theory. This binding energy difference arises from the intrinsic nature of the excitons: flat-band excitons
under x-polarized light and conventional excitons localized at a single k point under y-polarized light. Our work enhances
the understanding of excitonic behavior in monolayer SiP; and highlights its potential for polarization-sensitive and direc-

tionally tunable optoelectronic applications.
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1. Introduction

Due to the widespread applications of photoelectric de-
vices in various fields, the optical properties of layered mate-
rials have garnered significant attention.!'-¢! Excitons, which
are quasi-particles formed by bound electron-hole pairs, play
a critical role in determining the optical property of the semi-
conductor. Notably, excitonic behavior is highly sensitive to
the dimensionality of the host material. In two-dimensional
(2D) semiconductors, excitonic properties differ markedly
from their bulk counterparts, primarily due to the reduced
Coulomb screening in low-dimensional systems. -8 This phe-
nomenon leads to a substantial enhancement in excitonic bind-
ing energy, thereby amplifying the influence of excitonic ef-
fects on the optical properties of 2D semiconductors, such
as transition metal dichalcogenides (TMDs),*~1°! divanadium

20,21 22-26]

pentaoxide (V,0s5),[2%2! silicon diphosphorus (SiP,)!

n.[27-331 Consequently, a comprehensive understand-

and so o
ing of these excitonic features is crucial for leveraging the
unique optical properties of 2D materials in optoelectronic ap-
plications.

As a prototypical class of van der Waals layered materi-
als, TMDs have been extensively explored for their potential
in optoelectronic applications.®1"! In particular, monolayer

MoS; has attracted considerable interest due to its prominent
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excitonic effects. The GW-BSE calculations reveal a direct
electronic band gap of 2.67 eV and the first bright exciton with
a binding energy of 0.63 eV, which is primarily contributed by
the band edge states at the K point of the Brillouin zone (BZ)

16,171 Owing to the nearly isotropic in-

in monolayer MoS,.!
plane screening, the excitonic wavefunctions in MoS, resem-
ble those of the hydrogen atom, following conventional optical
selection rules for s-, p-, and d-like excitonic series.!'8] An-
other TMD material, monolayer WSe,, has been proposed as
a potential excitonic insulator, where a Fulde—Ferrell-Larkin—
Ovchinnikov (FFLO)-like state emerges due to its unique exci-
tonic band structure, favoring stripe-patterned topological ex-
citon density waves with finite momentum.'”! Beyond TMDs,
materials with flat band structures have also attracted attention.
In V,0s, both conduction band (CB) and valence band (VB)
around the Fermi level are nearly flat across the BZ, enabling
exciton formation at a wide range of k-points rather than just
at the band edges. Such exotic property with flat band disper-
sion leads to highly delocalized excitonic states in the momen-
tum space and increases their binding energy correspondingly.
Remarkably, the binding energy of bulk V,0Os reaches an ex-
tremely large value up to 1.6 eV.[20:2134]

Some other layered materials with distinct crystal struc-

tures also exhibit unique excitonic behaviors. SiP,, for exam-
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ple, has two bulk polymorphs that share the same monolayer
building blocks but differ in their stacking arrangements.[2>-26]
As shown in Fig. 1(a), each SiP, monolayer contains a sub-
structure composed of the chain-like phosphorus atoms, giv-
ing rise to strong in-plane anisotropy. Our previous work
has investigated the electronic structures and optical prop-
erties of one polymorph with space group Pnma (No. 62)
based on the GW-BSE calculations.[>>! We identified it as a
semiconductor with the indirect band gap of 2.14 eV and the
first bright exciton with a binding energy of 140 meV, which
can be only excited by incident light polarized perpendicu-
lar to the phosphorus atom chains. Additionally, analysis of
the excitonic wavefunction revealed that this bright exciton
is hybrid-dimensional, comprising one-dimensional (1D) elec-
trons along the phosphorus atom chains and 2D holes across
the monolayer plane. In a separate study, Matta et al.!*®! fur-
ther reported that monolayer SiP, possesses a band gap of
2.63 eV and an excitonic binding energy of 610 meV without
fully including the low-dimensional screening effect.!3>! Their
results also revealed a strong anisotropy in the band structures,
featuring a flat band along the I'-X direction and markedly
steeper dispersion along I'-Y, indicating an excitonic behav-
ior distinct from that in MoS; and V,0s5. These findings mo-
tivate a more in-depth investigation of the excitonic properties
in monolayer SiP;, with attention to the detailed treatment of
long-range Coulomb interactions in 2D systems.

In this work, we present a detailed investigation of the
electronic band structures and excitonic properties of mono-
layer SiP; using the GW-BSE method. We demonstrate its
large exciton binding energy and highly anisotropic optical re-
sponses. Moreover, we analyze the polarization-dependent op-
tical selection rules based on group theory and visualize the
excitonic wavefunctions in both reciprocal and real spaces.
These findings provide insight into the hybrid-dimensional
and polarization-dependent excitonic behaviors in monolayer
SiP,, highlighting its potential for applications in anisotropic
optoelectronic devices.

2. Computational details

We employ density functional theory (DFT) calculations
implemented in the Quantum ESPRESSO package*®! to de-
termine the optimized structure and electronic band structure
of monolayer SiP;. The Kohn—Sham (KS) orbitals are ex-
panded using a plane-wave basis with a cutoff energy of 80 Ry,
and the Brillouin zone (BZ) is sampled using a I "-centered 6 x
14 x 1 k-grid, following the Monkhorst-Pack (MP) method.
The self-consistent calculations are carried out with a con-
vergence threshold of 1 x 107!2 Ry, and the structural opti-
mizations achieve a stringent tolerance of 1 x 10~* Ry/Bohr.
We adopt the generalized gradient approximation (GGA) with

the Perdew—Burke—Ernzerhof (PBE) functional to describe the
exchange—correlation energy, while the interactions between
valence and core electrons are modeled using SG15 optimized
norm-conserving vanderbilt (ONCV) pseudopotentials./37-38]
Additionally, the IrRep code**! is utilized to analyze the sym-
metry of the electronic Bloch states.

We then refine the KS one-electron energies using
GoW) (one-shot) self-energy corrections implemented in the
YAMBO code, %411 based on the DFT-PBE ground-state re-
sults. To mitigate the divergence of the 2D Coulomb poten-
tial at small k, we employ the random integration method
(RIM) with Monte Carlo integration across randomly sam-
pled k points.[*>] Our calculations achieve convergence using
422 unoccupied states and a slab-plane truncation of the bare
Coulomb potential.*>! To account for electron—hole interac-
tions, we employ the Bethe—Salpeter equation (BSE) for the
two-particle correlation function, incorporating prior GW cor-
rections. Our GW-BSE calculations adopt the Tamm-Dancoff
approximation, which accurately describes excitonic effects in
semiconductors.*3! To improve numerical precision, the BSE
kernel is initially computed on a coarse k-grid (6 x 14 x 1) and
subsequently interpolated onto a finer grid (12 x 28 x 1). The
absorption spectrum is determined by &, which represents the
imaginary part of the macroscopic dielectric function.

3. Results and discussion

The anisotropic crystal structure of monolayer SiP, illus-
trated in Fig. 1(a), features two distinct types of phosphorus
atoms. The P5 atoms form a 2D network with silicon atoms,
while the Pg atoms align into quasi-1D chains along the y di-
rection. This structural anisotropy leads to distinctive elec-
tronic properties. As shown in Fig. 1(b), the electronic band
structures from the Gy Wy approximation exhibit a nearly rigid
upward shift compared to results with the GGA-PBE func-
tional, indicating that monolayer SiP; is a direct gap semicon-
ductor with a band gap of 3.14 eV. Notably, the discrepancy
between band gaps from the GoWo and GGA-PBE functional
is more pronounced in the monolayer SiP, than that in the
bulk, primarily due to reduced dielectric screening and the en-
hanced quantum confinement in 2D systems. Moreover, both
the highest VB and the lowest CB are relatively flat along the
I'-X direction, suggesting a certain degree of localization for
the electrons and holes involved in exciton formation. To fur-
ther elucidate the nature of these electronic states, we examine
the real-space charge density distributions of the valence band
maximum (VBM) and the conduction band minimum (CBM),
as shown in Figs. 1(c) and 1(d). The charge density of the
VBM is extended over the quasi-2D atomic plane, whereas
that of the CBM is primarily localized along the Ps—Pg chains,
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indicating a quasi-1D character. This spatial anisotropy sug-
gests that excitons in monolayer SiP; exhibit hybrid dimen-
sionality, similar to their bulk counterparts,!**! which arises
mainly from the nature of chemical bonding and remains ro-

bust against van der Waals interactions. Moreover, the hybrid-
dimensional nature of excitonic states may play a role in de-
termining the properties of interlayer excitons in the van der
Waals heterostructures, which deserves further exploration. [44]

Fig. 1. (a) Crystal structure of monolayer SiP,. (b) Electronic band structures of monolayer SiP;, calculated using DFT with the PBE functional
(grey lines) and the GoWq approach (blue lines). The band gap from DFT is 1.52 eV, while GoW, yields 3.14 eV (red double arrow). Real-space
charge density distributions of (c) the valence band maximum (VBM) and (d) conduction band minimum (CBM). The isosurface value is set to

0.0025 e-(Bohr) 3.

To explore the optical properties of monolayer SiP,
we calculate the absorption spectra using both the GW-BSE
method and the independent particle approximation (IPA) with
incident light polarized along the x and y directions, as shown
in Figs. 2(a) and 2(b). Compared with the IPA spectra, the
GW-BSE results incorporate electron—hole Coulomb interac-
tions, revealing multiple exciton peaks. Notably, the lowest
bright exciton exhibits a binding energy of 820 meV under x-
polarized light and 450 meV under y-polarized light, reflecting
significant in-plane anisotropy. Additionally, a strong absorp-
tion peak appears around 3.0 eV in Fig. 2(a), with an oscil-
lator strength even greater than those associated with lower-
energy excitons. This indicates that the excitonic states in
monolayer SiP, cannot be fully described by a simple hydro-
genic model.l'®! Furthermore, the most strongly bound state
obtained from the BSE is a dark exciton with a binding en-
ergy of 840 meV, which is optically inactive in both polariza-
tions, highlighting the complexity of the excitonic landscape
in monolayer SiP;.

To gain a deeper understanding of the anisotropic opti-
cal selection rules in monolayer SiP,, we present the excitonic
distribution weight ). |A§C " |? in reciprocal space for four rep-
resentative excitonic states, as illustrated in Figs. 2(d)-2(g).
Here, A&Ck is the expansion coefficient of the excitonic wave-

function ¥ (7, 7y), expressed as

P (re,mh) = ZAéngck(re)W;k(rh)a ey
vek

where W, (7e) and Y. () represent the quasiparticle states
of electrons and holes; 7. and 7}, denote the positions of elec-
trons and holes; v and ¢ are the indices of the valence and
conduction bands; and k is the crystal momentum in the BZ.
Due to in-plane anisotropic screening, the rotational symme-
try of bound 2D electron-hole pairs is broken, leading to the
loss of angular momentum conservation for both electrons
and holes. Consequently, spherical harmonic functions are no
longer eigenstates of the system, and excitonic wavefunctions
cannot be classified as s, p, or d states, unlike Rydberg exci-
tons in isotropic 2D semiconductors such as MoS,.!1617]

As shown in Figs. 2(d)-2(f), excitons 1 to 3 are bright
under x-polarized light and are predominantly localized along
the I'-X path, where the band edges are relatively flat. This
flatness facilitates the mixing of single-particle transitions, re-
sulting in broader excitonic features in momentum space, dis-

[24] Furthermore, exciton 4,

tinct from their bulk counterparts.
shown in Fig. 2(g), is bright under y-polarized light and is
mainly contributed by states along the X—S path near the X

point, in contrast to excitons 1 to 3.
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Fig. 2. (a) The imaginary part of the dielectric function for monolayer SiP, calculated using the BSE (blue lines) and IPA (orange lines) for the
incident light polarized along the x direction. The red dashed line denotes the direct gap (3.14 eV), and the excitonic peaks from 1 to 3 at2.32 eV,
2.53 eV, 2.61 eV are labeled. (b) Similar results as (a), but for the incident light polarized along the y direction. An additional excitonic peak 4 at
2.69 eV is labeled. (c) The first BZ of monolayer SiP,, with the excitonic distribution weight mainly located in the blue region. (d)—(g) Excitonic
distribution weights within the blue region for the four excitonic states mentioned above.

Since & is determined by Y ¥, |A% . (viclx(y)|ck)

%
the anisotropic optical activity can be further understood
through group theory analysis of the dipole transition matrix
elements (vg|x|ck) and (vg|y|ck), where |vg) (|ck)) represents
the VB (CB) wavefunction at a given k point. Monolayer SiP;
belongs to the space group Pmc2; (No. 26), which includes
two fundamental symmetry operations: the mirror reflection
perpendicular to the y axis (My) and the nonsymmorphic screw
rotation along the x axis (Soy = {C2|(3,0,0)}). Time-reversal
symmetry is also preserved in the absence of magnetism. As
the I'-X path plays a crucial role in the distribution of ex-
citonic wavefunctions, we analyze the symmetry constraints
on the dipole transition matrix elements along this path. For
the matrix element (vg|x|ck) at a given k point (the case for
(vi|y|ck) is similar):

(elxlcr) = (Vie](S2) " S2xx(S2x) " Saxlck)

= (Mok)" Mek (viclx|cr), (2)
(vie|xler) = <Vlc‘(M))ilMyx(My)ilMy‘CQ

= (185)" 125 (Vic|x| ), 3)

where (Y, UX.. I, and u, are the eigenvalues for the VB
and CB at a specific k point under the S, and M, symmetry

operations. The matrix element (vg|x|cg) is nonzero only if
both (w4, )* 1, and (W), )* 1), equal 1. First-principles cal-
culations of these eigenvalues reveal that the matrix elements
vanish along the I'-X path in both x and y directions, except
at the X point. At the X point, where the bands are doubly de-
generate, (vg|x|ck) is nonzero, explaining why excitons 1 to 3
are optically active under x-polarized light but inactive along
the y direction. Similarly, exciton 4 exhibits nonzero dipole
transition matrix elements for y-polarized light at the S point,
but vanishing elements for x-polarization, consistent with its
localization along the X—S path.

Having established the symmetry origin of the anisotropic
optical selection rules, we analyze the k-resolved excitonic
distribution weights over the band structures as shown in Fig. 3
to elucidate the binding energy disparity. Exciton formation
typically occurs near the electronic band edge, where both
electrons and holes have low group velocities. As shown
in Figs. 3(a)-3(c), excitons under x-polarized light are con-
tributed by multiple k points along the I'-X direction due to
the flatness of the CB and VB in this region. This distribu-
tion resembles flat-band semiconductors such as V205,[20’21]

where the enhanced effective mass arising from flat disper-
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sion leads to significantly stronger excitonic binding. In con-
trast, the distribution of exciton 4 in Fig. 3(d) is predominantly
localized near a k point close to X, due to strongly disper-
sive bands along the X—S direction. Consequently, excitons
under x-polarized light exhibit higher binding energies com-

pared to y-polarized excitons. This anisotropy is also reflected

in the polarization-dependent bright excitonic transitions: the
lowest-energy x-polarized transition occurs at 2.32 eV, while
the y-polarized counterpart appears at 2.69 eV. These distinct
optical responses highlight the potential of monolayer SiP,
for directionally tunable optoelectronic and electrolumines-

cent devices.

(a) Exciton 1 (b) Exciton 2
_____ T ~_1
4F 4 ]
g /W\ ' /W\
o [ S o D .
~ | I ~ | I
2 ot Lo I Lo ]
~ | I ~ | I
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Fig. 3. (a)—(d) Electronic band structures of monolayer SiP, with excitonic distribution weights projected for the four representative excitonic
states. The size of the orange circles indicates the magnitude of the excitonic distribution weight at each k point.

(a)  Exciton 1 (b)  Exciton 2

(c)  Exciton 3 (d) Exciton 4

L..

Fig. 4. (a)—(d) Modulus squared of the excitonic wavefunctions for the
four bright excitons in real space, calculated using GW-BSE. Red crosses
indicate the positions of the holes.

To determine the exciton size and character (Wannier—
Mott or Frenkel) in monolayer SiP,, we examine the squared
modulus of the excitonic wavefunction |¥* (re,0)[?, repre-
senting the real-space distribution of the electron with the hole
fixed at rﬁ . These GW-BSE results are presented in Fig. 4,
where red crosses denote the positions of the holes. The spatial

distributions indicate that all four excitons in monolayer SiP,

are of the Wannier—Mott type and highly anisotropic. More-
over, the exciton radius (effective Bohr radius) increases as the
exciton binding energy decreases, reflecting the weakening of
the electron—hole Coulomb interaction for excitons with lower
binding energies.

4. Conclusion

Using first-principles GW-BSE calculations, we system-
atically investigate the electronic band structures and exci-
tonic properties of monolayer SiP, with an orthorhombic 2D
crystal structure. The GoW( approximation reveals a di-
rect band gap of 3.14 eV, with excitons exhibiting a unique
hybrid-dimensional character, similar to bulk SiP, but with
enhanced many-body effects and stronger electron-hole in-
teractions. This is manifested in the optical spectra through
strongly anisotropic excitonic features: the first bright exci-
ton shows a binding energy of 840 meV under x-polarized
light but 450 meV under y-polarized light, governed by
the polarization-dependent optical selection rules imposed by
crystal symmetry. The anisotropy arises from two distinct
regimes: flat-band excitons under x-polarized light with ex-
tended k-space distribution and enhanced electron—hole inter-
actions, and conventional excitons under y-polarized light lo-
calized at a single k point. These two excitonic regimes collec-
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tively modulate the electron—hole interaction strength through

direction-dependent effective masses. Our findings highlight

the potential of monolayer SiP, as a promising platform for

polarization-sensitive and directionally tunable optoelectronic

applications.
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