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Highlights5

Large exciton binding energy in atomically thin Cs3Bi2I9−xClx halide6

perovskite7

Srihari M. Kastuar, Chinedu E. Ekuma8

• Investigated the quasiparticle electronic structure and exciton dynam-9

ics of monolayer Cs3Bi2I9.10

• Demonstrated the tunability of quasiparticle and spin-orbit interactions11

through isoelectronic substitutions of Cl in Cs3Bi2I9−xClx.12

• Ultra-low dielectric screening with large exciton binding energies rang-13

ing from 1.3 – 2.7 eV.14

• Tunable optical spectra for reconfigurable optoelectronic systems.15
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Abstract19

Two-dimensional lead-free perovskite Cs3Bi2I9 has emerged as a promising
optoelectronic material due to its unique composition and quantum con-
finement effects. Herein, we present a comprehensive first-principles compu-
tational analysis of the many-body optoelectronic properties arising from the
isoelectronic substitution of Cl into the I site in atomically thin Cs3Bi2I9−xClx.
By solving the Bethe-Salpeter equation, we reveal the distinct optical proper-
ties of these doped and pristine monolayers, characterized by strongly bound
excitons within an ultralow dielectric screening environment. Specifically,
we demonstrate that the isoelectronic substitution of Cl in Cs3Bi2I9 enables
significant tunability of quasiparticle states, leading to an unprecedented
increase in the exciton binding energy from 1.32 eV to 2.66 eV, and a cor-
responding increase in the optical gap from the visible to the ultraviolet
spectrum. The dominance of these strongly bound excitons in the ground-
state properties highlights the substantial potential of these materials for
high-efficiency optoelectronic applications, including light-emitting diodes,
laser diodes, solar-blind photodetectors, and reconfigurable optical systems.

Keywords: 2D halide perovskite Cs3Bi2I9−xClx, Quasiparticle electronic20

structure, Exciton spectra, First-principles calculations21

1. Introduction22

Two-dimensional (2D) lead-free perovskites with the general formula A3B2X923

(where A = K, Rb, Cs; B = Bi, Sb, As, P; and X = Cl, Br, I) are increasingly24

being explored for their potential in advanced optoelectronic applications due25
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to their remarkable optoelectronic properties [1, 2, 3, 4]. These materials ex-26

hibit unique characteristics such as high carrier mobility, tunable bandgaps,27

and strong light-matter interactions, making them ideal candidates for next-28

generation electronic and photonic devices.29

Specifically, bismuth and antimony-based compounds, such as 2D Cs3Bi2I930

(CBI), have shown exceptional enhanced characteristics for applications in31

valleytronics, hydrogen evolution, photodetection, and photovoltaics through32

systematically induced changes in their structural and chemical composition.33

For example, light-valley coupling in CBI is achieved by layer engineering,34

with odd-layer structures being optimal for this purpose. This results in35

improved control over electronic properties essential for valleytronic applica-36

tions [5]. Additionally, the photocatalytic performance of CBI is significantly37

enhanced when combined with a MoS2 co-catalyst or by vertically stacking38

CBI on Bi2WO2 nanosheets, which facilitates improved charge transfer pro-39

cesses crucial for efficient hydrogen evolution reactions [6, 7].40

High photovoltaic efficiencies in CBI-based devices are achieved through41

various structural engineering techniques, including dimensionality reduc-42

tion, pressurization, and chemical doping. These methods allow for the43

fine-tuning of the material’s electronic and optical properties, resulting in44

enhanced light absorption and carrier generation [8, 9]. Moreover, the use45

of isoelectronic substitution and lattice constant adjustments further enables46

the customization of the material’s band structure to optimize performance47

for specific optoelectronic applications [10, 11].48

However, the fundamental understanding of the emerging properties of 2D49

CBI that make it such a versatile material is limited, with more focus histori-50

cally placed on its bulk phase. Experimentally backed first-principles compu-51

tations have demonstrated that atomically thin CBI perovskite, characterized52

by its strong spin-orbit coupling and quantum confinement effects, exhibits53

an almost dispersion-less band structure around the Fermi level. This is54

characterized by a large indirect energy bandgap and significant optical ab-55

sorption, making it highly suitable for optoelectronic applications [11, 5]. The56

optoelectronic properties of CBI depend heavily on its structural and chem-57

ical compositions, which can be finely tuned through various modifications58

such as altering the number of layers or employing isoelectronic substitution.59

Herein, using advanced first-principles computational methods, we present60

a detailed analysis of the emerging properties of atomically thin 2D Cs3Bi2I9−xClx61

designed by isoelectronic substitution of Cl into the I site of CBI. Our results62

demonstrate that the many-body electronic structure of CBI, characterized63
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by an indirect bandgap of ∼ 3.81 eV and an optical gap of ∼ 2.71 eV, is64

governed by strongly bound excitons in an ultralow dielectric screening envi-65

ronment. These excitons dominate the ground state optical absorption with66

a significant number of excitations below the bandgap threshold that can be67

controlled by systematically replacing I with Cl. The substitution of Cl for68

I in Cs3Bi2I9 results in a remarkable shift in the exciton absorption profile,69

transitioning from visible to ultraviolet photon energies as Cl concentration70

increases. This shift reveals unprecedentedly large exciton binding energies71

ranging from 1.32 to 2.66 eV. The ability to dynamically reconfigure the ex-72

citon spectra in Cs3Bi2I9−xClx by altering Cl concentration offers significant73

potential for high-efficiency optoelectronic systems. Such systems include74

light-emitting diodes (LEDs), laser diodes, and solar-blind photodetectors.75

For instance, the shift in exciton absorption to ultraviolet energies can be76

leveraged to design solar-blind photodetectors that are sensitive only to UV77

light, thereby minimizing interference from visible light. Additionally, the78

large exciton binding energies enhance the efficiency of LEDs and laser diodes79

by improving the recombination rates of charge carriers, leading to brighter80

and more energy-efficient devices. Our study thus, provides a comprehen-81

sive understanding of how isoelectronic substitution in 2D perovskites can be82

used to tailor their optoelectronic properties. This work not only elucidates83

the fundamental electronic structure of Cs3Bi2I9−xClx, but also highlights its84

practical applications in next-generation optoelectronic devices.85

2. Methods86

We used first-principles density functional theory (DFT) and many-body87

approaches, implemented in the Vienna ab initio simulation package (VASP)[12],88

to study the structural, mechanical, electronic and optical properties of89

Cs3Bi2I9−xClx monolayers. The structural relaxation, including the mechan-90

ical and energetic characterization, was performed using the Perdew-Burke-91

Ernzerhof (PBE) exchange-correlation functional within the generalized gra-92

dient approximation (GGA)[13]. The projector augmented wave (PAW)93

pseudopotentials used in these calculations included the following valence94

electrons: Bi (5d10, 6s2, 6p3), Cs (5s2, 6s1, 5p6), I (5s2, 5p5), and Cl (3s2,95

3p5). To model the monolayers, the unit cell length along the z-direction was96

initially set to 20 Å, which converged to a final value in the range 22− 28 Å97

for different structures during self-consistent optimization. This provided a98

vacuum of more than 15 Å, preventing spurious interactions between peri-99
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odic layers. For structure optimization, a 4× 4× 1 Γ-centered grid was used100

to sample the first Brillouin zone (BZ), and a plane-wave basis set cutoff101

energy of 500 eV was applied. This setup ensured convergence of total en-102

ergy and interatomic forces up to 10−7 eV and 2× 10−2 eV/Å, respectively.103

These parameters were tested against a higher cutoff energy of 600 eV and104

an 8 × 8 × 1 BZ grid, yielding lattice constants identical to within 10−3 Å105

while significantly reducing computational costs. The many-body electronic106

ground state of the optimized structures was explored by computing quasi-107

particle (QP) states using the self-consistent, quasiparticle Green’s function108

and screened Coulomb interaction (QPGW0) method [14]. In QPGW0, G was109

updated four times while W was kept fixed (G4W0). Spin-orbit coupling was110

self-consistently incorporated in the many-body calculations to account for111

relativistic effects. Optical properties without electron-hole interactions were112

computed using the random phase approximation (RPA), while the Bethe-113

Salpeter equation (BSE) was solved to include electron-hole interactions into114

the absorption spectra [15]. These calculations employed pseudopotentials115

optimized for handling unoccupied states far above the Fermi level, specifi-116

cally PAW potentials with Cs (5s2, 5p6, 5d1) valence orbitals and additional117

empty states for Bi (5f ), Cs (5f), I (4f , 5d), and Cl (3d, 4f). To ensure ac-118

curate quasiparticle energies, we tested the convergence of the bandgap with119

respect to the plane-wave cutoff energy and reciprocal space grid density.120

We observed an approximately 4% variation in the bandgap within a cutoff121

energy range of 400 − 500 eV. Due to the large system size, the N6 scaling122

of GW computations (N being the number of bands), and presence of spin-123

orbit interaction in our computations, BZ grids of 3×3×1 k-points or larger124

were computationally prohibitive. Therefore, to balance computational cost125

and accuracy, we used a cutoff energy of 500 eV with a 2 × 2 × 1 k-point126

grid. Additionally, a response function cutoff energy of 160 eV, along with127

232 empty bands for QPGW0 and 10 virtual and occupied bands for BSE128

computations, was used to ensure convergence. All calculations included the129

van der Waals corrections using the semi-empirical DFT-D3 method [16, 17].130

3. Results and Discussion131

The ground state structure of atomically thin Cs3Bi2I9 (CBI) perovskite132

belongs to the P6̄ hexagonal symmetry space group, No. 174 (Figure 1a) [11].133

Our computed lattice constant of 8.41 Å aligns well with the experimentally134

measured values ranging 8.40−8.42 Å [18, 19]. In this structure, the bismuth135
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Figure 1: Isoelectronic crystal structure and electronic properties of Cs3Bi2I9. (a) The
crystal structures at various concentrations of chlorine substituent, x = 0, 3, 6, 9. x = 1
corresponds to the substitution of the central I-atom marked I1. (b) The quasiparticle band
structure along the Γ(0, 0, 0)−M(1/2, 0, 0)−K(2/3, 1/3, 0)−Γ(0, 0, 0) high symmetry path
and density of states of 2D Cs3Bi2I9 (x = 0).

and iodine atoms together form pairs of [BiI6]
−3 octahedra sharing three io-136

dine atoms. This unique structural and chemical configuration, specifically137

the perovskite symmetry hosting the heavy element Bi, endows CBI with138

quasi-localized flat electronic bands that are sensitive to spin-orbit interac-139

tions [5, 20, 21]. The presence of such flat bands near the Fermi energy in-140

dicates enhanced electrostatic interaction between the quasi-localized charge141

carriers, which is expected to play a crucial role in the resulting properties.142

To understand the optoelectronic features, the single-particle electronic143

structure of CBI was studied by computing the GW quasiparticle band struc-144

ture and density of states, which explicitly consider electron-electron interac-145

tions and reveal the true electronic ground state of the material (Figure 1b).146

We report that the ground state electronic properties of 2D CBI are charac-147

terized by a large indirect bandgap of 3.81 eV between the high-symmetry148

points Γ and K, which is considerably larger than the previously reported149

values of 2.05-2.50 eV computed without electron-electron interactions. How-150

ever, crystal field analysis using orbital resolved projections of the density151

of states around the Fermi level reveals strong hybridization of the Bi-s and152

p and I-p states, in agreement with previous works [11, 22]. This strong153

hybridization and a significant spin-orbit coupling (SOC) support the quasi-154

localized valence band states and a nearly flat valence band maxima in CBI.155

A detailed comparison of the energy bandgaps computed at various levels of156
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theory reveals significant corrections in the electronic energy levels when the157

effects of the quasiparticle and the interactions of SOC are taken into ac-158

count (see Table 1). Therefore, systematically fine-tuning these interactions159

can provide a way to precisely tune and control the electronic structure and160

optoelectronic properties of CBI.161

To further explore the physical properties of CBI, we used isoelectronic162

substitution to modify its electronic structure and, consequently, its opto-163

electronic features. Since the flat band and SOC in CBI originate from the164

interaction between the Bi and I atoms, the introduction of Cl can effectively165

alter the band structure [10]. To create Cl-doped monolayers, we sequentially166

replaced the nine I atoms in the CBI with Cl atoms. For the first Cl substitu-167

tion (x = 1), any of the nine sites was nearly equally favorable, with the total168

energy per atom ranging only by ∼ 0.71meV/atom in all possible configu-169

rations. However, the configuration in which the Cl atom is substituted at170

the central I site (I1 in Figure 1a) represents the ground state. For the next171

seven consecutive substitutions (2 ≤ x ≤ 8), the total energies of the various172

configurations differ by 6.43, 7.14, 4.29, 8.57, 8.57, 3.57, and 0.01meV/atom,173

respectively. These differences were calculated by placing each subsequent174

Cl atom at the site that minimized the total energy. Even if substitutions175

occur in a different order, the total energy remains within ∼ 9.0meV/atom176

of the ground state (Figure S1). This variation is approximately ten times177

smaller than the average defect formation energy in Cs3Bi2I9−xClx, and less178

than one-third the thermal energy at room temperature.179

The small differences in total energy of Cs3Bi2I9−xClx allows the sub-180

stituent Cl atoms to occupy sites that minimize lattice distortion. To inves-181

tigate this, we adopted a layer-wise substitution approach to create Cl-doped182

atomically thin structures. The first three Cl atoms were substituted in the183

central layer shared by the [Bi2I9]
−3 bioctahedra. The next three Cl atoms184

were placed to form a [BiCl6]
−3 octahedron, and the final three Cl atoms185

completed the pair. The ground state crystal structures and lattice param-186

eters of all ten monolayers produced using this approach are presented in187

Figure S2 and Table S1 in the Supplementary Materials (SM) [23]. These188

defect structures exhibit only minor structural distortions compared to the189

lowest energy configurations (Figure S3 and Table S2). Notably, the x = 3190

and 6 monolayers preserve the 2D hexagonal lattice symmetry, with a = b,191

α = β = 90◦, and γ = 120◦. Furthermore, the computed lattice parame-192

ters align well with the available experimental data on thin films and single193

crystals corresponding to the structures x = 0, 3, 8, and 9 [10, 18, 19, 24].194
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Additionally, we constrained the defect crystal structure by fixing the195

shape of the unit cell during structural optimization, allowing only the atomic196

positions to update. This process resulted in eight Cs3Bi2I9−xClx monolayers,197

where 0 < x < 9 (CBIClx), all sharing the lattice constant of CBI. After the198

final I atom was replaced (x = 9), the unit cell shape was allowed to vary, re-199

sulting in the monolayer Cs3Bi2Cl9 (CBCl) with P6̄ crystal symmetry and a200

smaller lattice constant of approximately 7.56 Å (Figure 1a). The constrained201

structures reveal the variations in the parent optoelectronic properties due202

solely to the competition between Cl and I, without accounting for the inher-203

ent structural distortions caused by differences in the atomic size between Cl204

and I. However, for completeness, the findings from unconstrained CBIClx205

monolayers are also discussed (see SM).206

Table 1: The electronic bandgap of 2D monolayer Cs3Bi2I9 at different levels of theory,
with and without spin-orbit coupling (SOC). All values are in units of eV, where ∆E =
Eno−SOC

g − ESOC
g .

Method Eno−SOC
g ESOC

g ∆E

PBE 1.85 1.76 0.09
HSE06 3.08 2.50 0.58
QPGW0 4.25 3.81 0.44

The energetic stability of all 0 < x < 9 structures was evaluated by cal-207

culating the defect formation energy, Ef = [ECBI − ECBIClx − (9 − x)EI +208

xECl]/x. Here, x is the number of atoms replaced to create a defect mono-209

layer, ECBI (ECBIClx) is the ground state total energy of the pristine (defect)210

monolayer, and EI (ECl) is the ground state energy per atom of iodine (chlo-211

rine). EI (ECl) were computed as the energy per atom of an arrangement of I212

(Cl) atoms inside the parent unit cell without other elements of CBI, simulat-213

ing a dielectric environment similar to CBI. We found that the isoelectronic214

substitution of chlorine in CBI requires a small amount of energy, which satu-215

rates to ∼ 0.9 eV after the first six iodine atoms are replaced. The difference216

in the formation energies of the constrained and unconstrained monolayers is217

negligibly small. Similarly, if the defect structures are created by substituting218

I in CBCl, the Ef saturates to ∼ −1.0 eV after the replacement of the first six219

Cl atoms (Figure S4). The systematic convergence of Ef shows an energetic220

preference for the 6:3 (or 3:6) mixture of I and Cl atoms. A similar preference221

for Cs3Bi2I6Cl3 over other stoichiometries exists for the bulk phase [10]. We222

determine the mechanical stability of the designed structures by computing223
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their 2D elastic tensor using the ElasTool package [25, 26, 27]. Our simula-224

tions show that all the Cs3Bi2I9−xClx stoichiometries are mechanically stable,225

satisfying Born’s stability criterion with positive-definite eigenvalues of the226

elastic compliance matrix [28]. Although the parent materials are already227

very soft with a small 2D Young’s modulus of ∼ 22 N/m, the constrained228

CBIClx becomes increasingly softer as I is replaced with Cl (Table S3). This229

is attributed to the difference in the atomic radii of I and Cl (∼ 0.40 Å),230

which subsequently manifests as longer Bi-Cl bonds in CBIClx (∼ 2.95 Å)231

than in CBI (∼ 2.50 Å). The data corresponding to the unconstrained mono-232

layers show a similar reduction in the 2D Young’s modulus, but with a higher233

Poisson’s ratio (ν) than the constrained monolayers. Furthermore, the ν of234

the x = 3 and 6 monolayers is significantly higher than the CBI and CBCl235

(Table S4).236

To gain further insight into the effect of isoelectronic substitution on237

the many-body electronic structure of 2D Cs3Bi2I9−xClx, we computed the238

electron-electron QP band structure and density of states at various chlo-239

rine concentrations x. Analysis of the QP band structures of the constrained240

monolayers (Figure S5) reveal that while CBIClx structures maintain the Γ to241

K indirect nature of the parent material, the magnitude of the band gap Eg,242

undergoes a large blueshift of 2.27 eV after all the iodine atoms are replaced.243

The energetically optimal structures, x = 3 and x = 6 display bandgaps of244

4.40 and 4.74 eV, respectively. Furthermore, the fundamental direct bandgap245

at the K high symmetry point evolves from 4.03 to 6.35 eV. When the mono-246

layers are not constrained, the structure of the QP band display additional247

changes at certain chlorine concentrations. The band structures of the un-248

constrained and constrained structures at x = 1, 2 and 8 are qualitatively the249

same. However, the unconstrained monolayers have slightly larger (∼ 0.1 eV)250

bandgaps, and a flatter valence band at x = 4, 5, and 7 (Figure S6). The ex-251

tensive tunability of the band structure, from the visible to the ultraviolet re-252

gion of the electromagnetic spectrum, encompasses both wide and ultrawide253

bandgap properties in Cs3Bi2I9−xClx, making them suitable for high-power254

high-frequency electronics. Furthermore, this semiconducting nature com-255

bined with the inherent softness of these materials potentially makes them256

biocompatible and promising for applications in bioelectronics [29].257

In Table 2 we present the QP bandgap (Eg), effective mass of charge258

carriers, and SOC-induced valence band splitting (∆SO) of CBI, constrained259

CBIClx, and CBCl, obtained after analysis of the respective QP band struc-260

tures. We quantify transport and carrier dynamics of these materials in261
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Table 2: The electronic properties of Cs3Bi2I9−xClx monolayers. The fundamental QP
bandgap Eg and the valence band spin-orbit splitting ∆SO are in units of eV and meV,
respectively. The effective mass of electrons me, holes mh, and excitons µ are calculated
along the Γ −M(K − Γ) direction and are given in units of free electron mass m0. The
work function (Φ) was calculated at the PBE level and is given in the units of eV.

x Eg me mh µ ∆SO Φ

0 3.81 0.26(1.43) 0.32(0.43) 0.18(0.22) 30 4.99

1 3.99 0.41(2.70) 0.26(0.66) 0.19(0.36) 90 5.11

2 4.25 0.48(1.34) 3.42(0.77) 0.63(0.35) 130 5.31

3 4.40 0.51(0.77) 0.92(1.13) 0.51(0.31) 170 5.43

4 4.64 0.39(0.84) 0.94(1.23) 0.53(0.27) 150 5.44

5 4.77 0.29(1.15) 1.44(1.97) 0.83(0.23) 170 5.45

6 4.74 0.27(0.89) 2.78(1.40) 0.93(0.27) 190 5.47

7 5.20 0.30(0.20) 0.70(0.60) 0.32(0.12) 180 5.54

8 5.88 0.61(0.99) 4.55(3.07) 1.84(0.38) 40 5.88

9 6.08 0.79(1.96) 0.18(0.70) 0.15(0.57) 20 5.86

terms of the curvature of the electronic band structure near the Fermi en-262

ergy. To this end, the electron (me) and hole (mh) masses were calculated263

by fitting a parabola Ek = ℏ2
2m0

k⃗TAk⃗ to the conduction and valence band264

states, respectively. Here, the effective mass is given by the inverse of the265

eigenvalues of the matrix A in terms of the free-electron mass m0, in a di-266

rection parallel to the band extremum given by k⃗ = (kx, ky). We report an267

electron mass of 0.26 (1.43) and a corresponding hole mass of 0.32 (0.43)268

along the kx = Γ −M (ky = K − Γ) direction of monolayer CBI. After the269

isoelectronic substitutions, we found a significant increase in the flatness of270

the entire valence band. This is characterized by a significant increase in mh271

at high symmetry points K and Γ. Along K − Γ, the hole mass monotoni-272

cally increases up to x = 5 from 0.43 to 1.97, and attains a maximum value273

of ∼ 3.07 at x = 8. Along Γ − M , the hole mass for 2 ≤ x ≤ 7 structures274

increases from the pristine value, but without an identifiable trend. Though275

less pronounced, we also observe an increase in me along the Γ −M for all276

concentrations and along the K − Γ for x = 1 and 9. As the band flattening277

progresses, a corresponding increase in the likelihood of direct transitions278

across the bandgap emerges. The first direct transition in CBI occurs at279
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the high-symmetry point K, while an additional degenerate direct transi-280

tion emerges at the Γ-point for the 2 ≤ x ≤ 7 structures. These transitions281

are driven by exciton-dominated interactions across the bandgap. To quan-282

tify exciton transport properties, we estimated the exciton mass for various283

concentrations of Cl, using µ−1 = m−1
e +m−1

h . Our calculations reveal that284

isoelectronic substitution enhances the anisotropy in the exciton mass, partic-285

ularly along different crystallographic directions. This anisotropy contributes286

to the emergence of new direct transition pathways at high-symmetry points,287

as well as modulated exciton transport properties, which can lead to distinct288

optical and electronic behaviors in these systems.289

Furthermore, the impact of spin-orbit coupling in determining optoelec-290

tronic features was found to be extremely significant. As expected, SOC291

reveals the inherent degeneracy of the states near the Fermi energy, causing292

an average reduction of ∼ 0.30 eV in the QP bandgap of the CBIClx struc-293

tures. This is mainly attributed to the splitting of the valence band edge294

states. Specifically, for 2 ≤ x ≤ 7, we report considerable ∆SO-values at the295

K high-symmetry point. This is expected to enhance the optical absorption296

spectra by facilitating multi-exciton transitions from non-degenerate band297

edge states. To understand the origin of the SOC-induced valence band298

splitting, we investigated the contributions of individual atomic orbitals to299

the electronic structure by studying the partial density of states (Figure 2).300

In CBI, we found a strong hybridization of the Bi-6s and the I-5p states.301

The same is observed for CBCl where Cl-3p states couples with the Bi-6s302

orbitals. In both of these materials, the spectral widths of the two orbitals303

exactly overlap each other at the edge of the valence band. This maintains304

the partial degeneracy of the valence band edge, characterized by a negligi-305

ble ∆SO ∼ 30 meV at x = 0 and x = 9. However, at intermediate x-values,306

the sp-orbital hybridization weakens. In this case, the p-orbitals of the two307

halogens compete for the overlapping position, lifting the degeneracy and re-308

sulting in large ∆SO values ranging from 130 to 190 meV. The partial density309

of states of the unconstrained monolayers (Figure S7) depict similar orbital310

contribution with strong overlap of I-5p and Cl-3p states at the edge of the311

valence band. The lack of restriction on the symmetry of these materials312

allow sharper valence density of states and flatter bands compared to con-313

strained monolayers which are inherently strained by ∼ 10%. The reduction314

in hybridization between Bi-6s and I-5p orbitals, along with the strain in the315

bioctahedra of CBIClx materials, supports the localization of states around316

the Fermi level, leading to a less dispersive valence band.317
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Figure 2: The orbital resolved partial density of states (PDOS) of Cs3Bi2I9−xClx (0 ≤
x ≤ 9) obtained using the self-consistent, quasiparticle GW method.

To estimate the charge transport in these materials, we investigated the318

evolution of the Fermi energy level EF with respect to the vacuum energy319

level Evac by computing the work function Φ = EF −Evac. For this investiga-320

tion, the PBE method was used because of its higher accuracy in predicting321

surface-related energetic properties. It was found that with increasing Cl322

concentration, Φ increases from 4.99 to 5.88 eV, lowering EF toward the323

valence band. This suggests that the substitution of Cl in CBI leads to p-324

type transport with holes as the majority carriers. The work function of the325

unconstrained materials follow the same trend. This hole-mediated conduc-326

tivity depicts the versatility of Cs3Bi2I9−xClx materials in photovoltaic device327

research due to the inherent difficulty in engineering p-type charge transport328

in traditional transparent conducting oxides [30, 31].329

The significant tunability of the many-body electronic structure motivates330
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the study of the optical properties. To explore the evolution of the optical331

properties of Cs3Bi2I9−xClx with x, we computed the frequency-dependent332

complex dielectric function ε(ω), with (BSE) and without (RPA) electron-333

hole interactions. The imaginary part of the dielectric function is the absorp-334

tion spectra ε2(ω), where the first characteristic feature marks the beginning335

of absorption, also known as the optical gap. In the absence of electron-hole336

interactions, the optical gap corresponds to the fundamental direct bandgap337

in the QP band structure. Conversely, with electron-hole interactions, the338

optical gap corresponds to the energy of the first excitonic excitation. The339

difference between the two is the exciton binding energy Eb. Figure 3 presents340

the ε2(ω) of CBI, constrained CBIClx, and CBCl, where the blue and red341

spectra represent the presence and absence of electron-hole interactions, re-342

spectively. It was found that the inclusion of electron-hole interactions led to343

a significant redshift of the spectra, revealing a rich excitonic nature of the344

materials. (See Figure S8 for the spectra for the unconstrained materials.)345

In the exciton spectra of CBI, the first excitation appears as a shoul-346

der at 2.71 eV, marking the excitonic optical gap. This is in remarkable347

agreement with the experimental work of Liang et al., who reported exci-348

tonic peaks at 420 nm (2.95 eV) and 500 nm (2.48 eV) for a few layers of349

CBI [5]. Interestingly, computations up to the level of linear response using350

a hybrid DFT functional also reveal an optical gap of ∼ 2.72 eV. At this351

level, the optical spectra do not account for electron-hole interactions, and352

the optical gap corresponds to direct band-to-band transition energy in the353

quasi-non-interacting picture of CBI’s electronic structure, which shows a354

much smaller bandgap [11]. Nonetheless, by including these interactions in355

our computations, we found a remarkably large exciton binding energy of356

1.32 eV. Compared to bulk CBI crystals where the exciton excitation occurs357

at slightly smaller photon energy, this binding energy is nearly five times358

larger [32]. With increasing x, the exciton binding energy monotonically in-359

creases to 2.66 eV as the structure evolves from CBI to CBCl. When the lat-360

tice constants are unconstrained, the exciton binding energy increases more361

rapidly but nonmonotonically with x, surpassing the Eb of CBCl at x = 8362

(see Table S5 and Figure S8). Compared to well-known 2D materials, such as363

transition metal dichalcogenides (e.g., MoS2) and monochalcogenides (e.g.,364

GeS), the exciton binding energies of Cs3Bi2I9−xClx are more than double in365

magnitude [33, 34, 35].366

These large binding energies are supported by an ∼0.5 times slower rise367

in the BSE optical gap compared to the QP gap, with the maximum value368
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Figure 3: The absorption spectra ε2(ω) of Cs3Bi2I9−xClx monolayers. The blue (red)
spectra is calculated with (without) electron-hole interactions. The brown vertical lines
represent the BSE optical gap which is the first exciton energy level, split into two for
x = 4, 6, 7. The green vertical lines represent the RPA optical gap which corresponds to
the fundamental direct transition in the quasiparticle band structure.

of 3.69 eV for CBCl. Furthermore, all the ten structures exhibit many other369

below-bandgap excitations with a high average absorption coefficient of ∼ 104370

cm−1. Such large binding energies support exciton recombination through371
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radiative instead of non-radiative processes, and the tunability of the optical372

gap with Cl allows for photon absorption in the far visible to UV regime. As373

the optical gap evolves into the UV regime, Cs3Bi2I9−xClx becomes nearly374

transparent to visible light. Such tunability of the optical response signifies375

the potential of Cs3Bi2I9−xClx for a variety of optoelectronic applications,376

including light-emitting and laser diodes, solar-blind photodetectors, and re-377

configurable optical systems. Additionally, a subset of these materials hosts378

MoS2-like spin-orbit splitting induced A-B excitons [33, 36]. These are the379

x = 4, 6, and 7 structures, and the excitation energies of their A(B)-like380

exciton are 3.17(3.32), 3.05(3.24), and 3.24(3.40), respectively. The differ-381

ence between the A-B-like excitation energies corroborates the calculation382

of ∆SO and confirms that the splitting of the exciton peak is indeed due to383

the splitting of the valence band maxima. The absorption spectra of the384

unconstrained monolayers is similarly rich with features below the bandgap385

threshold, but with optical gaps larger than the constrained monolayers.386

To gain a deeper understanding of the exciton dynamics, we employed387

theoretical models delineating the scaling universality of exciton binding en-388

ergy with properties such as the quasiparticle bandgap, carrier effective mass,389

and effective dielectric screening [37]. One of the most popular models for390

characterizing the relationship between the quasiparticle bandgap and the391

exciton binding energy is the linear scaling law, which is explained within392

a simple hydrogenic picture [38, 39]. According to this model, the exciton393

binding energy scales linearly with the QP bandgap, exhibiting a slope of394

approximately 2.0 [39, 40, 38]. While the 2D Cs3Bi2I9−xClx family follows395

this trend, a notable deviation is observed in the x > 0 structures, where the396

exciton binding energy increases at twice the rate (Figure 4a). This devia-397

tion suggests that 2D-based Cs3Bi2I9−xClx monolayers are characterized by a398

unique dielectric screening with significantly higher exciton binding energies399

compared to other 2D materials with similar quasiparticle bandgaps. For400

instance, the bandgap of Cs3Bi2Cl9 (CBCl) is comparable to that of mono-401

layer hexagonal boron nitride (hBN), yet its binding energy is approximately402

0.5 eV higher [41]. This observation indicates an intrinsic property of the403

parent material rather than an effect solely due to isoelectronic substitution,404

as 2D CBCl, even in its pristine form, follows this enhanced trend. The405

generalizability of the linear scaling law has been scrutinized recently. We406

note that while the linear scaling law has been purported to be applicable407

to essentially all existing and future 2D materials, recent studies show that408

the linear scaling relation does not apply to all 2D materials and is only true409
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when the quasiparticle bandgap is greater than 2.0 eV. A deviation from the410

linear scaling is predicted for small bandgap 2D materials [40].411

The fractional Coulomb potential (FCP) is another model that has been412

proposed to understand exciton dynamics in materials. The FCP character-413

izes the exciton dynamics in terms of a dimensionality parameter β, carrier414

effective mass, and dielectric constant [42]. While many materials follow the415

trend described by the FCP, we found that 2D-based Cs3Bi2I9−xClx monolay-416

ers deviate strongly from it, with incorrect predictions that they are 3D-based417

materials with a β ∼ 3.0 and smaller exciton binding energies. Our analysis418

shows that various exciton dynamics scaling laws that have been accurately419

used to describe other 2D materials, such as transition metal dichalcogenides,420

monochalcogenides, boron pnictogens, and Xenes, are insufficient for captur-421

ing and predicting the exciton dynamics in Cs3Bi2I9−xClx monolayers (see422

Table S6 for more details).423

This deviation is due to the unprecedentedly weak dielectric screening,424

characterized by ultralow dielectric constants, in Cs3Bi2I9−xClx structures.425

Computed as the static real part of the complex dielectric function with426

electron-hole interactions (ε1(0)), the dielectric constant ranges from 1.69 (for427

CBI) to as low as ∼1.18 (for CBCl), scaling linearly with x (see the inset in428

Figure 4b). Additionally, the 2D materials that satisfy the above scaling laws429

have much larger ε1(0) values. For example, the dielectric constants of hBN430

and MoS2 monolayers are ∼2.4 and 4.0, respectively [43, 44, 42]. Therefore,431

the electron-hole interactions in Cs3Bi2I9−xClx are more pronounced than in432

most other 2D materials, endowing them with rich excitonic features that433

manifest as unprecedentedly large exciton binding energies.434

To further probe the effect of the predicted strong electron-hole inter-435

actions on the excitonic features of our materials, we define a new scaling436

relation that captures the exciton dynamics in 2D Cs3Bi2I9−xClx monolayers.437

Using the properties of the constrained CBIClx monolayers, we find that the438

exciton binding energy is better characterized by an exponential-like func-439

tion. We show in Figure 4b an exponentially decreasing trend between Eb440

and ε1 that fits into a functional form Eb = E0 + aε−b
1 . This form repre-441

sents the contribution of short- and long-range Coulomb interactions to the442

exciton binding energy [45]. The short-range contribution E0 can be given443

by the on-site interaction, such as that described by an effective Hubbard-U444

parameter, which is typically added to strongly correlated d-orbitals. In our445

calculation, the value of E0 was found to be negligibly small. This corre-446

lates with the absence of d-orbitals of both Bi and Cs near the Fermi level.447
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Figure 4: Exciton dynamics in Cs3Bi2I9−xClx monolayers. Profile of the exciton binding
energy Eb versus the quasiparticle bandgap Eg (a) and the real part of the complex
dielectric constant ε1(0) (b). The green curve in (a) is the Eb-scaling law given by Zhang et
al [40]. The red solid squares and open circles represent the constrained and unconstrained
structures, respectively, and the red line is a linear fit on the constrained structures. In (b)
the blue solid (dashed) line is an exponential fit of the form Eb = E0 + aε−b

1 on the solid
squares (open circles). The fitting parameters were obtained with R2 ∼ 90%, such that
E0 ∼ 10−8(10−3) for the constrained (unconstrained) Cs3Bi2I9−xClx. The inset shows
the linear trend of ε1(0) with x in the constrained (squares) and unconstrained (circles)
structures.

The long range contribution describes the dielectric screening of long range448

Coulomb interactions in terms of ε1. After optimizing the fitting parameters449

E0, a, and b, the binding energies were found to obey Eb = 2.80ε−1.44
1 , with an450

R2 >90%. Similarly, the binding energies in the unconstrained monolayers451

follow Eb = 3.97ε−2.19
1 . This suggests that the large Eb in Cs3Bi2I9−xClx is452

driven mainly by long range interactions in an ultra-weak screening environ-453

ment. Since long-range interactions effectively undergo less screening, these454

materials could exhibit a number of excited states of excitons n, with energy455

given by Ex
n. In most materials, such excited states are typically spread across456

the energy range according to the hydrogenic Rydberg series, where the en-457
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ergy difference between any two states is proportional to n−2 [46, 47, 48].458

Due to the weak screening in our materials, the spread of Ex
n is much longer,459

the differences being proportional to n−0.24. This allows for the existence of460

a large number of low-energy metastable excitonic states below the quasi-461

particle bandgap, appearing as distinct peaks and shoulders in the exciton462

absorption spectra (Figure 3 and S9).463

In summary, a detailed study of the effects of isoelectronic substitution464

of chlorine in monolayer Cs3Bi2I9 has been conducted, revealing significant465

tunability of its optoelectronic properties. The introduction of Cl leads to466

an increase of the quasiparticle bandgap and the emergence of a variety467

of excitonic features in the absorption spectra. We report unprecedentedly468

large exciton binding energies, supported by ultra-low dielectric screening469

in Cs3Bi2I9−xClx monolayers, surpassing known 2D materials by a consid-470

erable margin. These materials exhibit enhanced electron-hole interactions471

and a high density of low-energy metastable excitonic states, making them472

exceptionally suitable for advanced optoelectronic applications. The robust473

and tunable properties of 2D Cs3Bi2I9 thus make it a unique candidate for474

advanced optoelectronic applications such as in light-emitting diodes, laser475

diodes, solar-blind photodetectors, and reconfigurable optical systems.476
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