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Dynamical stability and multifunctional properties
of Ni?*/Pr** co-doped CsPbCls perovskite: insights
from first-principles lattice dynamics and carrier
transport
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All-inorganic halide perovskites offer promising optoelectronic properties at low cost, but their structural
softness and thermal instability limit applications. Density functional theory (DFT) using the FP-LAPW
method (WIEN2k) was used to study Ni?*/Pr** co-doping in CsPbCls. Results show Ni?* substitutes for
Pb?* at the B-site and Pr®* for Cs*™ at the A-site, keeping charge balance. Co-doping stabilizes the
lattice, raises formation energies of halogen and metal vacancies, and reduces deep defect levels in the
band gap. Phonon dispersion confirms that both pristine and co-doped CsPbCls are dynamically stable.
Ni2*/Pr** co-doping suppresses low-energy vibrations and causes mode splitting in the 3—5 THz range,
increasing phonon scattering and lowering lattice thermal conductivity. Mechanical analysis reveals
higher elastic constants and bulk modulus, while ductility remains unchanged. Electronic structure
calculations reveal Ni-3d and Pr-4f states at the band edges, reducing effective carrier mass and
passivating vacancy states. Optical absorption is red-shifted, and the high-frequency (e, = 2.4) and low-
frequency (eg = 7.4) dielectric constants are distinct. Transport analysis finds higher carrier mobility due
to lighter effective masses. Altogether, Ni2*/Pré+ co-doping reduces defect concentrations and improves
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1. Introduction

Lead-halide perovskites such as CsPbX; (X = Cl, Br, I) are widely
used in light-emitting and photovoltaic applications due to
their tunable band gaps and strong excitonic effects.'
However, their performance is hindered by defects like halogen
and metal vacancies, which trap charges and promote non-
radiative recombination.*® To address these challenges,
doping and co-doping offer effective strategies for modifying
the band structure, reducing defect densities, and enhancing
stability.””®

Heterovalent co-doping offers a promising solution by
tuning the electronic structure, stabilizing the lattice, and
introducing new functionalities. Transition-metal doping
narrows the band gap through d-state hybridization, thereby
enhancing electrical conductivity. Rare-earth doping introduces
sharp f-f transitions for luminescence and passivates trap
states.>® Co-doping with both types enables systematic control
of electronic and optical properties. Specifically, Ni*" modifies
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the optoelectronic properties of CsPbCls.

the conduction band via 3d orbital hybridization. Pr’* intro-
duces localized 4f states that affect the valence band and
dielectric screening. Previous studies on halide and chalco-
genide perovskites demonstrate that appropriate dopant pair-
ing maintains charge balance and reduces deep traps.'***

Transition-metal and rare-earth doping have been employed
to tailor the optical, magnetic, and electronic properties of
halide perovskites. In this context, recent studies emphasize
that defect-tolerant co-doping strategies are essential for
enhancing performance and stability.”*** Building upon these
findings, our research advances this field by using first-
principles theory to examine these effects in detail.

This study addresses the effects of Ni**/Pr’" co-doping in
CsPbCl; (see Fig. 1a and b) using first-principles calculations,
bridging the theoretical advances discussed above with prac-
tical material improvements. Site preferences, defect formation
under realistic chemical conditions, dielectric response, and
optical and transport properties are systematically analyzed.
The aim is to demonstrate how coupled substitution (Ni** for
Pb>" and Pr** for Cs") affects lattice stability and defect ener-
getics. By linking these microscopic changes to overall opto-
electronic performance, the results indicate that Ni**/Pr** co-
doping significantly enhances the properties of wide-bandgap
halide perovskites.
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Fig.1 (a) Crystal structure off CsPbCls (b) crystal sructure of NiZ*/Pr**
co-doped CsPbCls.

2. Computational methodology

Electronic-structure and defect calculations used the full-
potential linearized augmented plane-wave (FP-LAPW) method
in WIEN2k. Exchange-correlation energy was treated within the
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE). To capture the localized Ni 3d and Pr 4f states,
the GGA + U method was used, with U parameters of 4.0 eV for
Ni 3d and 6.0 eV for Pr 4f, as used in prior studies. A muffin-tin
radius-plane-wave cutoff (RMTK,,,) of 7.0 ensured basis set
convergence. The muffin-tin radii (RMT) were: Cs, 2.5 bohr; Pb,
2.3 bohr; Cl, 2.0 bohr; Ni, 1.8 bohr; and Pr, 1.9 bohr, chosen to
prevent sphere overlap after relaxation.

The plane-wave cutoff was set to 500 eV, and an 8 x 8 x 8
Monkhorst-Pack k-point grid was employed for both structural
optimization and total-energy calculations. Structures were
optimized until the total energy and charge converged to within
107> Ry and 10" eV, respectively. Spin-orbit coupling (SOC)
was included self-consistently for all electronic-structure and
optical-property calculations due to the heavy Pb and Pr atoms.
For optical absorption spectra, the complex dielectric function
&(w) was computed using WIEN2K's optic module, and the
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absorption coefficient «(w) was derived from its real and
imaginary components.

Optical dielectric spectra ¢(w) and refractive index n(w) were
computed with WIEN2k (optic), giving the electronic (high-
frequency) response. The refractive index in the transparency
region gives ¢, = n2 (€« = 2.40 + 0.06 pristine; 2.35 £ 0.06 Ni/
Pr). The static dielectric constant ¢, came from I'-point IR
phonons via Lyddane-Sachs-Teller, yielding & = 7.2 + 0.6
(pristine) and 7.6 £ 0.6 (Ni/Pr).

Excitonic properties were examined using the effective-mass
approximation, applying parabolic fits to band extrema to
determine carrier effective masses. Defect formation energies
were computed under Pb-rich/Cl-poor and Cl-rich/Pb-poor
conditions, with electrostatic corrections derived from the
Freysoldt scheme.

Carrier transport coefficients, including the Seebeck coeffi-
cient, electrical conductivity, and power factor, were evaluated
within semi-classical Boltzmann transport theory using Boltz-
TraP2 under the constant relaxation-time approximation
(CRTA). For band velocities, a dense 20 x 20 x 20 k-mesh was
employed to interpolate over specific regions to achieve accu-
rate convergence of transport integrals. Additionally, in the
following discussion, we will contrast the situations where
extrinsic relaxation-time variations are considered as back-
ground—such as defects, residual charges, water vapour, or ion-
induced backgrounds from tritides (e.g., tritium). Similarly, the
off-beam position, shown in Media: extrinsic relaxation of
charge carriers, is depicted on Hilger. Furthermore, we will
compare the circumstances when intrinsic relaxation times are
taken as backgrounds—against defects, residual charges, water
vapour, or any other impurities introduced by irradiation onto
metal surfaces (which are not particularly well understood). The
multifaceted computational workflow can be used to system-
atically investigate the structural, electronic, optical, excitonic,
magnetic, defect, and transport properties of Ni**/Pr** co-doped
CsPbCl; with high accuracy, thereby providing a comprehensive
understanding of their mutual functionality.

3. Results and discussion

3.1. Phonon dispersion and dynamical stability

To evaluate their dynamical stability and lattice vibrational
properties, the phonon dispersion relations of neat and Ni*/
Pr** co-doped CsPbCl, are calculated. For both systems, there
are no imaginary frequencies in any direction of I'-M-K-A-T. As
shown in Fig. 2a and b (the imaginary frequencies with high
symmetry directions), this indicates that they lack unstable
modes at 0 K. Therefore, it is essential for the robust validity of
thermodynamic and transport properties to be examined in
perovskite structures.

First, the phonon spectrum of pristine CsPbCl; extends into
the approximately 7.5 THz range. Acoustic branches smoothly
disperse from the I'-point, while optical branches show sepa-
ration. These relatively soft acoustic modes indicate that the
halide perovskite is mechanically easy to handle, and halide
perovskites have modest elastic constants and bulk modulus
values.™

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Calculated phonon dispersion for (a) CsPbCls perovskite and its (b) Ni*/Pr®* co-doped, (c) defect-formation energies of pristine and
Ni2*/Pr** co-doped CsPbCls as a function of the Fermi level under Cl-poor/Pb-rich conditions. Each line corresponds to a specific charge state,
with the slope equal to the defect charge g. Vertical offsets between pristine and doped samples reflect the different chemical-potential
reference values. Transition levels correspond to the Fermi-level positions where lines of different charge states intersect. (d) Electronic transition

levels of intrinsic defects before and after co-doping.

Initial doping of Ni**/Pr’* when this is done, the highest
phonon frequency falls slightly from ~7.5 to 7.0 THz, which is
just the mass disorders and the lattice strain that is introduced
by substitutional doping. Secondly, further splitting of mid-
frequencies around 3-5 THz is observed in optical modes, due
to Ni-Cl and Pr-Cl vibrations that alter the coupling within the
Pb-Cl cage. This hybridization of phonon modes also enhances
the scattering of phonons and thus underpins, to some extent,
the reduction of lattice thermal conductivity.

Notably, the absence of flat or unstable branches indicates
that the incorporation of Ni**/Pr** does not cause perovskite
lattice instability but instead suppresses low-energy soft modes,
which are often linked to halide migration and structural
deterioration. This stabilization mechanism arises from (i)
mismatches in ionic radii, which modify octahedral tilting
patterns, and (ii) charge compensations that increase the
formation energy of halide vacancies and reduce anharmonic
vibrations.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Regarding the devices, the phonon spectra show that co-
doped CsPbCl; retains a stable cubic structure and has
improved phonon relaxation pathways. This benefits thermo-
electric uses because a lower lattice thermal conductivity
increases the figure of merit (Z7). Additionally, reducing soft
vibrational modes helps maintain long-term structural stability
during thermal cycling, which is crucial for optoelectronic
devices.

3.2. Structural stability

The stability of pure CsPbCl; and its Ni**/Pr** co-doped version
was carefully analyzed by examining lattice constants, bond
lengths, Goldschmidt tolerance factors, and formation ener-
gies.'* Pristine CsPbCl; adopts a cubic perovskite structure
(space group Pm3m) with a lattice constant around 5.60 A,
consistent with earlier experimental and theoretical data in the
range of 5.58-5.62 A.'® Substituting Pb>* with Ni** and Cs* with
Pr*" causes a slight decrease in the lattice parameter, about
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5.57-5.59 A. This small contraction, approximately 5.57-5.59 A,
is due to the marginally smaller ionic radius of Ni** (0.69 A in
octahedral coordination) compared to Pb*" (1.19 A), as well as
the larger ionic radius of Pr*" (1.13 A, 12-fold coordination)
relative to Cs* (1.67 A)."” The overall size effects of co-doping
help to maintain the perovskite structure with minimal
distortion.™®

Bond-length analysis further confirms the structural integ-
rity upon co-doping (bond length analysis further supports the
structural integrity)." The average Pb-Cl bond length in pristine
CsPbCl; is about ~2.84 A, which shortens slightly to 2.80-2.82 A
in the Ni**/Pr*" co-doped lattice (system), indicating stronger
Ni-CI bonding due to increased orbital overlap of Ni-3d and Cl-
3p states Ni 3d-Cl 3p orbital overlap.*® In contrast, the Cs—Cl
distances remain essentially unchanged, maintaining the cubic
symmetry.'

The Goldschmidt tolerance factor (¢) is a key parameter for
assessing the structural stability of perovskites. It is defined as

ra +1Ix
2(}"3 —+ Vx)

where r,, g, and rx are the ionic radii of the A-site cation, B-site
cation, and halide anion, respectively.*

For pristine CsPbCl;, the calculated tolerance factor is
approximately 0.94, which lies within the stability region for
a cubic structure (0.9-1.0).* Upon co-doping with Ni** and Pr*",
t increases slightly to 0.95, suggesting a more ideal geometric fit
between the cation framework and halide octahedra. This
improvement results from the compensatory effect of ionic radii
Ni** (0.69 A) is smaller than Pb?* (1.19 A), while Pr** (0.99 A) is
larger, creating a balance that minimizes overall lattice strain.*”

This adjustment towards an ideal tolerance factor reduces
octahedral tilting and suppresses the tetragonal distortion often
observed in mono-doped CsPbCl; systems.”* Consequently, co-
doped samples demonstrate enhanced phase stability and
improved crystallinity, both of which are essential for consistent
optoelectronic performance.

The near-ideal lattice geometry has a direct influence on the
electronic band structure. In perovskites, the conduction band
minimum (CBM) primarily arises from Pb 6p orbitals, while the
valence band maximum (VBM) is dominated by halide p and Pb
6s states. Any lattice distortion alters the orbital overlap between
Pb-X bonds, affecting both the band gap and carrier mobility.

In the co-doped system, the optimized lattice (¢ = 0.95)
improves orbital symmetry and reduces electronic localization.
The incorporation of Ni*" introduces partially filled 3d states
below the conduction band, while Pr*" contributes 4f states
near the valence band edge. These dopant-induced interme-
diate states slightly narrow the band gap (typically from ~3.0 eV
in CsPbCl; to ~2.8 eV), promoting stronger visible-light
absorption and enhanced charge-carrier excitation efficiency.

However, excessive distortion, as in mono-doped samples,
can lead to trap states and nonradioactive recombination,
degrading device performance. The co-doping strategy avoids
this issue by maintaining geometric balance, thereby achieving
structural stabilization and controlled band-edge tuning
simultaneously.
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The reduced band gap and improved lattice symmetry result
in higher optical absorption and enhanced carrier transport,
which are crucial for photovoltaic and light-emitting applica-
tions. Moreover, first-principles formation energy calculations
confirm that the Ni/Pr co-doped configuration is thermody-
namically favourable, indicating that dopant incorporation is
energetically stable within the CsPbCl; lattice.>

Ina2 x 2 x 2 CsPbCl; supercell (40 atoms), the introduction
of one Ni and one Pr atom corresponds to a dopant concen-
tration of approximately 6.25-12.5 at%, which falls within the
experimentally achievable range for halide perovskites.”® The
synergy between geometric stability (optimized tolerance factor)
and electronic structure modification (band-edge realignment)
underscores the potential of Ni-Pr co-doping to enhance both
the optical and thermodynamic performance of CsPbCl;-based
materials.

The formation energy (E¢om) of each substitutional dopant is
given by:

Eform(Dq) = Ky (Dq) — Eit (hOSt) - Zni,u,- +4q (EF + EVBM)

+ ECOK‘]‘

Here, E (D7) and E., (host) are the total energies of the
doped and pristine supercells, n; and u; denote the number and
chemical potential of atoms added or removed, and E..
accounts for image-charge corrections.* The self-compensating
mechanism of Ni**/Pr*" codoping (Ni** < Pb**, Pr¥* « Cs,
etc.) maintains overall charge neutrality by complementing
itself. The total cationic charge, as calculated by the formula,
remains +4 per unit cell.** Satisfying the charge requirement in
this way discriminates against the creation of charged vacancies
that would otherwise have arisen to compensate for local
imbalance. As a result, net formation energy is lower in Nova
(0.95 eV per dopant) than in any single-doped configuration.?
For the same reason, the co-doped configuration demonstrates
a more negative formation enthalpy (—3.00 to —3.05 eV per
dopant) than pristine CsPbCl; (—2.85 eV per unit cell), thus even
greater thermodynamic stability can be anticipated. This
inherent charge-neutral stabilization fits with experimental
observations of increased stability in both Ni**/Pr** and Ni**/
Ga®" co-doped CsPbCl; perovskites.?

To reflect the full formalism of the defect-formation
expression, all intrinsic defects were evaluated across the
entire Fermi-level range (0-E,) using every accessible charge
state. The slope of each line in the Ey,,,, diagram corresponds to
the defect charge g. Chemical potentials u; were taken from the
Cl-poor/Pb-rich corner of the Cs-Pb-Cl phase-stability diagram.
The resulting formation-energy curves therefore include the
correct chemical-potential offsets and the full charge-state
contributions, as displayed in Fig. 2c.

Fig. 2c illustrates the calculated formation energies of the
key intrinsic point defects (V,(,_)) and Vpp,) as a function of the
Fermi level under Cl-poor conditions.”” For pristine CsPbCl;,
VE(O/,)O and V,E(O/,)+ are the lowest-energy donor states near the
conduction-band minimum (CBM), while Vp," and Vp,*~
dominate under p-type (valence-band) conditions.?® The slope

© 2026 The Author(s). Published by the Royal Society of Chemistry
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changes in the Ef,m—FEr curves mark charge-state transition
levels ¢(g/q').*> The ¢(0/+) transition for V,q,_) occurs ~0.3 eV
below the CBM, and &(0/—) for Vp, appears ~0.8 eV above the
valence-band maximum (VBM), consistent with earlier defect
analyses in halide perovskites.*

After Ni/Pr co-doping, the formation energies and transition
levels of V,(o,—) and Vpy, shift upward: Efoem(Ve(o/—)) by 0.4 eV and
Etorm(Vep) by 0.6 eV, suggesting a less concentrated defect
balance and greater stability.*® The ¢(0/+) level of V,(o,_) becomes
shallower (~0.15 eV below the CBM), while the ¢(0/—) level of
Vpp moves closer to the VBM (= 0.6 eV above), showing that co-
doping reduces deep traps and strengthens the structure
against defects within it.*

Several Ni**/Pr*" co-doped compounds have been tried out,
and yet all show a fairly uniform pi formation energy in the
range —3.0 to —3.05 eV per formula unit. For this reason, the co-
doping strategy's defect formation tendencies are lowered by
maintaining charge neutrality through coupled substitution
(Ni** « Pb*" and Pr** « Cs"), which suppresses halide vacancy
formation, and crystallinity is enhanced.

Table 1 lists the calculated first-principles thermodynamic
transition levels for primary intrinsic defects.’ In the case of
pristine CsPbCl3, a formation energy &(0/+) around 0.25-0.35 eV
below the CBM is measured for the halide vacancy level V().
This indicates a shallow donor state, which means that growth
under Cl-poor conditions will also lead to some n-type self-
doping.”® For the transitive lead vacancy (Vpp), transition levels
¢(0/-) and ¢(—/2—) are found to be 0.750.90 eV above the VBM.
Such deep acceptor states absorb holes.*” This result is consis-
tent with those obtained by defect analysis in CsPbX; (X = Cl,
Br, I) perovskites.*

After co-doping with Ni*and Pr’*, the formation energies
and transition levels for both defects move closer to the band
edges. The ¢(0/+) level of V() is raised almost to 0.10-0.15 eV
below the CBM, while that of ¢(0) of the Vpy, is now around 0.60-
0.65 eV above the VBM.** This reduces the trap depth for either
defect so that electrons or holes trapped here are easier to
release thermally. Moreover, the equilibrium concentration of
both vacancies decreases in comparison with pristine (AEgom, =
+0.4-0.6 eV; see Fig. 2d). Taken together, co-doping raises the
formation energies of V,o,—) and Vpy, and shifts their levels to
less harmful positions, reducing Shockley-Read-Hall (SRH)
recombination and extending carrier lifetimes.

Even after co-doping, the V) donor level remains pretty
shallow but is slipping a little higher. However, the number of
free electrons remains reduced, and non-radiative
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recombination decreases slightly. At the same time, the Vp,
defect levels move even closer to the valence band maximum-
shifting them right down into shallower areas where they
become less likely sources of Shockley-Read-Hall recombina-
tion. In other words, co-doping not only makes it harder for
defects to form in the material but also significantly alters their
electronic levels to locations that are not so destructive for the
overall performance of the material.

To further substantiate the substitutional feasibility of Ni**
and Pr** in the CsPbCl; lattice, we evaluated their site prefer-
ences and calculated the corresponding doping formation
energies.® Although Ni** (0.69 A, octahedral coordination) is
smaller than Pb*" (1.19 A), substituting Pb with Ni is chemically
reasonable because both cations adopt sixfold coordination
with halides and share similar electronic configurations that
favor octahedral geometry.’® Ni-Cl octahedra are well docu-
mented in halide frameworks (e.g., NiCl,), ensuring geometric
compatibility within the PbClg network.> Likewise, Pr** (1.13 A,
12-fold coordination) is smaller than Cs* (1.67 A), but under
charge-compensated co-doping conditions, the smaller Pr** can
occupy the A-site, where it reduces the cavity size and enhances
structural rigidity.*” The calculation of formation energies of
simple substitution guided our systematic study. Regardless of
whether the system is studied in Cl poor conditions or not,
a mathematical benefit is obvious at Ni**, and similarly, all Pb**
and, more drastically, all Pr*" and Cs* are beneficial. Practically,
this potentially helpful payoff must be offset by the exothermic
reaction that pairs water with its hydration energy, resulting in
the formation of insoluble solids, in agreement with experi-
mental observations.*® Furthermore, co-doping with Ni**/Pr**
raises the formation energy by about 0.95 eV per dopant, due to
charge compensation (Ni** + Pr’* < Pb** + Cs").*® This obvi-
ously creates a thermodynamically favourable arrangement.*
The resulting closed structure is consistent with the empirical
evidence of a shortened CuO bond (1.89-1.87 A), a 0.6%
contraction along the ¢ axis, and the absence of imaginary
phonon modes, which suggests that both ions are structurally
accommodated. This is expected to stabilize energy as
a measure to keep the pressure low.** Our co-doping strategy is
further supported by experimental evidence of B-site Ni** and A-
site rare-earth substitutions in CsPbX; perovskites.*> Upon
a more detailed structural analysis, Ni>*/Pr’* co-doping not only
maintains the cubic perovskite structure of CsPbCl; but also
significantly enhances the thermodynamic stability of the
lattice and reduces its strain. This structural stabilization is

Table 1 Calculated thermodynamic transition levels (q/q’) (eV) of major defects in CsPbCls and Ni2*/Pr* co-doped CsPbCls, relative to the

valence-band maximum (VBM)

2.65-2.75 2.35-2.40
Ve(or-) £(0/+) (=0.30 eV below CBM) (=0.15 eV below CBM) Donor
Veb e(0/-) 0.80-0.85 0.60-0.65 Acceptor
Veb g(—/2—) 0.90-0.95 0.70-0.75 Deep acceptor
Vos e(0/-) 1.20-1.40 1.00-1.10 Deep acceptor (minor)
Cl; &(0/-) 1.90-2.00 1.85-1.90 Donor (high energy)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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crucial for achieving reliable optoelectronic performance in
practical device applications.*

3.3. Electronic properties

Halide perovskites are function-producing materials whose
exceptional properties are in large part due to their electronic
structure.**** An example is CsPbCl;, an archetypal inorganic
halide perovskite, which has become a cornerstone candidate in
light-emission, photoelectric sensing, and luminescence due to
its large band gap and large exciton binding energy.*>°
However, this individual compound has inherent limitations,
such as mid-gap defects, low charge-carrier mobility, and poor
light absorption throughout the visible spectrum, all of which
limit its practical use. Different dopant-engineering approaches
have therefore been pursued to address these shortcomings and
control the electronic structure and transport properties of the
material. In this regard, Ni*" and Pr’" co-doping provides an
attractive means to tune the band structure, effective mass, and
density of states (DOS) for carriers.

3.4. Band gap tuning and nature of transitions

Pristine CsPbCl; has a direct band gap, located specifically at its
I' point. The size is typically in the range of 2.8-3.0 eV under
synthesis conditions and computational approximations.*>**
Unfortunately, this wide band gap enhances the excellent violet
emission but also makes it unsuitable for visible-light-driven
devices. Spin-polarized band structure calculations of Ni*/
Pr** co-doped CsPbCl; reveal the fascinating effect of minority
transition metallic and rare-earth dopants on the electronic
spectrum. First, the band gap narrows to around 2.45-2.55 eV in
the spin-up channels and 2.50-2.60 eV for spin-down channels,
but remains direct at the I' point.*>**® This reduction is
primarily due to the hybridization of Ni 3d states with Pb 6p
orbitals near the conduction band minimum (CBM) and the
partial contribution of Pr 4f orbitals near the valence band
maximum (VBM). This hybridization lowers the energy separa-
tion between the VBM and CBM, shifting the absorption edges
toward the red. Curiously, the co-doping effect introduces spin-
dependent modifications (Fig. 3), so that the up- and down-spin
band gaps are slightly different.>”*® This suggests a possibility
of spin-polarised optical transitions, opening up new possibil-
ities for spintronic or magneto-optical applications. Also,
compared to pristine CsPbCl;, the calculated band dispersion
shows a higher curvature and closer parallelism for both the
conduction and valence bands near the I' point. This means
that both effective masses have been reduced at this stage in
band theory, resulting in enhanced mobility (as will be di-
scussed later). It is interesting to note that the persistence of
this direct band gap is particularly significant, as an indirect
transition would weaken the absorption coefficient and reduce
the radiative recombination efficiency. Thus Ni**/Pr** co-
doping not only tunes the size of the band gap but also main-
tains its favourable direct nature, essential for efficient light-
matter interaction.

To find the origin of small band gap modulation, we have
carefully analyzed the complementary offering and total states
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(the DOS and PDOS, see Fig. 4). The valence band maximum is
made up largely of CI-3p states with a small contribution from
Pb-6s orbitals, whereas the conduction band minimum is
dominated by Pb-6p states.®* This simple electronic configura-
tion makes it difficult for any form of hybridization to occur,
resulting in a relatively large band gap. In a co-doped system,
however, the situation undergoes a dramatic change. The Ni-3d
electronic states are approaching the conduction band
minimum, and therefore, the effective conduction edge is
reduced by the overlap of the 3p orbitals of Cl with the 3d
orbitals; the hybridization is sustained with a high degree of
accuracy. In the meantime, Pr-4f concentrations generate very
localized spikes in the density of states immediately above the
valence band maximum, thus providing new channels of optical
electronic transitions. Both 4f and 3d orbitals of Ni and Pr are
synergistically mixed 7 and ¢ with the host lattice orbitals. The
dominance of Ni-3d character draws the conduction edge down,
and the Cl-3p-derived bonding stabilizes the crystalline lattice.
Pr-4f orbitals, which occupy similar energy states to the Cl-3p
manifold, are more localized in nature and, as with surface
defects, experience 5-type interactions that essentially annihi-
late the dangling bonds at the band gap. This w-sigma bonding
system between the two dopants inhibits the creation of deep-
level defects, which would otherwise compromise carrier life-
times, thereby improving the overall quality of the electrical
current and optoelectronic performance of CsPbCl;. The strong
asymmetry between the spin-up and spin-down density of states
profiles further explains the contribution of the incorporated
transition metal ions in creating magnetic states, which is not
present in the pristine CsPbCl; lattice, and gives it a competitive
edge in the market. As a result, the new electronic states, which
are entirely absent in the undoped material, exhibit improved
functional behavior that can be achieved through carefully
designed doping methods. Additionally, the steep peaks found
in Pr 4f states near the Fermi level suggest that rare-earth
dopants can be utilized as visible-light activators, thereby
interrelating electronic structure modulation with enhanced
luminescent characteristics.

3.5. Effective mass of carriers and mobility

Carrier transport in halide perovskites is primarily determined
by the effective masses of electrons and holes, which are
influenced by the curvature of the band edges. In pristine
CsPbCl;, the electron effective mass is reported as 0.20-0.25 m,,
while the hole effective mass ranges from 0.30-0.35 m,.*> These
values are relatively high for practical applications. In the Ni**/
Pr** co-doped system, both electron and hole effective masses
decrease, with electrons at approximately 0.18-0.20 m, and
holes at 0.28-0.30 m.. This reduction originates at the I' point,
where increased band curvature results from the mixing of Ni
3d and Pr 4f orbitals with Pb and CI orbitals. Enhanced delo-
calization of charge carriers results in higher mobility and
longer carrier lifetimes, which are beneficial for photovoltaic
and optoelectronic applications. Overall, Ni**/Pr** co-doping in
CsPbCl; results in improved charge transport characteristics, in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Band structure of co-doped with Ni2*/Pr®* ((a) spin up and (b) spin down).

addition to modifications in band gap and electron-hole doped with Ni and Pr. One is that the interaction between Ni-3d
interactions. and Pr-4f orbitals with Pb-6p and CI-3p orbitals alters the energy

This favorable interaction between the two dopants can be states near the band edges, thereby increasing the effective
explained by considering three key physical factors in CsPbCl;  mass of carriers. Another is that defect suppression results from
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Fig. 4 Total and partial density of states (TDOS and PDOS) of CsPbCls co-doped with Ni2* and Pr’*, showing the contributions of host and
dopant orbitals near the band edges.
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the saturation of undercoordinated Cl orbitals with Pr-4f 7
interactions, and the Pb-Cl network is stabilized by Ni-3d o
bonding. This latter effect reduces trap-assisted recombination,
which would otherwise limit device performance. In addition,
carrier delocalization is enhanced because co-doping widens
band dispersions, facilitating long-range charge transport and
reducing the likelihood of polaron formation or spread. If we
can achieve all three of these developments simultaneously,
surely then Ni**/Pr’* co-doping must offer many benefits as
a new strategy for perovskites. The electronic properties of Ni**/
Pr** co-doped CsPbCl, are characterized by a mix that includes
band gap tuning, orbital hybridization, defect passivation, and
carrier mobility. The close association between a reduced band
gap, more favorable electron-hole interactions, and fewer
defect states makes this material exhibit good performance in
nearly every device.

3.6. Optical properties

The optical properties of halide perovskites are closely linked to
their electronic structure and have been shown to play a crucial
role in determining whether these compounds can serve as
active layers for optoelectronic devices, photonic devices, or
other energy-related devices. Pristine CsPbCl; is known for its
wide band gap, high exciton binding energy, and emission that
is sharp enough to clearly appear in the ultraviolet range.
However, if it is to be used in such far-field applications as
photovoltaics (PV) or white light-emitting materials, the fact
that its visible activities are few and far between means that
damage will always result. To improve these defects, co-doping
with transition-metal (Ni*") and rare-earth (Pr**) ions has been
tried as an innovative method. A dual-doping regime not only
narrows the band gap and strengthens its absorption of visible
light, but also brings in particular optical transitions that are
Ni*"-electronic d-d bonds for Pr’** and luminescence from sharp
4f-4f. These fellowship dopants enhance the
response, absorptive character, refractive index, and energy
losses that the host lattice would otherwise suffer. In the
following sections, we shall give you a detailed discussion of the
optical properties of Ni*" and Pr** co-doped CsPbClj, followed
by its calculated dielectric function, absorption coefficient,
refractive index, reflectivity, extinction coefficient, and energy
loss function.

The dielectric function ¢(w) = &;(w) + iey(w) is a fundamental
descriptor of light-matter interaction. The real part, e,
describes the polarization response and governs energy storage,
while the imaginary part, ¢,, reflects photon absorption through
interband transitions.

In the Ni**/Pr** co-doped CsPbCl; system, ¢; (see Fig. 5a)
initially increases from 1.5 at zero photon energy to a maximum
of 3.2 around 3.5-3.8 eV, followed by a gradual decline at higher
energies. This increase corresponds to strong interband tran-
sitions from the valence band maximum (Cl-3p and Pb-6s
orbitals) to the conduction band minimum (Pb-6p and Ni-3d
orbitals). Beyond ~4 eV, ¢; decreases because the primary
transitions saturate, while new, higher-energy excitations
contribute less strongly.

dielectric
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The imaginary part ¢, (see Fig. 5b) exhibits a sharp peak
around 3.5-3.6 €V, slightly red-shifted compared with pristine
CsPbCl; (typically 3.8-4.0 eV®***). This peak corresponds to the
fundamental band edge transition and directly reflects band
gap narrowing induced by doping. Secondary peaks appear
between 6-8 eV and 10-12 eV, attributed to deeper interband
transitions involving Pb 6s/6p and Cl 3p orbitals. Importantly,
Pr*" introduces sharp localized states that generate narrow
absorption features in ¢,, which are absent in the pristine
compound. These localized 4f-4f transitions enhance photo-
luminescence and broaden the spectral response.

Overall, the dielectric analysis shows that Ni** doping
contributes delocalized 3d states near the conduction band,
while Pr** enhances localized excitonic features at the valence
band edge. This cooperative effect yields a broadened and red-
shifted dielectric response.

The absorption spectrum (see Fig. 5¢) provides direct insight
into the material's ability to harvest photons. In pristine
CsPbCl;, the absorption edge occurs around 3.0 eV, corre-
sponding to ultraviolet excitation.®® For Ni**/Pr’* co-doped
CsPbCl;, the absorption onset is shifted to ~2.5-2.7 eV,
a clear indication of band gap narrowing. This red shift enables
the material to absorb photons in the visible region, signifi-
cantly enhancing its utility in solar cells and photodetectors.

With increasing energy, the absorption coefficient rises to
~1.5 x 10° cm ™! at around 4 eV, a value consistent with those
reported for halide perovskites. A number of strong absorption
peaks are seen in the region from 0 to 0:1 pm. Here, we see
transitions from peroxy-3s states to higher conductivity bands
of Cl-3p and Pb-6s, respectively. Then there are peaks (from Ni
3d and Pr 4f orbitals) that have smaller amplitudes. The bleach
region from 1 to 5 pm is due to continuous photon absorption.
This is supported by the qualitative overlap of Ni-d states with
the edge positions of Pr 4f-4f peaks.

Such a joint absorption enhancement compensates for the
cutoff in the visible range that is provided by wide-band-gap
phosphors or hybrid QDs. It is a new combination of mate-
rials and synthetic methods that broadens windows into solid
solution synthesis in a practical sense, without foregoing. Why
not? Namely, that Ni** ions bestow intermediate 3d states which
cut into the absorption band; Pr** ions add long-wavelength
luminescence channels. The sun, as a raw material, energy
collector, and light source for our useful inventions, is all made
better. Quantitatively, to measure the effect of Ni + Pr co-doping
on light absorption, the maximum absorption coefficients
(etmax) Were compared in the visible wavelength range (1.8-3.1
pum). The maximum absorption coefficient (max) of pristine
CsPbCl, satisfies Sun's condition: =(3.0 pm, 8.5 cm ' 10 4 1).
Its bandgap spread exceeds three eV, which has only been
utilized for biophotonic applications due to the exclusion of the
visible spectrum of light. After adding Ni**/Pr** into the system,
amax moves to =2.6 pm and jumps up to around =1.5 x 10
5 cm ™. In other words, the intensity of absorbance is signifi-
cantly enhanced and has also been shifted by approximately
0.4 nm toward the visible light spectrum.

This pronounced increase arises from several interrelated
effects.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Eioss) Vs. energy (eV).

3.7. Band-gap narrowing

Mixing of Pb-6p interatomic states with Ni-3d states gives the
bottom of the energy band less character, and the minimum
falls lower. In addition, the localized Pr-4f state tends to pull up
near the edge conduction band, so the energy difference
between this and the valence band tops has been reduced from

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.0 eV to 2.5 eV. A narrower bandgap means that light with an
energy of 2.5-2.8 eV (blue-green) is readily absorbed.

3.7.1. Introduction of intermediate electronic states. The
Ni 3d states facilitate permitted d-d transitions that overlap
with the interband transitions of the host, thereby widening the
absorption spectrum. 4f-4f transitions produce sharp peaks
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that contribute to the broader background, resulting in an
additional enhancement within the visible spectrum.

3.7.2. Enhanced oscillator strength. Increasing the coher-
ence of Ni-Cl and the covalency between these two ions
significantly enhances the transition dipole moments. In
contrast, the localized 4f orbitals of Pr** act as radiative centers,
increasing optical transition probabilities.

3.7.3. Defect suppression. The formation energies for Vg
and Vpp, are higher when a co-doped lattice is employed, thereby
reducing non-radiative recombination and allowing for more
efficient light absorption without carrier trapping. Overall, the
absorption edge shifts from the ultraviolet to the visible, and
amax nearly doubles, demonstrating that co-doping Ni**/Pr**
indeed substantially improves photonic yield rate. Refractive
index n(w), derived directly from ¢; and ¢,, controls the phase
velocity of light as well as optical confinement, as shown in
Fig. 4d. For the co-doped system, static refraction index n, is
roughly 1.55, but at =3.5 eV it rises to approximately 1.85 before
falling again at higher energies. This peak coincides with the
onset of absorption, indicating a Kramers-Kronig relationship
between absorption and dispersion.

In contrast, this is somewhat less noticeable in the co-doped
material because Pr** and Ni*" are fixed as ancillary ligands and
thus do not favor low-n configurational states (furthermore, for
the complex young compound, the electronic structure is still
unknown).

This kind of adjustment to n helps keep light molecules,
which need to be within a certain framework of high refractive
index and low absorbency, from escaping into their
surroundings.

The reflectivity spectra (see Fig. 5e) for co-doped CsPbCl;
display the fraction of light reflected from its surface. Below
2 eV, this value is low (~0.05), showing good transparency in the
infrared and visible ranges of light.

An upward surge occurs between 3 and 5 eV, with modest
peaks (0.1-0.12) appearing at energies corresponding to
dielectric and absorption features. Above approximately 10 eV,
the reflectivity rises sharply (~0.3) because light is interacting
with plasma-like resonances.

The low reflectance across the visible region means that
most light entering the material will be absorbed as photons,
resulting in better light-matter interactions in LED (light-
emitting diode) and solar radiation absorbers.

The extinction coefficient, k(w), complements the absorption
spectrum and shows similar trends to ¢,. In this case, there are
various strong peaks at 3.5 eV and 10 eV, along with some lesser
shoulders between 6 and 8 eV, all of which correspond to Pb—Cl
to Ni-3d transitions. The wide plateau, ranging from 2 to 6 eV,
then confirms sustained visible-light absorption, which
demonstrates the advantage of co-doping for expanded spectral
activity.

The energy loss function (ELF) L(w) (see Fig. 5f) derived from
the dielectric function provides insight into plasmon excitation
and energy dissipation. In co-doped CsPbCl;, the main ELF
peak occurs around 12 eV, corresponding to the bulk plasma
frequency. Secondary peaks appear at around 6-8 eV; this is in
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concert with maxima in reflectivity and minima in ¢,, as optical
consistency dictates.

The establishment of plasmonic features is crucial in areas
such as sensing and nanophotonics, where controlling the
dissipation of energy plays a significant role.

The various optical functions are mutually related. Peaks in
&, are associated with absorption maxima and features of the
extinction coefficient, while dips vertically in ¢; align with
reflectivity peaks. The ELF maxima coincide with enhanced
reflectivity at higher energies, as also seen in optical consis-
tency. These relationships among the functions endorse our
numerical results and contribute to an overall understanding of
the interaction between light and matter in Ni**/Pr co-doped
CsPbCl;. The co-doping strategy brings out linear dimensions
of amplification. The isod transition brought about by Ni** ions
causes the emergence of a band gap and visible light absorption
spectra in Prague. Fe’" enhanolizationspray transitions can only
be sharp and co-reignition luminescent vestiges. Co-doping also
suppresses halide defect concentrations, thus diminishing non-
injury radiation hazards and enhancing the overall light output
efficiency. This dual effect leads to broadened absorption,
improved dielectric response, increased refractive index
modulation, and efficient plasmonic behavior. This multi-
functional characteristic makes the material suitable for
a wide range of practical applications from solar cells and LEDs
through to scintillators and photo-detectors.

The optical properties of Ni**/Pr’*co-doped CsPbCl, are
dramatically improved compared with those of the original. The
effect on the band gap is to give it visible-light activity, ¢; and ¢,,
which facilitates strong interband transitions; the absorption
spectra show wider photon harvesting. In every part of the
energy range studied, corresponding optical features all indi-
cate a higher degree. On their own, Ni*" d-d and Pr** 4f* each
make a distinct contribution, supplemented by defect
suppression and orbital hybridization, rendering it yet another
unique material that is highly stable and exhibits numerous
optical properties. This result suggests that Ni**/Pr** co-doped
CsPbCl; can be expected to become a powerhouse in future
optical electronics in a short time.

3.8. Defect properties in Ni>*/Pr’** Co-doped CsPbCl,

The energy of defects is a crucial determinant in determining
the optical and electronic performance, as well as the long-term
stability, of organic-inorganic halide perovskite materials.
Under pristine conditions in an all-inorganic perovskite
CsPbCl;, the dominant intrinsic point defects are halogen
vacancies (V) and metal vacancies (Vpp). In the pristine
perovskite CsPbCl;, these defects can trap charges, causing
deep states to be formed within the band gap. Accordingly, they
serve as non-radiative recombination sites, shortening the life-
times of carriers as they recombine via Shockley-Read-Hall
(SRH) processes. Here, we evaluate the formation energies,
charge states, and transition levels of these intrinsic defects in
pristine and Ni**/Pr*" co-doped CsPbCl; using spin-polarized
DFT, highlighting how co-doping alters the defect landscape
and suppresses detrimental trap states.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.8.1. Finite-size convergence and charged-defect correc-
tions. Charged defects were treated with a neutralizing back-
ground. We assessed supercell convergence by comparing 2 x 2
x 2 (40 atoms) and 3 x 3 x 3 (135 atoms) cells for V¢, and Vpp,>~
under Cl-poor and Cl-rich limits. Long-range Coulomb inter-
actions were corrected with the Freysoldt scheme (planar-
average potential alignment, isotropic screening), using our
calculated electronic and static dielectric responses. Because
CsPbCl; is cubic, the dielectric tensor is isotropic; we used ¢,
from Lyddane-Sachs-Teller (LST) phonon analysis (¢, = 7.2)
(see optical/phonon sections). For the image-charge term, we
employed the static dielectric constant (including ionic and
electronic screening) appropriate for lattice-relaxed charged
defects at 0 K; we report the small difference obtained if ¢, is
used instead. The potential alignment AV was obtained from
the far-field plateau of the macroscopically averaged electro-
static potential, with regions within 6 A of the defect core
excluded. With these settings, the net correction (image-charge
+ alignment) reduced the 2 x 2 x 2 vs. 3 x 3 x 3 supercell size
error from =0.4-0.6 eV (uncorrected) to <0.12 eV (corrected)
for formation energies, and to <0.10 eV for ¢(q/q’). Uncertainty
estimates reflect (i) residual finite-size effects, (ii) dielectric-
constant variation within error bars, and (iii) the alignment-
window choice (1 A), combined in quadrature.

3.8.2. Dielectric input and screening choice. We distin-
guish ¢, (electronic) from ¢, (electronic + ionic). The Freysoldt
image-charge term was evaluated with ¢, (isotropic, cubic),
while the optical spectra and refractive index use ¢. Using ¢
in the correction increases the residual finite-size error by
~0.05-0.08 eV; we report both values for transparency.

3.8.3. Potential alignment. Planar-averaged electrostatic
potentials were computed along the three Cartesian directions
and macro-averaged; the alighment AV was taken from the
mean of the directions in a far-field shell 7-10 A from the defect
center (exclusion radius 6 A). Varying the shell by +1 A changes
E_form by <0.03 eV.

3.8.4. Uncertainty budget. (i) Supercell residual (2 x 2 x 2
vs. 3 X 3 x 3): =0.10-0.12 eV; (ii) dielectric uncertainty (prop-
agating ¢y = 7.2 £ 0.6): =0.05 eV; (iii) alignment-window choice:
=0.03 eV. Total (in quadrature): =<0.13 eV for E form and
=0.10 eV for ¢(g/q).

3.8.5. Cross-checks. For V" and V>, we also tested the
anisotropic Freysoldt variant using an effective dielectric tensor
derived from DFPT phonons. Since the system is cubic, this
tensor is approximately isotropic, and the results changed by
=0.01 eV. A Makov-Payne first-order correction using ¢, yielded
similar residuals but was less stable across charge states; there-
fore, we adopted the Freysoldt approach for all calculations.

3.9. Defect formation energies

First-principles and experimental studies identify halogen
vacancies (V) as the lowest-energy donor-like defects in
CsPbCl;, while lead vacancies (Vpp,) are the prevalent acceptor-
type cation vacancies. DFT calculations for CsPbCl; show that
Var has the smallest formation energy among native point
defects under typical halide-poor conditions, making it the
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most abundant intrinsic defect. Similarly, Vpy, is calculated to
have a competitive formation energy, establishing it as the
dominant acceptor species.*® These conclusions are consistent
with experimental defect spectroscopy on CsPbCl; single crys-
tals, which resolve halide-vacancy-related states, and with
complementary theory placing Vp, among the lowest-energy
acceptors in lead-halide perovskites.*® Together, these works
support the view that Vg and Vp, govern the native defect
landscape in CsPbCl;.*® Regarding recombination, the litera-
ture indicates that vacancy defects introduce electronic states
within the band gap, acting as SRH centers and limiting carrier
lifetimes and device performance in lead-halide perovskites,
including wide-gap chlorides.®
The formation energy of a defect in charge state q is

Eform(Dq) - Etut (Dq) - Elot (bU»lk) - Zni,ui

+ q (EF + EVBM) + Ecorr

where E, (D7) and E. (bulk) are the total energies of the
defective and pristine supercells, n; and u; are the number and
chemical potential of atoms added or removed, Ey is the Fermi
level relative to the valence band maximum (VBM), and E o
accounts for finite-size electrostatic corrections (Makov-Payne
or Freysoldt schemes).

In pristine CsPbCl;, the calculated formation energy of
a neutral Cl vacancy (V¢,°) is relatively low (~0.8-1.2 eV under
Cl-poor conditions®?), making V¢’ the most abundant intrinsic
defect. Pb vacancies (Vpp>~) exhibit higher formation energies
(~1.5-2.2 eV) but are strongly negatively charged and act as
compensating acceptors. In the Ni**/Pr** co-doped system, the
defect landscape shifts markedly: the formation energy of Vg
increases to ~1.4-1.6 eV, while that of Vp, rises to ~2.3-2.6 eV.
This co-doping-induced increase in defect formation energies
arises from charge-compensated substitution (Ni** < Pb*" and
Pr** < Cs"), which reduces the thermodynamic driving force
for halide and cation vacancy formation.

Fig. 5a summarizes the increase of intrinsic defect formation
energies upon Ni**/Pr’* co-doping. Consistent with our DFT
results, the V¢, vacancy's formation energy rises from ~0.8-1.2 eV
(Cl-poor) to ~1.4-1.6 eV, and Vp},, increases from ~1.5-2.2 €V to
~2.3-2.6 €V. This systematic upshift signifies a reduced thermo-
dynamic drive for vacancy creation. Fig. 5b maps the thermody-
namic transition levels. In the pristine system, V¢ shows ¢(0/+)
just below the CBM, while Vp, exhibits deep ¢(0/—) and ¢(—/2—)
levels ~0.7-0.9 eV above the VBM. After co-doping, ¢(0/+) becomes
even shallower (=0.1-0.2 eV below the CBM), and the V; levels
shift toward the valence band, reducing their recombination
potency. Together with a slight band-gap narrowing, these
changes indicate fewer and less harmful traps, which explains the
observed suppression of defect-assisted recombination and the
higher vacancy formation energies under co-doping.

3.10. Thermodynamic framework and chemical-potential
limits

We evaluate defect and dopant formation energies using the
standard grand-canonical formalism described above.
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With upper bounds set by competing phases to avoid
precipitation of secondary phases (e.g., CsCl or PbCl,). For the
dopants, we similarly boundu by their stable chlorides (NiCl,
and PrCl;) to reflect halide-rich growth conditions. We report
results at two extremes: Pb-rich/Cl-poor and Cl-rich/Pb-poor; Cs
is adjusted within the stability polytope.

3.10.1. Site preference of Ni and Pr (A/B/interstitial). Table
2 summarizes substitutional and interstitial formation energies
(neutral unless noted). Across both limits, NiPb is the lowest-
energy Ni configuration, while PrCsis is the lowest-energy Pr
configuration. Placing Ni at the A-site or Pr at the B-site is di-
sfavored by >1 eV due to coordination mismatch (octahedral vs.
cuboctahedral cavities) and strain.

3.10.2. Co-doping synergy. When NiPb and PrCs are
introduced together in the same supercell, the average per-
dopant formation energy drops to ~0.95 eV (Pb-rich) and
~1.05 eV (Cl-rich) owing to charge compensation and reduced
long-range polarization.

3.10.3. Intrinsic defects under chemical-potential limits.
Table 3 reports vacancy formation energies in pristine and co-
doped CsPbCl;. In line with defect physics of lead-halide
perovskites, V¢, is the most favorable donorlike defect under
Cl-poor conditions, and Vp}, is the dominant acceptor under Cl-
rich conditions. Co-doping raises both by 0.3-0.6 eV, sup-
pressing their equilibrium concentrations.

Charge-state transition levels (¢(g/q’)) extracted from the
slopes of Eg,m(EF) plots show that in pristine CsPbCls, the
Vo) transition (0/+) lies approximately 0.30 eV below the
CBM, shifting to ~0.15 eV below the CBM after co-doping (i.e.,
Ve(o/—) becomes a shallower donor). Meanwhile, the Vp, £(0/—)
level moves from ~0.8-0.9 eV above the VBM in pristine to
~0.6-0.7 eV after co-doping (ie., slightly less deep). These
trends are consistent with the higher formation energies and
reduced SRH recombination activity discussed above.

3.10.4. Bader charges and local structure. We quantified
charge redistribution and local coordination around the
dopants and nearby lattice sites (Table 4). In lead-halide
lattices, Bader charges are typically significantly smaller in
magnitude than formal ionic charges; nevertheless, the
contrasts between pristine and co-doped cases are chemically
instructive.

3.10.5. Charge states and Fermi-level dependence. The
charge-state stability of defects depends on the position of the
Fermi level. For Vo), a shallow donor-like state (¢(0/+)) is
located just below the conduction band minimum in pristine
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CsPbCl;. This defect level can contribute to unintentional n-
type conductivity, but when partially filled, it also acts as
a non-radiative SRH recombination center. In the co-doped
system, the Vg &(0/+) level shifts closer to the CBM (~0.1-
0.2 eV below), effectively making V¢ an even shallower donor.
For Vpp, the thermodynamic transition levels ¢(0/—) and ¢(—/2—)
lie deep in the gap (~0.7-0.9 eV above the VBM in pristine
CsPbCl; (ref. 67-69)). Co-doping reduces the likelihood of Vypy,
formation and shifts its levels slightly toward the VBM, thereby
diminishing its detrimental impact.

3.10.6. Trap depth and electronic signatures. Both DOS
and PDOS analyses show that in pristine CsPbCl;, V¢ intro-
duces defect states near the CBM, while Vpp, produces deep mid-
gap states stemming from localized Pb-Cl antibonding orbitals.
These deep states serve as recombination centers, leading to
decreased carrier lifetimes. In the Ni**/Pr*" co-doped system,
the appearance of such mid-gap states is somewhat amelio-
rated: the Ni 3d and Pr 4f orbitals hybridise with neighbouring
Cl and Pb, passivating dangling bonds, which significantly
reduces the density of defects. Configuration-coordinate anal-
ysis reveals that the trap level shifts from deep to shallow,
lowering its draw cross-section for carriers and consequently
minimizing SRH recombination losses. Defect concentrations
and carrier lifetime. The equilibrium concentration of a defect
is governed by:

E;
ND = Nsitesexp - kBiT

where N is the number of available lattice sites, kg is Boltz-
mann's constant, and T is temperature. If V, is formed at 300 K,
its low formation energy in pristine CsPbCl; can create an
equilibrium vacancy concentration on the order of 10'°~10"7
ecm?, enough to limit carrier lifetimes to just nanoseconds. In
the co-doped system, the higher V¢, formation energy increases
this activation barrier, resulting in an equilibrium V¢, density
that is lowered by one to two orders of magnitude. This
suppression of halide vacancies greatly extends carrier lifetimes
and diffusion lengths, just as the decrease in SRH recombina-
tion rate:

-1
T < gvy Ny

where 7 is the lifetime, ¢ is the capture cross section, vy, is the
thermal velocity, and N is the trap density.

Table 2 Dopant site competition (WIEN2k GGA + U + SOC; RutKmax = 7.0; 2 x 2 x 2 supercell)

Pb-rich/Cl-poor

Cl-rich/Pb-poor

Dopant configuration (ev) (ev) Comment

NiPb (B-site) 1.05 1.22 Octahedral NiClg; minimal strain

NiCs (A-site) 2.24 2.48 A-site too large; poor CF stabilization
Nii (interstitial) 2.61 2.83 Steric penalty; short Ni-Cl clashes
PrCs (A-site) 1.12 0.98 12-Coordination fits Pr** well

PrPb (B-site) 2.36 2.10 Oversized for octahedron; tilting/strain
Pri (interstitial) 2.79 2.55 Large ionic size — severe crowding
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Table 3 Vacancy formation energies (neutral states shown; see Fig. le for charge-state dispersion vs. EF)

Pristine (Esorm)

Co-doped (Eform)

efect ondition € € ren

Def Conditi Vv Vv Trend

Veto/—) Pb-rich/Cl-poor 0.8-1.2 1.4-1.6 1 by ~0.4-0.6 eV
Ve(o/-) Cl-rich/Pb-poor 1.6-2.0 2.0-2.3 1

Vb Pb-rich/Cl-poor 1.5-2.2 2.3-2.6 1

Veb Cl-rich/Pb-poor 1.0-1.4 1.5-1.9 1

Ves Both limits 2.0-2.5 2.2-2.7 1 (still subdominant)

3.10.7. Mechanistic insights. The significant enhancement
of the defect tolerance when Ni*'/Pr’" is co-doped can be
explained by a number of mechanisms.

3.10.7.1. Charge compensation. The local charge imbalances
in Pb** and Cs" are minimized through coupled replacement of
Ni*" by Pb** and Pr** by Cs?, therefore, limiting the thermody-
namic force of vacancy formation.

3.10.7.2. Fermi-level pinning relief. Co-doping reduces the
native defect density, thereby engineering the Fermi level to
move closer to the band edges, making intrinsic band-edge
transport possible.

3.10.7.3.  Orbital hybridization and passivation. The added Ni
3d and Pr 4f states hybridize with the CI 3p and Pb 6s states,
thereby reducing the saturation of dangling bonds and deep
trap states.

3.10.7.4. Suppression of halide vacancies. The defect stability
window in the case of co-doping is disturbed, and the halide
vacancy formation is less favored because the modified chem-
ical potential environment causes a shift of the defect stability
window.

Ni**/Pr** codoping of CsPbCl; significantly modifies the
defect landscape both by increasing the formation energies of
Va and Vp, and by lowering their transition levels, thereby
bringing these defects closer to the band edges and also
reducing deep trap state density as a result, SRH recombination
is inhibited, the lifetimes for intraband transitions are length-
ened or in shortened systems with evidence of more compli-
cated behavior optically their optical-electronic performance
becomes better than ever before! these results highlight
codoping as a robust rule for defect passivation in halide
perovskites, which will enable the current development of high-
efficiency, stable optoelectronic devices.

Table 4 Bader charge (|e|) and nearest-neighbor metrics (A)

3.11. Excitonic properties

Excitons, the bound states of electrons and holes, play a crucial
role in determining the optical response and luminescence
efficiency of halide perovskites. In wide-bandgap compounds
such as CsPbCl;, excitonic effects are particularly pronounced
owing to relatively small dielectric screening and moderate
carrier effective masses. The exciton binding energy (E},) governs
the stability of these quasiparticles and influences whether
photoexcitation results predominantly in free carriers or bound
excitons.

3.11.1. Exciton binding energy: theoretical framework. The
exciton binding energy in semiconductors can be estimated
using the effective mass approximation within the Wannier-
Mott model:

4

ue
E ==
7 2(dmee, ) I

where u is the reduced effective mass defined by

pt=m,"' +m !, es the elementary charge, ¢, is the relative

dielectric constant, and 7 is the reduced Planck's constant. The
reduced mass u reflects the curvature of conduction and valence
bands, while the dielectric constant ¢, determines the degree of
Coulomb screening.

We distinguish between the electronic-screened Wannier—

Mott limit
El(jw) = <u/me)Ry/€w2

and the polaron-screened binding E{P°) obtained from the
Haken/Pollmann-Biittner model that incorporates LO-phonon
coupling (see SI for formula and parameters). Using 4 = 0.11 m,,
€« = 2.40 (pristine) and the measured LO/TO splittings, we find
EL*) = 0.09-0.13 eV and EP°) = 20-40 eV (pristine), decreasing

Species/site Bader (pristine) Bader (co-doped) First-shell distances

Pb (bulk) +1.45 £+ 0.05 +1.44 £+ 0.05 Pb-Cl = 2.84 £ 0.02

Nipp — +1.30 £ 0.06 Ni-Cl = 2.73 + 0.03 (octahedral; slight compression)
Cs (bulk) +0.85 £ 0.03 +0.84 £ 0.03 Cs-Cl = 3.50 + 0.05

Pres — +2.10 £ 0.08 Pr-Cl = 3.45-3.55 (12-coord.; mild cage contraction)
Cl (bulk) —0.62 £+ 0.03 —0.63 £+ 0.03 —

Around Ni — —0.66 + 0.03 Slightly more negative (stronger Ni-Cl o)

Around Pr — —0.61 + 0.03 Nearly unchanged (A-site ionic)
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slightly upon Ni/Pr co-doping due to marginally larger ¢, and
lighter band edges.

For pristine CsPbCl;, reported effective masses are typically
25 = 0.20-0.25 and 26 = 0.30-0.35, leading to a reduced mass
of u = 0.12-0.14 m..”® With ¢ = 5-6, the resulting exciton
binding energy lies in the range of 40-70 meV, consistent with
experimental optical absorption and photoluminescence
data.”*”® Such values are significantly higher than thermal
energy at room temperature (kg7 = 25 meV), indicating that
excitonic effects strongly influence the optical spectra of pris-
tine CsPbCls;.

3.11.2. Effect of Ni**/Pr** Co-doping. Two main effects
come forth during co-doping with Ni** and Pr**:

3.11.2.1. Dielectric screening enhancement. Substitutional
incorporation of Ni** and Pr*" alters local polarization, raising e,
to ~7-8. This boosted dielectric screening weakens the
coulomb attraction between electrons and holes. When no
electrons accept holes or both are not accepted by the semi-
conductor, as a result of this weakened attraction to each other
for reasons given above, more of them will be scattered out into
lattice sites around it, where they can work as free carriers at
much higher temperatures than before.

3.11.2.2. Effective mass reduction. Ni** hybridization with
Pb-6p conduction states reduces the electron effective mass to
0.18-0.20 me, while Cl-3p valence states, which harbor Pr** 4f
mixing, lower the hole masses to 0.28-0.30 me. The updated p
has dropped slightly from its previous level of ~0.11 me. Putting
these values into the Wannier-Mott equation gives an exciton
binding energy of around 20-40 meV, much smaller than for
pristine CsPbCl;. This implies that more excitons can dissociate
into free carriers at room temperature, which should enhance
charge separation and migration.

3.11.3. Exciton dissociation and luminescence efficiency. It
was found that the co-doped system has a lowered binding
energy, with the effects being directly manifested in absorption
and emission:

3.11.3.1. Exciton dissociation. Letting the exciton binding
rather weakly increases the likelihood of the exciton breaking
apart into free carriers to increase the carrier diffusion lengths
and photocurrents in a photovoltaic or photodetector system.

3.11.4. Radiative recombination. While dissociation is
favorable for transport, moderate binding energy (~20-30 meV)
ensures that excitonic luminescence is not completely
quenched. Instead, it promotes efficient radiative recombina-
tion pathways by balancing exciton stability with carrier
delocalization.

The unique role of Ni** and Pr’* in modifying excitonic
behavior lies in their orbital contributions:

Ni** (3d®): introduces d-d transitions and delocalized states
near the CBM, which lower electron effective masses and
increase free-carrier contributions.

Pr** (4f%): contributes sharp intra-4f transitions, producing
localized emission peaks that benefit from optimized exciton
binding energies.

Together, these photoluminescence
quantum yield by ensuring efficient exciton generation,
balanced dissociation, and radiative recombination. The net

effects enhance
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result is a material with tunable excitonic properties that can be
optimized for either strong luminescence (LEDs, scintillators)
or efficient charge separation (solar cells, photodetectors).

Excitonic analysis of Ni**/Pr*" co-doped CsPbCl; demon-
strates that co-doping reduces exciton binding energies from
40-70 meV in pristine CsPbCl; to 20-40 meV. This reduction
arises from enhanced dielectric screening and lowered effective
masses, leading to improved exciton dissociation and longer
carrier lifetimes. At the same time, radiative recombination
remains strong due to the combined d-d and 4f-4f transitions
of Ni*" and Pr**. These findings highlight the potential of Ni**/
Pr** co-doped CsPbCl; as a multifunctional perovskite with
optimized excitonic behavior for high-performance optoelec-
tronic applications.

3.12. Magnetic properties

Magnetic ordering in halide perovskites has recently attracted
increasing attention due to the possibility of integrating spin
functionality with optoelectronic properties. While pristine
CsPbCl; is intrinsically non-magnetic, substitutional doping
with transition-metal and rare-earth ions can induce localized
magnetic moments, which may couple to form long-range
order. In this context, Ni** (3d®%) and Pr’* (4f*) co-doping pres-
ents an intriguing case, as it combines the partially filled 3d
orbitals of Ni with the localized 4f states of Pr, thereby opening
a pathway for d-f exchange interactions and magneto-optical
multifunctionality.

3.12.1. Local magnetic moments from Ni*>* and Pr**. Spin-
polarized DFT calculations reveal that both dopants contribute
finite local moments in the CsPbCl; lattice. Ni**, occupying the
Pb** site in octahedral coordination with CI~, exhibits
a magnetic moment of approximately 1.2-1.5 uB, consistent
with high-spin d® configurations in halide matrices.” The
magnitude depends on crystal field splitting and hybridization
with neighboring Cl-3p orbitals, which slightly delocalize the 3d
electrons.

Pr** substituting at the Cs site introduces localized 4f> states,
yielding a magnetic moment of ~2.8-3.0 uB, which aligns with
experimental and theoretical reports of rare-earth-doped
perovskites.”” The highly localized nature of Pr-4f states
ensures minimal delocalization, preserving strong local
moments even in the doped lattice. The coexistence of Ni-3d
and Pr-4f moments suggests the potential for cooperative
magnetic interactions.

3.12.2. Exchange coupling and d-f interactions. The
interaction between Ni and Pr spins can be rationalized by
considering d-f exchange coupling. The Ni-3d states, hybridized
with Cl-3p orbitals, form superexchange pathways with Pr-4f
electrons mediated through halide ligands. Depending on the
overlap and energy alignment, these interactions can stabilize
either ferromagnetic (FM) or antiferromagnetic (AFM) ordering.

Calculated exchange energies (AE = Expm — Erym) fall within
the range of 25-40 meV per dopant pair, indicating a preference
for FM coupling in Ni/Pr co-doped CsPbCl;. Such energy scales
are comparable to those observed in transition-metal/rare-earth
co-doped oxides and halide perovskites.”®”” The ferromagnetic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stabilization suggests that d-f interactions could extend over
multiple lattice sites, supporting long-range magnetic order
under appropriate carrier concentrations.

3.12.3. Mechanisms of magnetic stabilization

3.12.3.1. Three principal mechanisms contribute to magnetic
stabilization in this system

3.12.3.1.1. Orbital hybridization. Ni-3d orbitals hybridize
with Cl-3p states, delocalizing spin density and enabling
superexchange with Pr-4f orbitals. This coupling strengthens
the magnetic interaction while slightly reducing the effective Ni
moment due to charge transfer.

3.12.3.1.2. Carrier-mediated magnetism. The narrowed band
gap and partially filled states near the Fermi level provide itin-
erant carriers that mediate indirect exchange between localized
Ni and Pr moments. This double-exchange-like mechanism
enhances the possibility of ferromagnetic alignment at finite
carrier densities.

3.12.3.1.3. Defect-related stabilization. In halide perovskites,
halogen vacancies are common and often detrimental to opto-
electronic properties. In the Ni/Pr co-doped system, however,
such vacancies may help stabilize magnetic ordering by
providing additional carriers that strengthen exchange interac-
tions. This coupling of defect physics with magnetism is unique
and could allow defect engineering to tune magnetic properties.

The coexistence of ferromagnetic interactions and strong
optical activity in Ni*/Pr** co-doped CsPbCl; suggests the
material may serve as a multifunctional magneto-optical
perovskite. The d-d and f-f optical transitions observed in the
absorption and photoluminescence spectra can couple to spin
polarization, enabling spin-dependent light emission or
magnetically tunable luminescence. Furthermore, the relatively
high calculated Curie temperature range (7 extrapolated to
150-200 K) indicates partial thermal stability of magnetic order,
with potential for further enhancement through increased
dopant concentration or strain engineering.

Such multifunctionality expands the application scope of
CsPbCl; beyond traditional optoelectronics, paving the way for
integrated devices such as spin-LEDs, magneto-optical sensors,
and multifunctional quantum emitters.

Spin-polarized DFT calculations demonstrate that Ni** and
Pr** co-doping induces substantial local magnetic moments in
CsPbCl;. Ni contributes ~1.2-1.5 uB from its 3d® configuration,
while Pr introduces ~2.8-3.0 uB from localized 4f> states.
Strong d-f exchange interactions mediated by CI-3p orbitals
stabilize ferromagnetic coupling with exchange energies of 25—
40 meV per pair. The synergy of orbital hybridization, carrier-
mediated magnetism, and defect-related stabilization creates
a unique platform for magneto-optical multifunctionality.
These findings indicate that Ni**/Pr** co-doped CsPbCl; is not
only a promising optoelectronic material but also a potential
candidate for spintronic and magneto-optical applications.

3.13. Mechanical and elastic properties

The fact that halide perovskites can endure external stresses
without structural damage plays a crucial role in their

© 2026 The Author(s). Published by the Royal Society of Chemistry
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applications in optoelectronics and thermoelectrics. Specifi-
cally, the thermal stability, thin-film processability, and adapt-
ability of all-inorganic CsPbCl; and doped alternatives are
directly related to their mechanical resilience. Here, we present
a comprehensive analysis of the mechanical and elastic
response of pristine and Ni**/Pr** co-doped CsPbClj, extracted
from stress-strain first-principles calculations and supported
by polycrystalline averaging schemes.

3.13.1. Single-crystal elastic constants and stability. In
cubic perovskites, the independent elastic constants, C;,, and
Cy4 reflect longitudinal stiffness, transverse coupling, and shear
resistance, respectively. For pristine CsPbCl;, we obtained Cy4
=~ 48 GPa, C;, = 16 GPa, and C,, = 12 GPa values in excellent
agreement with experimental and computational benchmarks
for lead-halide perovskites.***” Introduction of Ni*" at the Pb>"
site and Pr** at the Cs" site subtly but consistently stiffens the
framework, raising the constants to C;; = 52 GPa, Cy, =
18 GPa, and C,4 = 14 GPa. This increase is physically intuitive:
the smaller Ni** ion compresses the Pb-Cl network, while Pr**
enhances electrostatic cohesion through charge compensation,
reducing the compliance of corner-sharing octahedra.

The Born-Huang criteria for cubic crystals (C1,-C;, > 0; Cq4 +
2C;, > 0; C44 > 0) are satisfied in both systems. It is worth noting
that the margin C;,-C;, is higher, ranging from 32 GPa (pris-
tine) to 34 GPa (co-doped), which is a positive indication of
increased resistance to tetragonal distortions. This reinforce-
ment is essential because lattice dislocations can be regarded as
a precursor to halide migration and the deterioration of devices
in general.

3.13.2. Mechanical stability criteria. The Born-Huang
stability conditions for cubic systems are:

Cih—-Cp>0,
Cp +2C, >0,
Cys > 0.

CsPbCl; is pristine or CsPbCl;: Cd, and these fulfill the
requirements that assess its mechanical stability. It is inter-
esting to note that the greater the difference between C;,-C;, of
the co-doped system, the better the resistance to tetragonal
distortion, which further stabilizes the perovskite structure.

3.13.3. Polycrystalline averages: bulk, shear, and Young's
moduli. To relate the changes in matter on a molecular level to
its macroscopic behavior, we have chosen a VRH (Voigt-Reuss-
Hill) average. As-grown CsPbCl; is about B = 27 GPa, G =
13 GPa, E = 34 GPa, typical of the soft semiconductor materials
lead halides. After co-doping, corresponding increases in these
values to B = 30 GPa, G = 15 GPa, and E = 38 GPa narrow the
gap with oxide perovskites while retaining desirable isovalent
elasticity.” These increments highlight the dual role of Ni**/
Pr*": they strengthen the lattice while maintaining cleavage-free
properties, a rare combination in perovskite architecture.

3.13.4. Ductility, Poisson's ratio, and practical implica-
tions. Mechanical compliance under stress is captured by
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Pugh's ratio (B/G) and Poisson's ratio (v). For pristine CsPbCl;,
B/G = 2.1 and v = 0.29 clearly point to ductile behavior. Co-
doping preserves this ductility, yielding B/G = 2.0 and v =
0.28, both of which are above the critical thresholds (B/G > 1.75;
v > 0.26).7°% Notably, this aspect of retaining ductility enables
the films to be subjected to mechanical bending and thermal
cycling without deteriorating significantly, as required for flex-
ible optoelectronic and thermoelectric devices.

3.13.5. Elastic anisotropy and lattice homogeneity. Elastic
anisotropy was analyzed using the universal anisotropy index

AY:
Gy By
GRr Br

Where Gy, Gg and By, By are Voigt and Reuss bounds for shear
and bulk moduli. Pristine CsPbCl; yields AY = 0.18, while the
co-doped system shows AY = 0.15. Both values indicate near
isotropy, with co-doping slightly reducing anisotropy. Direc-
tional shear anisotropy factors (A(100) = 2C,4/(C1; — Ci))
confirm a more uniform shear response in the co-doped lattice.
Lower anisotropy minimizes stress localization, mitigating
crack propagation in polycrystalline films.

Elastic anisotropy often dictates crack initiation and grain-
boundary weakness. The universal anisotropy index (4Y) falls
from ~0.18 in pristine CsPbCl; to ~0.15 in the co-doped system,
indicating an increasingly isotropic elastic response. Likewise,
the shear anisotropy factors A(100) shifts toward unity,
consistent with a more homogeneous distribution of mechan-
ical stiffness. This reduction in anisotropy can be directly
attributed to the homogenizing effect of charge-compensated
Ni**/Pr** substitution, which suppresses octahedral tilting and
uneven lattice strain.

The combined elastic results present a compelling narrative:
Ni**/Pr** co-doping simultaneously strengthens, stabilizes, and
homogenizes CsPbCl; while preserving ductility. Three physical
mechanisms underpin this outcome:

Such improvements extend beyond mechanics. The stabili-
zation of the cubic lattice reduces phonon scattering and defect-
mediated relaxation, consistent with the enhanced transport
robustness observed in our thermoelectric datasets (Fig. 6). This
direct coupling between elasticity and charge transport under-
scores the multifunctional benefits of Ni**/Pr*" incorporation.

In short, Ni**/Pr** co-doped CsPbCl; is not only a better
optoelectronic perovskite but also a mechanically superior host
lattice. The coexistence of increased stiffness, preserved
ductility, and reduced anisotropy makes it highly attractive for
stable, flexible, and multifunctional devices. By rationally
tuning mechanical resilience alongside optical and electronic
performance, co-doping strategies such as this pave the way
toward perovskite semiconductors that are as robust as they are
efficient.

3.14. Carrier transport

If you want to maximize the multifunctional potential of halide
perovskites, it is essential to understand charge carrier trans-
port—both in the optical and thermoelectric senses. Using
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semiclassical Boltzmann transport theory in the approxima-
tions of constant relaxation time(CRTA), we have analyzed the
Seebeck coefficient, electrical conductivity, and power factor of
pristine and Ni**/Pr** co-doped CsPbCl; over a broad temper-
ature range (200-800 K). All calculations are carried out within
BoltzTraP2, with a dense 20 x 20 x 20 k-mesh, fourior inter-
polation of band structures, and inclusion of SOC. The energy
convergence parameter was set to 10~ ° eV, ensuring the reliable
determination of band curvatures and transport integrals.

3.14.1. Seebeck coefficient (S). The Seebeck coefficient is
given by the Mott relation:

§— kg’ T d In o(E)
T 3e dE

E=Ep

where (kg) is Boltzmann's constant, (e) is the electron charge,
and (EF) is the Fermi level. For pristine CsPbCls, S at 300 K is in
the range of 320-350 uV K™ *. This decreases gradually to 250 uV
K ' by 800 K (Fig. 7). This trend represents the increased carrier
excitation in high temperatures, resulting in lower entropy
carried per unit charge. In contrast, Ni>*/Pr’" co-doping across
the same temperature range lowers S to 220-250 pvV K,
resulting from improved band curvature and a reduced effective
mass of carriers. Although the co-doped system has a lower
absolute S, this trade-off is advantageous for conductivity (see
below). This illustrates the classical Seebeck-conductivity
competition.*

3.14.2. Electrical conductivity (¢/7). The electrical conduc-
tivity per relaxation time (o/7) is extracted directly (see Fig. 7b)
from Boltzmann transport calculations. For pristine CsPbCls, o/
7 ranges from 2.5 x 10" Q" m ' s " at 300 K to 6.0 x 10" Q"
m ' s at 900 K (Fig. 5b). The Ni**/Pr’* co-doped sample shows
a consistent enhancement, from 3.0 x 10** Q™' m™' s~ at 300
Kt07.2 x 10 Q' m ' s " at 800 K.

This improvement arises from two factors: (i) band curvature
modification, where Ni-3d and Pr-4f contributions lower the
effective mass of carriers, and (ii) defect suppression, as co-
doping increases the formation energy of V,o_) and Vpy,
thereby reducing ionized-impurity scattering. Assuming a real-
istic T ~107'*-10""® s, absolute conductivities fall in the
experimental range of 10>-10°> Q™" m ™", consistent with halide
perovskite transport studies.®*

3.15. Thermal conductivity (k/7)

The thermal conductivity per relaxation time (k/t) provides
critical insight into the ability of halide perovskites to dissipate
heat under device operation. As shown in Fig. 7c, both pristine
and Ni**/Pr** co-doped CsPbCl; exhibit a monotonic increase of
k/t with temperature in the range 100-800 K, consistent with the
growing contribution of thermally activated carriers to the
electronic thermal conductivity.

For pristine CsPbCl;, «/7 increases from approximately 0.8 x
10" WK 'm 's ' at 100 K to nearly 5.5 x 10> WK 'm s '
at 800 K. In comparison, the co-doped system exhibits slightly
lower values throughout the entire temperature range, starting
at around 0.6 x 10 W K ' m™' s at 100 K and rising to
approximately 4.5 x 10" W K' m™' s' at 800 K. This

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(b) Defect Transition Levels relative to VBM/CBM
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Fig.6 (a) Defect formation energies of Clvacancy (V,,_)) and Pb vacancy (Vp) in pristine and Ni*/Pr** co-doped CsPbCls under Cl-poor/Pb-
rich chemical potentials. Co-doping increases both E¢om(Veo/—) and Erorm(Vpp), consistent with charge-compensated substitution reducing the
need for compensating native defects. (b) Schematic thermodynamic transition levels (¢) of dominant intrinsic defects relative to VBM/CBM for
pristine and NiZ*/Pr* co-doped CsPbCls. Co-doping renders V,(,—) more shallow and shifts the deep Vp,, levels toward the VBM, mitigating mid-
gap traps. Band-edge positions reflect the calculated band-gap narrowing.

reduction underscores the role of Ni**/Pr’*" incorporation in
scattering heat-carrying carriers and phonons, thereby effec-
tively suppressing thermal transport.

The suppression of «/t upon co-doping can be attributed to
several physical mechanisms: (i) lattice strain and mass
disorder caused by ionic radius mismatch (Ni** smaller than
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Pb>", Pr*" smaller than Cs"), which increases phonon scattering;
(i) defect passivation that decreases the free-carrier density,
thereby lowering the electronic contribution to «; and (iii)
orbital hybridization that alters band curvature and diminishes
the overall carrier thermal conductivity.
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Fig. 7 Calculated (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal (electrical) conductivity and (d) power factor.
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Importantly, a reduced thermal conductivity is desirable for
thermoelectric applications, as it lowers the denominator in the
figure of merit (ZT). Therefore, while pristine CsPbCl; exhibits
higher «/z, the co-doped system offers a better balance between
suppressed thermal transport and enhanced electrical
conductivity, as corroborated by the higher power factor in
Fig. 7d.

3.15.1. Power factor (PF = S$°¢). Boltzmann transport
coefficients were computed within CRTA. To avoid over-
interpretation of absolute conductivities, we report ¢/t and
PF/t = S%0/t in the main text and discuss only relative trends. In
the SI we include a minimal temperature-dependent relaxation
time, t(7), built from standard mechanisms (acoustic
deformation-potential, polar optical phonon, ionized impurity)
using our computed elastic, dielectric, and phonon inputs.
Using this 7(7) to recover absolute ¢(7) and PF(T) does not
change the direction of any trend (co-doped > pristine for PF at
T = 400 K). The power factor balances the competing effects of S
and ¢:

PF = S%¢

Although co-doping lowers S compared to pristine, the
substantial increase in ¢ more than compensates, leading to
an overall higher PF (Fig. 5d). At 600 K, PF reaches ~2.2 X
10 W m~" K in the co-doped system compared to ~1.7 x
10> W m ™' K for pristine CsPbCl,. These values are in line with
reported thermoelectric performance in halide perovskites (0.5-2.5
mW m ' K, depending on 1).%®

The improvement reflects band convergence near Er, where
Ni**/Pr*" states increase DOS degeneracy, ensuring that o rises
without an excessive penalty to S.

All transport coefficients increase with temperature, consis-
tent with enhanced carrier excitation and DOS contributions.
For n-type carriers, conductivity is higher due to dispersive
conduction bands, while p-type carriers yield larger Seebeck
coefficients from flatter valence bands. Both cases confirm the
beneficial impact of Ni**/Pr’* co-doping.

Anisotropy analysis along I'-X, I'-M, and I'-R directions
reveals slightly higher conductivity along I'-X and I'-M (lighter
electron masses), whereas Seebeck values are stronger along I'-
R (flatter hole dispersion). This directional dependence high-
lights the potential for tuning transport in epitaxially grown
films or oriented nanostructures.

The interplay of Seebeck -coefficient and conductivity
demonstrates that Ni**/Pr** co-doping resolves the S-¢ tradeoff
by reshaping band curvature and enhancing carrier mobility
while suppressing detrimental defects. As a result, the power
factor is consistently higher across temperatures, broadening
the application scope of CsPbCl; from optoelectronics to ther-
moelectric energy conversion.

Extrinsic scattering processes (t(7)) also warrant consider-
ation: impurity scattering dominates at low 7, while phonon
scattering governs at high T. Nevertheless, the observed
enhancements in ¢ and PF upon co-doping suggest that even
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under realistic 7(7) limits, co-doped CsPbCl; should retain
superior transport performance.

4. Conclusion

In this study, we demonstrated how Ni**/Pr’** co-doping
fundamentally reshapes the lattice dynamics and multifunc-
tional behaviour of CsPbCl; perovskite. Phonon dispersion
curves reveal the elimination of dynamical instabilities, with co-
doping effectively suppressing the soft vibrational modes typi-
cally associated with halide migration and instability. The
resulting mode splitting enhances phonon scattering, lowering
lattice thermal conductivity and favoring thermoelectric
performance. Simultaneously, co-doping enhances elastic
constants while maintaining ductility, thereby ensuring struc-
tural integrity under stress. Electronic and optical analyses
confirm beneficial band-edge modifications, defect passivation,
and synergistic d-d and f-f transitions, which collectively
improve absorption, luminescence, and carrier mobility.
Furthermore, spin-polarized calculations highlight the possi-
bility of d-f exchange-driven magnetism, extending the mate-
rial's  multifunctional  character to  magneto-optical
applications. Most importantly, Boltzmann transport results
demonstrate that the Seebeck-conductivity tradeoff is miti-
gated, yielding an enhanced power factor and reinforcing the
thermoelectric promise of co-doped CsPbCl;.

Overall, Ni**/Pr*" co-doping emerges as a robust and versa-
tile strategy for simultaneously stabilizing the lattice, tuning its
vibrational and mechanical properties, and boosting optical,
magnetic, and transport functionalities. These results position
Ni**/Pr** co-doped CsPbCl; as a compelling candidate for
stable, efficient, and multifunctional perovskite-based opto-
electronic and energy devices.
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