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Abstract 

Two-dimensional (2D) Ruddlesden–Popper (RP) perovskites have been intensively investigated due to their superior stability and 

outstanding optoelectronic properties. Although A-site doping in quasi–2D RP–phase perovskites has been extensively studied, 

the effect of X–site doping remains unknown. Using first–principles calculations, this work demonstrates that SCN- substitution 

in Cs₂Pb(SCN)₂Br₂ induces a structural transformation from isotropic to anisotropic through octahedral tilting along the b-axis, 

reducing octahedral spacing from 5.17 to 4.88 Å. This structural modification enhances carrier mobility, dramatically increases 

exciton binding energy from 30.47 to 145.39 meV, and improves defect tolerance compared to pristine Cs₂PbBr₄. These 

modifications synergistically suppress non-radiative recombination pathways while promoting radiative processes, so that 

improve its performance as a promising light–emitting diode (LED) material. These findings establish pseudo–halogen 

substitution as a promising strategy for optimizing carrier transport and radiative efficiency in low-dimensional perovskite LED 

devices. 
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All–inorganic three–dimensional perovskites ABX3 exhibit 
remarkable optoelectronic properties [1-8], achieving external 
quantum efficiencies (EQE) up to 32% in perovskite light–emitting 

diodes (PeLEDs) applications [9]. However, fundamental limitations 
arise from their inherently weak exciton binding energy (Eb) and 
structural instability [10-12]. The slow radiative (bimolecular) 
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recombination rate in three–dimensional perovskites frequently 
results in free carriers (FCs) being captured by defects, leading to 
non–radiative recombination instead of radiative decay [13]. Two–
dimensional (2D) and quasi–2D perovskites effectively address 
these limitations through quantum confinement effects, which 
enhance Eb and improve structural stability through reduced 
dimensionality [14-16]. A critical factor governing the light–
emitting diode (LED) performance of quasi–2D perovskites is the 
competition between radiative and non–radiative recombination 
channels, which is intrinsically linked to carrier mobility, Eb, and 
defect formation energy. 

Layered lead halide perovskites have recently garnered attention 
due to their tunable optoelectronic properties and improved stability 
[16-18]. For example, Cs2Pb(SCN)2Br2, a pseudo–halogen–doped 
2D Ruddlesden–Popper (RP) perovskite, exhibits enhanced stability 
and quantum confinement effects [19-21]. Recent experimental 
investigations have established the fundamental properties and 
applications of the materials: Liao et al. successfully synthesized 
single crystal Cs2Pb(SCN)2Br2 by the antisolvent vapor–assisted 
crystallization (AVC) method [22]. While Liu et al. prepared quasi–
2D RP–phase perovskite Cs2Pb(SCN)2Br2 polycrystalline wafer, and 
investigated its potential in X–ray detection [23]. Despite the 

promising photovoltaic properties demonstrated by this material, the 
fundamental mechanisms underlying their performance remain 
incompletely understood, especially the influence of pseudo–
halogen doping in Cs2Pb(SCN)2Br2. Specifically, the impact of such 
doping on radiative and non-radiative recombination processes 
requires further elucidation. Therefore, further theoretical research is 
needed to understand the microscopic mechanisms by which 
pseudo–halogen doping affects perovskite performance. 

In this work, the Cs2Pb(SCN)2Br2 and Cs2PbBr4 systems are 
presented as a comparative analysis to elucidate the influence of 
pseudo–halogen doping on their optoelectronic properties. Through 
first–principles calculations, we investigate the electronic structure, 
Eb, carrier mobility, and defect formation energetics. Our results 
indicate that SCN- modifies the crystal structure, improves the 
structure stability, suppresses non–radiative pathways, and enhances 
carrier mobility. These improvements are attributed to reduced 
defect formation energies and optimized Eb, which collectively 
enhance radiative efficiency. The results establish pseudo–halogen 
engineering as a viable strategy for enhancing perovskite 
optoelectronic properties, offering a framework for designing high–
performance LEDs. 

Figure 1. (a) Front view and (b) side view of the Cs2Pb(SCN)2Br2. (c) Schematic of the octahedral distortion angle and octahedral spacing of 
the Cs2Pb(SCN)2Br2. (d) Front and (e) side view of the Cs2PbBr4. (f) The schematic of the octahedral distortion angle and octahedral spacing 
of the Cs2PbBr4. The blue spheres represent Cs atoms, the white spheres represent Pb atoms, the purple spheres represent Br atoms, the yellow 
spheres represent S atoms, the grey spheres represent C atoms and the dark blue spheres represent N atoms. 

 
The electronic structure and electronic properties were obtained 

using density functional theory (DFT) as implemented in the Vienna 
ab initio simulation package (VASP) [24-27]. The exchange–
correlation energy was modeled using the generalized gradient 
approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) 
functional[28-30]. To accurately account for van der Waals (vdW) 
interactions, the Grimme DFT-D3 method with Becke–Johnson 
damping was employed [31-33]. All calculations were performed on 
a 2	×	2	×	2 supercell, with a plane–wave cutoff energy of 500 eV. 
The optimization was carried out using a 2	×	2	×	1 k–point mesh 
until the energy converged to 10-5 eV. Additionally, all atomic 
positions were relaxed until the maximum residual force on each 
atom was reduced to less than 0.01 eV/Å. 

According to the deformation potential (DP) theory introduced 

by Bardeen and Shockley [34-35], the carrier mobility in crystalline 
materials is expressed by the following equation: 

𝜇!"# =
𝑒〈𝜏!〉
𝑚∗ =

2√2𝜋𝑒∁!"#ℏ%

3(𝜅&𝑇)" '⁄ 𝐸!"#𝑚∗) '⁄ (1) 

where e is the electron charge, ħ is the approximate Planck constant, 
kB is the Boltzmann constant, and T is the room temperature (T = 300 
K). m* is the effective mass. 𝐶!"#denotes the elastic modulus of the 
crystal along the transport direction, and 𝐸!"# denotes the 
deformation potential constant along the transport direction for holes 
at the valence band maximum (VBM) or for electrons at the 
conduction band minimum (CBM). 

In this study, the Delta–Self–Consistent Field (∆𝑆𝐶𝐹) method 
[36-38] was employed to calculate the Eb. An electron is excited 
from the VBM to the CBM, and then the orbital positions are fixed 
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during the calculation. To prevent unphysical occupation of the band 
edge states, only a single gamma point was used. The Eb was 
calculated as follows: 

𝐸* = 𝐸(,-) + 𝐸/ − 𝐸01 (2) 

where 𝐸/  is the band gap energy, 𝐸(,-)  is the total ground state 
energy and 𝐸01 is the total energy of the system with GS geometry 
and one FE (an electron was moved from the VBM to CBM). 

The formation enthalpies ∆𝐻𝑓 (𝛼, 𝑞) of a complex defect in the 
supercell model，can be expressed as [39,40]: 

∆𝐻2	(𝛼, 𝑞) = 𝐸	(𝛼, 𝑞) − 𝐸	(host) + ∑𝑛3	(𝐸3 + 𝜇3) (3) 
Where 𝐸 (𝛼, 𝑞) and 𝐸 (host) are the total energies of the supercell 
with and without defects, respectively. 𝑛3 is the number of i atoms 
added (𝑛3 < 0) or removed (𝑛3 > 0). In this equation, 𝜇3	is the atomic 

chemical potential of constituent i referenced to the total energy 
𝐸3	of its pure elemental solid or molecule. 

The structures of quasi–2D RP–phase perovskites 
Cs2Pb(SCN)2Br2 and Cs2PbBr4 are shown in Figure 1. Structural 
parameters are summarized in Table 1, revealing orthorhombic 
symmetry with closely matched lattice parameters. In 
Cs2Pb(SCN)2Br2, the asymmetric electronic structure and geometry 
of SCN- anions induce a layered [Pb(SCN)₂Br₄] framework, where 
four Br- anions occupy an octahedral plane as the shared corner, 
while two S–bonded SCN- anions occupy the axial direction capping 
the octahedra. This chemical substitution significantly modifies the 
crystal structure: the SCN- doping leads to octahedral tilting along 
the y axis, manifesting as pronounced in–plane anisotropy (Figure 
1a&c). In contrast, Cs2PbBr4 exhibits a conventional quasi–2D RP–
phase perovskite

Figure 2. (a) Band structure and projected density of states of Cs2Pb(SCN)2Br2 and (b) band structure and projected density of states of 
Cs2PbBr4.
 
structure with aligned inorganic layers, resulting in in–plane isotropy.  
In addition, the axially–positioned SCN- anions result in electronic 
and geometric asymmetry that stabilizes the 2D framework more 
effectively than spherical Br- anions. Specifically, this doping 
distorted the original octahedral structure, casuing the maximum X–
Pb–X bond angle deviating from 90° to 101.3°, while reducing the 
distance between the octahedra from 5.17 to 4.88 Å. The tilted 
octahedra and reduced interlayer distance together reduce the 
Coulombic distance between the well and the barrier, thereby 
enhancing the dielectric constant and improving charge transport. 
Table 1. Lattice constants of Cs2Pb(SCN)2Br2 and Cs2PbBr4. 

 a (Å) b (Å) c (Å) α β γ 
Cs2Pb(SCN)2Br2 5.99 6.06 17.86 90° 90° 90° 
Cs2PbBr4 5.90 5.90 18.09 90° 90° 90° 

 

In order to investigate the effect of structure changes on the 
electronic properties, the band structures of Cs2Pb(SCN)2Br2 and 
Cs2PbBr4 are calculated, as shown in Figure 2a&b. The results 
indicate that doping with SCN- leads to a modest band gap reduction 
from 2.17 to 2.11 eV (Δ = 0.06 eV), while maintaining a direct band 
gap at the M point. Notably, no deep–level defect states are observed 
in the band gap region, indicating that SCN- substitution preserves 
the fundamental electronic structure of the host material. The 
projected density of states (PDOS) analysis of the two structures, 
shown in Figure 2a&b, reveals the orbital electronic structure of both 
compounds. In Cs2PbBr4, the VBM primarily originates from Br–4p 
states with contributions from Pb–6p states, while the CBM is 
dominated by Pb–6p states with minor Br–4p orbital hybridization. 
Upon SCN- doping, significant electronic states are introduced in the 
energy range of -1.5 to 0 eV, modifying the VBM character. The 
presence of SCN- states near the VBM results in band edge 
modification, attributed to the hybridization between the SCN- 
molecular orbitals and the host lattice states (Pb–6p and Br–4p). 
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Specifically, the nitrogen and sulfur atomic orbitals of the SCN- 
ligand introduce localized states that alter the electronic structure 
through orbital interactions, leading to the observed VBM shift and 
subsequent band gap reduction. 

The reduced band gap facilitates better charge carrier dynamics 
by enhancing the overlap of electronic states, which could improve 
excitonic properties and radiative recombination efficiency. While 
the change in band gap magnitude is minimal, the redistribution of 
electronic density and the subsequent effects on optical and charge 
transport properties could have significant implications for the 
design and optimization of perovskite–based optoelectronic devices. 

The minimal band gap variation (from 2.17 to 2.11 eV) upon 
SCN- doping maintains the suitability of the material for PLED 
applications, necessitating a detailed investigation of its 
optoelectronic properties in both pristine and doped systems. In 
order to facilitate more accurate calculations and a deeper 
understanding of the Eb, a schematic diagram illustrating exciton 
luminescence is also presented in Figure 3a. The diagram shows the 
energy–lattice deformation relationships for the ground state (GS), 
free carrier state (FC), free exciton state (FE), and exciton compound 
states (EC). In the process of exciton formation, electrons are excited 
from the GS to the FC state, becoming free carriers. These free 

carriers subsequently interact via Coulombic forces to form bound 
electron–hole pairs in the FE state. Radiative recombination in this 
state results in photon emission, which is a desirable process for 
LEDs. However, the presence of defects within the material can 
complicate this pathway. If defects act as trapping centers, excitons 
may become localized in the EC state, leading to either radiative 
recombination with altered efficiency or non–radiative 
recombination, which diminishes luminescence performance. 

The calculated Eb is illustrated in Figure 3b. Upon SCN- doping, 
Cs2Pb(SCN)2Br2 exhibits a substantial increase in Eb compared to 
Cs2PbBr4, from 30.47 to 145.39 meV. This significant enhancement 
of Eb, which quantifies the Coulomb interaction strength between the 
electrons and the holes, promotes the formation and stability of 
exciton pairs, providing Cs₂Pb(SCN)₂Br₂ particularly suitable for 
LED applications. The change in Eb is primarily attributed to the 
effective mass, as the band gap of the two materials does not undergo 
significant variation, as previously noted. From Table 2, it is evident 
that the electron effective masses in Cs2Pb(SCN)2Br2 and Cs2PbBr4 
are similar. However, the effective mass of the holes has increased 
by 56%, an increase in the effective mass of the exciton results in an 
increase in the kinetic energy, which hinders the separation of 
electrons and holes, thereby contributing to the increase in Eb. 

 
Figure 3. (a) Schematic diagram of free carriers (FC), free excitons (FE), and exciton complexes (EC) in Cs2Pb(SCN)2Br2 and Cs2PbBr4 
perovskite with GS indicating the ground state position, and Eb is the exciton binding energy. (b) The exciton binding energy of the 
Cs2Pb(SCN)2Br2 and Cs2PbBr4. 
 
Table 2. Effective Masses for Cs2PbBr4 and Cs2Pb(SCN)2Br2. 

system carrier 𝑚4
∗ 𝑚5⁄  𝑚6

∗ 𝑚5⁄  𝑚∥
∗ 𝑚5⁄  

Cs2PbBr4 electron 0.21 0.21 0.21 
 hole 0.25 0.25 0.25 
Cs2Pb(SCN)2Br2 electron 0.22 0.21 0.22 
 hole 0.33 0.45 0.39 

 
In LEDs, high carrier mobility plays a critical role in enhancing 

the efficiency of carrier recombination, which is directly tied to 
radiative luminescence efficiency. To quantify this effect, the carrier 
mobility in all–inorganic perovskite materials is calculated via 
deformation potential theory, as shown in Figure 4a. The results 
indicate that SCN- doping leads to an overall increase in carrier 
mobility, except for a slight decrease in hole mobility along the x–
direction. This reduction is likely due to a significant increase in the 
effective mass of holes, as shown in Table 2, which is induced by the 
structural distortions caused by SCN- doping. Analysis of in–plane 
effective masses reveals 𝑚8

∗  ≈ 0.21 (electrons) remains constant, 

while 𝑚9
∗  increases substantially from 0.25 to 0.33–0.45, the 

effective mass of holes exhibits a marked increase along specific 
directions. This increase in effective mass hinders exciton migration 
and reduces hole mobility, which partially offsets the overall 
mobility enhancement provided by SCN- doping. 

The doping of SCN- additionally modifies the mechanical 
properties of the material, particularly its Young's modulus. SCN- 
doping transforms the initially isotropic Cs2PbBr4 into an anisotropic 
system, primarily due to the formation of chain–like SCN- structures 
along the y–direction, which significantly increases the elastic 
modulus in this direction. Calculations of the Young's modulus for 
Cs2Pb(SCN)2Br2, shown in Figure 4b, confirm this anisotropic 
behavior, revealing substantially higher modulus values along the y–
direction compared to the x–direction. This directional dependence 
of elastic properties significantly influences carrier transport 
characteristics. The increased stiffness along the y–direction 
facilitates improved in–plane carrier transport, contributing to the 
overall improvement in carrier mobility. Despite the slight reduction 
in hole mobility along the x–direction, the net effect of SCN- doping 
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is a significant increase in in–plane carrier mobility, particularly for 
electrons. Such anisotropy–driven mobility enhancement is 
advantageous for applications where efficient charge transport and 
reduced carrier recombination losses are critical, such as in high–
performance LEDs. 

Pseudo-halogen atoms, such as SCN-, have a profound impact 
on the electronic characteristics and defect–related properties of 
materials [41]. In perovskite systems, defects play a critical role in 
determining the optoelectronic properties and long–term stability of 
the material. To better understand the effects of SCN- doping, the 
defect formation energies for various intrinsic defects are calculated 
in both pristine and SCN- doped structures. Figure 4c presents a 
schematic representation of common defects, including vacancy 
defects, anti–site defects, and interstitial defects, while their 
corresponding defect formation energies are illustrated in Figure 4d. 
Among the calculated defects, the vacancy defect of lead (VPb) 
exhibits the lowest formation energy, with values of -1.11 eV and -
0.45 eV in the undoped and SCN- doped structures, respectively. The 
negative formation energies indicate that VPb defects are 

thermodynamically favorable under standard conditions. However, 
upon SCN- doping, the defect formation energy for VPb increases 
significantly, suggesting that SCN- incorporation suppresses the 
formation of this defect. This suppression is particularly critical, as 
VPb defects are known to facilitate non–radiative recombination, 
thereby adversely affecting luminescence efficiency. Beyond VPb, 
the formation energies of other intrinsic defects, such as anti-site and 
interstitial defects, also exhibit an upward trend with SCN- doping. 
The overall increase in defect formation energies indicates that the 
introduction of SCN- strengthens the stability and defect tolerance. 
The reduction in the likelihood of defect formation has significant 
implications for the optoelectronic properties of the materials. 
Reduced defect density enhances radiative recombination efficiency, 
directly beneficial for improving the luminescence performance of 
LEDs. These findings demonstrate that SCN- doping synergistically 
improves defect tolerance and optoelectronic performance, making 
these materials particularly suitable for advanced applications in 
LED devices. 
 

 
Figure 4. (a) Mobility of electrons and holes in the x and y directions in the plane. (b) Young's modulus plot of the Cs2Pb(SCN)2Br2. (c) 
Schematic diagram of popular intrinsic defects in Cs2Pb(SCN)2Br2 and Cs2PbBr4. (d) Image of defect formation energy magnitudes for some 
of the defects in different systems. 
 
In summary, we have performed systematic calculations on the 
luminescence properties of SCN- doped crystal structures in quasi–
2D RP–phase perovskites. The Eb, carrier mobility, and defect 
formation energy are calculated for the radiative and non-radiative 
recombination. Additionally, the impact of pseudo–halogen atoms 
on the luminescence properties of the all–inorganic perovskite 
material and the underlying mechanism are investigated. The results 
show that when SCN- is doped, the stability of the structure, the 
transport properties as well as the photovoltaic properties can be 
effectively improved, which can be applied into both experimental 
and practical applications. These insights not only deepen our 
understanding of the structure–property relationships in SCN- doped 

perovskites but also provide valuable guidance for the rational 
design and optimization of advanced luminescent and photovoltaic 
materials. The exceptional performance of SCN- doped perovskite 
highlights its potential for both experimental exploration and 
practical applications in next–generation optoelectronic devices. 
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