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Abstract

Co?*-doped CsPbl; nanocrystals (NCs) (CsPbls:xCo, x =0, 0.05, and 0.10 mol%) were synthesized in
situ within a borosilicate glass matrix by the fusion method followed by controlled thermal treatment
at 500 °C for 6-24 h. Transmission electron microscopy images showed quasi-spherical NCs formed
within the glass matrix with mean diameters ranging from 6.3 to 8.4 nm, consistent with diffusion-
mediated growth under glass nanoconfinement. Energy-dispersive X-ray spectroscopy confirmed the
presence of Co within the NCs regions. X-ray diffraction patterns confirm the exclusive stabilization
of the cubic a-phase across all compositions, with a systematic shift of the (200) reflection to greater
angles with increasing Co content, evidencing B-site lattice contraction due to the substitution of Pb*
by Co?". Optical absorption and photoluminescence spectra demonstrate that Co?" incorporation
enhances the d-phase emission in the as-prepared condition, consistent with defect passivation, and
that progressive thermal treatment stabilizes band-edge excitonic emission near ~1.74 eV without
disrupting the fundamental optical response of the a-CsPbl; host. Crystal field theory and Tanabe—
Sugano analysis for d” ions in Td symmetry yielded A = 5032 cm™ and B =725 cm™ in the as-prepared
state, evolving to A = 4428 cm™ and B = 805 cm™ after thermal treatment, confirming the tetrahedral
coordination of Co?* and significant metal-iodide covalency. These results position CsPbl;:xCo NCs
embedded in glass as robust platforms for glass-integrated photonic applications.

Keywords: CsPbl; nanocrystals; borosilicate glass; melt-quenching; tetrahedral crystal field; excitonic
emission

1. Introduction

All-inorganic halide perovskite nanocrystals (NCs) (CsPbXs;, X = Cl, Br, I) have attracted
considerable attention in recent decades due to their interesting optical properties and potential for
technological applications in devices such as solar cells, light-emitting diodes, lasers, and
photodetectors [1-6]. Among these materials, CsPbl; stands out because of its direct bandgap near
1.7 eV in the visible-near-infrared spectral region, making it a strong candidate for photovoltaic and
light-emitting applications [7,8]. However, the cubic a-phase of CsPbls, which is responsible for its
excellent optical properties, is metastable at room temperature and spontaneously converts into the
non-perovskite orthorhombic 6-phase under ambient conditions [8,9]. This yellow d-phase presents
a wide bandgap of ~2.8 eV and poor optoelectronic performance, which severely limits the practical
use of CsPbl; [9,10]. In the last decade, different stabilization strategies have been explored, including
quantum confinement, compositional engineering, surface passivation, and partial ionic substitution
at the B-site [11-16].

The doping of CsPbX; NCs with transition-metal (TM) ions has been explored as an approach to
simultaneously modulate their structural and optical properties [17]. Among the available TM
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dopants, Co?" ions (3d’, high-spin) are particularly relevant due to their intense intra-3d optical
transitions, whose energies and intensities are governed by crystal-field interactions and are therefore
sensitive to local coordination geometry, ligand-field strength, and metal-ligand covalency [17]. This
behavior has been extensively documented in chalcogenide-based NCs systems and glass-NC
composites, encompassing Bi-xCoxSs, Pb1-xCoxS, Zni-4CoxO, and Zn;-CoyTe hosts, where Co?* ions
serve simultaneously as functional dopants and as spectroscopic probes of local structure [18-22].
The role of Co?* in halide perovskite matrices, however, remains comparatively limited, particularly
within fully inorganic environments where dopant segregation and phase instability represent
important constraints [23,24].

The synthesis of CsPbX; NCs within glass matrices has emerged as an effective route to
circumvent the phase instability and environmental sensitivity inherent to bulk perovskite films,
affording excellent control over NC size, high thermal stability, and strong resistance to moisture-
induced degradation [25-29]. Near the glass transition temperature (Tg), short-range atomic mobility
is sufficient to drive diffusion-limited nucleation and growth of NCs with controllable size
distributions, while the rigid vitreous network suppresses bulk devitrification and macroscopic
phase segregation [25-27]. Under these nanoconfinement conditions, the cubic a-CsPbl; phase can be
stabilized with well-defined excitonic features and photoluminescence efficiency [26,30].

Borosilicate glasses are particularly well suited for hosting iodide perovskite NCs, owing to their
low hygroscopicity, high thermal and chemical stability, and chemical compatibility with halide
precursors [25,26,28]. The borosilicate network also provides a stable confinement environment in
which transition-metal dopants incorporated at the B-site of the perovskite NCs can adopt tetrahedral
(Ta) coordination geometries, as reported for Co? ions in chalcogenide glass—nanocrystal composites
[18,20,28-32]. The crystal-field-driven optical transitions of Co? ions in Ta symmetry offer direct
spectroscopic access to local coordination geometry, ligand-field strength, and metal-ligand
covalency.

In this work, we report the optical and structural properties of Co*-doped CsPbl; NCs
(CsPbls:xCo, x =0, 0.05, and 0.10 mol%) synthesized in situ within a borosilicate glass matrix by the
fusion method followed by controlled thermal treatment. X-ray diffraction (XRD), Transmission
electron microscopy (TEM), and Energy-dispersive X-ray spectroscopy (EDX) were used to
characterize the structural and morphological properties of the NCs. Optical absorption (OA) and
photoluminescence (PL) spectroscopy were employed to analyze the optical behavior of the host
perovskite and the Co?* dopant states. Crystal field theory (CFT) and Tanabe-Sugano analysis for d”
ions in Ta symmetry were applied to determine the coordination environment and ligand-field
parameters of Co?* upon B-site substitution and thermal treatment.

2. Materials and Methods

2.1. Glass Preparation and In Situ Nanocrystal Growth

A borosilicate glass matrix with nominal molar composition 405i0,-39B,05-1Al,03-5Cs,O-
5Pbl,-10Nal (mol%) was used as host for the in situ growth of CsPbls:xCo NCs. Cobalt concentrations
of x=0, 0.05, and 0.10 mol% were defined as the molar fraction of Co?* relative to the total Pb?* content,
yielding compositions nominally described as CsPb;-xCoyls. All chemical reagents used were nearly
99.0% pure and purchased from Sigma-Aldrich.

Sample preparation followed the fusion method. Stoichiometric amounts of the precursor
powders were thoroughly homogenized in an agate mortar and transferred to an alumina crucible.
The batch was melted at 1300 °C for 20 min in an electric furnace to ensure complete fusion and
chemical homogenization of all precursors. The resulting melt was rapidly quenched onto a
preheated stainless-steel plate to suppress uncontrolled crystallization, yielding optically
transparent, homogeneous glass discs.

Thermal treatments were subsequently carried out at 500 °C for 6, 10, and 24 h to induce
diffusion-driven nucleation and growth of CsPbi-Coyls NCs within the glass matrix [25]. This
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temperature lies near the glass transition temperature (T;) of the borosilicate host, where short-range
atomic mobility of Pb%, Cs*, I, and Co?* species is sufficient to drive confined crystallization within
the rigid vitreous network, enabling controlled NC growth without macroscopic phase segregation
or bulk devitrification.

2.2. Structural and Spectroscopic Characterization

The formation, size, shape, and spatial dispersion of the CsPbl;:xCo NCs within the glass matrix
were examined by transmission electron microscopy (TEM) using a JEOL JEM-2100 instrument
operated at 200 kV. Mean particle diameters and size distributions were obtained from statistical
analysis of N =20 NCs per sample condition using the Image] software [33]. Energy-dispersive X-ray
spectroscopy (EDX), integrated with the TEM column, was used to evaluate the local elemental
composition and to verify cobalt incorporation into the nanocrystalline regions.

The crystalline structure of the CsPbl;:xCo NCs was identified by X-ray diffraction (XRD) using
a Shimadzu XRD-6000 diffractometer with Cu Ka; monochromatic radiation (A = 1.54056 A).
Diffraction profiles were collected over the angular range of 10°-60° (20).

Optical absorption (OA) spectra were recorded in the 190-900 nm range using a Shimadzu UV-
2600 double-beam UV-Vis spectrophotometer, with the bare borosilicate glass as reference.
Photoluminescence (PL) spectra were obtained under continuous-wave laser excitation at 355 nm (=
3.49 eV), with an incident power of 12 mW focused to a spot of approximately 200 um on the sample
surface. The emitted light was collected and dispersed by an Avantes multichannel spectrometer
operating in the 200-1100 nm range. All measurements were performed at room temperature.

3. Results and Discussion

3.1. Nanocrystal Morphology and Size Distribution

Figure 1 shows TEM micrographs and corresponding particle size distribution histograms of
CsPbl; NCs grown in the borosilicate glass matrix after thermal treatment at 500 °C for 6(a), 10(b),
and 24(c) h. In all conditions, discrete nanometric domains are clearly resolved within the amorphous
matrix, exhibiting quasi-spherical morphology. The well-defined contrast between the NCs and the
surrounding glass host is consistent with the higher electron density of the CsPbl; phase relative to
the borosilicate matrix, confirming successful in situ crystallization [25,26,29].

Statistical analysis of N = 20 NCs per condition shows a systematic increase in mean diameter
from 6.3 nm (6 h) to 7.0 nm (10 h) and 8.4 nm (24 h), corresponding to a total size increment of ~33%
over the annealing window. The size distributions are unimodal at all three annealing times,
indicating that NC growth proceeds without detectable secondary nucleation events [25,29]. The
width of the size distributions broadens progressively with annealing time, as directly observable in
the histograms of Figure 1, consistent with diffusion-mediated growth in which larger NCs develop
preferentially within the glass matrix [27,29].

The monotonic enlargement of NCs with annealing time demonstrates that thermal treatment
at 500 °C sustains continued mass transport at the NC—glass interface, driven by the residual atomic
mobility available near Ty [25,26]. The unimodal character of the distributions at all annealing times
is indicative of a growth regime dominated by the progressive incorporation of diffusing ionic species
(Pb?, Cs*, I') into pre-existing nuclei, rather than by renewed burst nucleation [29]. Even after 24 h of
annealing, the NCs remain confined below 10 nm, showing that the rigid borosilicate network
effectively restricts long-range ionic diffusion and limits excessive coarsening [25,26,29]. This size
range places all samples within or near the quantum confinement regime of CsPbls;, whose exciton
Bohr radius is estimated at ~3—4 nm [30], and is directly relevant to the optical properties discussed
in Section 3.4.
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Figure 1. TEM micrographs and corresponding particle size distribution histograms of CsPbl; NCs grown in a
borosilicate glass matrix after thermal treatment at 500 °C for (a) 6 h, (b) 10 h, and (c) 24 h. Mean diameters are
6.3, 7.0, and 8.4 nm, respectively. The systematic size increase and progressive broadening of the distributions

with annealing time are consistent with diffusion-mediated growth under glass nanoconfinement.

3.2. Structural Analysis by X-Ray Diffraction

Figure 2(a) shows the XRD patterns of CsPbls, CsPbl;:5Co, and CsPbl;:10Co NCs grown in the
borosilicate glass matrix after thermal treatment at 500 °C for 24 h, corresponding to the condition of
maximum NC size established in Section 3.1. All diffractograms display a broad halo centered near
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22°-25°, characteristic of the amorphous borosilicate glass host, superimposed by well-resolved
Bragg reflections indexed exclusively to the cubic a-CsPbls phase (space group Pm3m, JCPDS No.
16-1481) [9,13,25,26]. The diffraction peaks observed at approximately 14.2°, 20.1°, 24.5°, 28.3°, 31.8°,
40.5°, and 50.1° are assigned to the (100), (110), (111), (200), (210), (220), and (222) crystallographic
planes, respectively. No additional reflections attributable to the orthorhombic 5-CsPbl; phase, cobalt
iodide (Coly), or cobalt oxide secondary phases are detected in any of the patterns, confirming that
the thermal treatment protocol selectively stabilizes the cubic a-phase across all compositions and
that Co?* incorporation does not induce phase separation [9,10,23,27].

Figure 2(b) shows a magnified view of the (200) reflection for the three compositions. A
systematic shift of the peak maximum toward higher 20 values is observed with increasing cobalt
content, from 28.27° (dze = 0.3161 nm) in CsPbls to approximately 28.29° (dze = 0.3154 nm) in
CsPbl3:5Co and, 28.32° (d2oo = 0.3151 nm) in CsPbl3:10Co. According to Bragg's law (nA = 2d sin0), a
shift toward higher diffraction angles at constant wavelength implies a reduction in the interplanar
spacing dag and, consequently, a contraction of the cubic unit cell parameter. This behavior is
consistent with the formation of a substitutional solid solution across the composition range studied,
without evidence of phase coexistence or segregation [12,14,27].

The observed lattice contraction is attributed to the partial substitution of Pb? (ionic radius =
1.19 A in 6-fold coordination) by Co?* ions (ionic radius = 0.72 A in tetrahedral coordination) at the B-
site of the ABX; perovskite structure. Upon B-site incorporation, Co?* adopts a tetrahedral
coordination geometry (Ta) rather than the octahedral environment (On) of Pb?%, inducing local
distortion of the cubic network and the observed unit cell contraction [20,27]. The systematic
reduction in lattice parameter with increasing x is consistent with Vegard's law behavior reported for
analogous transition-metal-doped lead halide perovskite systems [23,27]. The local structural
distortion introduced by Co?* in Ta geometry is expected to modify the B-X bonding framework and
contribute to the thermodynamic stabilization of the cubic a-phase [10,12,14].
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Figure 2. XRD patterns of CsPbls, CsPbl3:5Co, and CsPbl5:10Co NCs grown in a borosilicate glass matrix after

thermal treatment at 500 °C for 24 h. (a) Diffraction profiles showing Bragg reflections indexed exclusively to the
cubic a-CsPbl; phase (space group Pm3m, JCPDS No. 16-1481), superimposed on the broad amorphous halo of
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the glass host. (b) Enlarged view of the (200) reflection showing the systematic shift to greater 20 values with

increasing Co?* content, evidencing B-site lattice contraction consistent with substitutional incorporation of Co?".

3.3. Compositional Analysis by TEM—-EDX

Figure 3 shows representative TEM micrographs and corresponding EDX spectra of CsPbls,
CsPbl3:5Co, and CsPbl;:10Co NCs subjected to thermal treatment at 500 °C for 10 h. The micrographs
confirm the formation of NCs dispersed within the borosilicate glass matrix, displaying quasi-
spherical morphology and mean diameters on the order of ~7 nm [25,26], in agreement with the size
distributions established in Section 3.1 for this annealing condition. Across all three compositions,
the NC morphology and spatial distribution remain essentially unchanged, showing that Co?
incorporation at concentrations up to 0.10 mol% does not measurably affect nucleation density,
growth kinetics, or particle morphology under the selected thermal treatment parameters [27,29].

The EDX spectrum of the undoped sample [Figure 3(a)] shows emission lines assigned to Cs (L«
=~4.3keV), Pb Ma=23keV; La=10.5keV; Lg=12.6 keV), and I (La = 3.9 keV), confirming the chemical
identity of the cubic a-CsPbl; perovskite phase [25]. An additional signal at ~1.7 keV (Si Ka) is
attributed to the surrounding borosilicate glass matrix, inevitably sampled by the electron beam
given the ~7 nm NC dimensions relative to the probe interaction volume. The prominent Cu Ka signal
at ~8 keV originates from the TEM support grid [18,19].

For the Co?*-doped samples [Figure 3 (b) and 3(c)], an additional emission feature appears at
approximately 6.9 keV, attributed to the Co Ka transition and highlighted by the blue marker in both
spectra. This signal is absent in the undoped reference, confirming cobalt incorporation within the
nanocrystalline regions [19,20,27]. The dominant Si K« signal observed in the doped sample spectra
reflects the unavoidable contribution of the borosilicate matrix to the interaction volume, a common
limitation in EDX characterization of sub-10 nm NCs embedded in oxide glass matrices [18,29]. No
emission lines assignable to Col, or cobalt oxide secondary phases are detected in any spectrum,
consistent with the XRD results of Section 3.2 [20,23].

EDX analysis in TEM mode yields spatially averaged compositional information from a region
substantially larger than an individual NC and does not independently resolve crystallographic site
occupancy or the formal oxidation state of cobalt. Taken together with the XRD results of Section 3.2,
specifically the systematic (200) peak shift indicative of B-site lattice contraction, the EDX data
support the incorporation of Co?" within the cubic a-CsPbl; nanocrystalline regions rather than
segregation into a separate cobalt-rich phase [20,23,27].
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Figure 3. TEM micrographs and corresponding EDX spectra of CsPbls, CsPbI3:5Co, and CsPbl5:10Co NCs grown
in a borosilicate glass matrix after thermal treatment at 500 °C for 10 h: (a) x = 0, (b) x = 0.05, and (c) x = 0.10
mol%. The Co Ka signal at ~6.9 keV is absent in the undoped sample and detected in both Co?*-doped
compositions, confirming cobalt incorporation within the nanocrystalline regions without evidence of cobalt-

rich secondary phases.

3.4. Optical Properties and Crystal-Field Analysis

Figure 4 shows the OA and PL spectra of CsPbl;, CsPbl5:5Co, and CsPbls:10Co NCs grown in
the borosilicate glass matrix after thermal treatment at 500 °C for 0, 6, 10, and 24 h. The spectral
evolution gives simultaneous access to two distinct electronic subsystems: the extended band states
of the CsPbl; host, which govern the excitonic response, and the localized intra-3d levels of Co?,
which reflect the crystal-field environment at the dopant site [7,9,17].
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In the as-prepared condition (0 h), the OA and PL spectra of the undoped CsPbl; sample are
characteristic of the d-phase. The absorption onset is located near 430 nm, consistent with the wide
optical bandgap of the d-phase (~2.8 eV) [9,14], and the PL spectrum shows a broad emission band
centered near ~565 nm, attributed to radiative recombination within d-phase nanocrystallites [9,25].
In the Co?-doped samples at 0 h, three absorption bands are clearly resolved in the OA spectra,
superimposed on the d-phase background, and their intensities scale with cobalt concentration.
Concurrently, the d-phase PL emission also increases in intensity with Co?" content. This behavior is
consistent with a defect-passivation mechanism, in which Co? ions occupy structural defect sites
within the d-phase nanocrystallites, improving local crystallographic order and thereby enhancing
radiative recombination efficiency [18,19].

The three absorption bands observed at 0 h are characteristic of Co?* (3d?) ions in tetrahedral
coordination (Ta), consistent with the local reordering of Co?* upon B-site substitution established in
Section 3.2 and with the well-documented preference of Co?" for Ta symmetry in halide environments
[17,18,36]. Based on the Tanabe-Sugano analysis presented in Figure 5 (lower panel), these bands are
assigned as follows: the feature at 15385 cm™ (650 nm) is attributed to the spin-forbidden *A,(*F) —
2T»(*H) transition; the band at 17391 cm™ (575 nm) corresponds to the spin-allowed *A,(*F) — “T1(*P)
transition, consistent with its comparatively greater oscillator strength [17,21,36]; and the higher-
energy feature at 20000 cm™ (500 nm) is assigned to the spin-forbidden *A;(*F) — 2T1(2G) transition.
The coexistence of one spin-allowed and two spin-forbidden transitions is consistent with a high-spin
d’ configuration in a weak Ta ligand field, as expected for Co?* in iodide-rich coordination [17,28,36].

Upon thermal treatment at 500 °C for 6 and 10 h, the OA and PL spectra show systematic
evolution in all compositions. In the undoped CsPbl; sample, the absorption edge progressively shifts
toward longer wavelengths and a narrow, high-intensity excitonic PL band assigned to band-edge
recombination of the cubic a-CsPbl; phase is stabilized at 694 nm (6 h) and 707 nm (10 h) [9,13,25].
This spectral evolution directly reflects NC growth and progressive stabilization of the cubic a-phase
established in Sections 3.1, 3.2, and 3.3. Given that the exciton Bohr radius of CsPbls is estimated at
~3—4 nm and the NCs span 6.3-8.4 nm, intermediate quantum confinement is operative during the
early annealing stages [30]. As the NCs grow, confinement effects are progressively relaxed,
contributing to the observed redshift of the excitonic emission. In the Co?*-doped samples at 6-10 h,
the a-phase excitonic emission appears at 700-707 nm for CsPbl;:5Co, where PL intensity is
attenuated relative to the undoped reference, and at 695-698 nm for CsPbls:10Co, where PL intensity
increases considerably. The enhanced PL intensity observed for CsPbl;:10Co at these intermediate
annealing times may be tentatively related to modifications in the quantum confinement regime
induced by Co?* incorporation at the B-site. However, a definitive mechanistic assignment requires
systematic size-dependent optical studies and is beyond the scope of the present work.

After thermal treatment at 500 °C for 24 h, the excitonic PL emission stabilizes at 712 nm for
CsPbls, 713 nm for CsPbl3:5Co, and 715 nm for CsPbl;:10Co, with PL maxima near ~1.74 eV across all
compositions, confirming that Co?* incorporation at the concentrations studied preserves the
fundamental optical response of the cubic a-CsPbl; host [9,25,30]. Concurrently, the Co?* absorption
bands, clearly resolved at earlier annealing stages, become progressively masked in the 24 h spectra.
This attenuation is attributed to the growth of a-CsPbl; NCs, whose absorption edge shifts toward
~690 nm with increasing annealing time, reflecting relaxation of quantum confinement. As the band
edge of the glass-NC composite progressively covers the visible spectral region, the Co?" intra-3d
bands are spectrally overlapped by the rising absorption background, reducing their visibility in the
OA spectra [25,30].

Following thermal treatment (6-24 h), four resolved Co?* absorption bands are identified in the
OA spectra of the doped samples. Based on the Tanabe-Sugano diagram in Figure 5 (upper panel),
these bands are assigned to the transitions *A,(*F) — 2E(?G) at 15635 cm™ (630 nm), *A(*F) — *T1(*P)
at 17094 cm™ (585 nm), *A,(*F) — 2T1(3G) at 18182 cm™ (550 nm), and *A,(*F) — 2T,(?G) at 20202 cm™!
(495 nm). The collective blueshift of all transitions relative to the as-prepared state reflects
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modifications in the Co?* coordination environment associated with lattice reorganization during a-
phase stabilization.

Crystal field theory and Tanabe-Sugano analysis for a d” ion in Ta symmetry (Figure 5) yielded,
for the as-prepared state (0 h), A =5032 cm™, B =725 cm™, A/B = 6.94, and C/B = 4.5. This A/B ratio
places the system within the high-spin domain, confirming the thermodynamic stability of the %A,
ground state and the absence of spin crossover toward a low-spin configuration [17]. The
nephelauxetic ratio 3 = B/Bo = 725/1120 = 0.65, taking the free-ion Racah parameter B, = 1120 cm™ for
Co?* [36], reflects significant expansion of the Co? 3d electron cloud due to covalent delocalization
into iodide ligand orbitals, consistent with the high polarizability of I and its capacity for pronounced
metal-ligand orbital overlap [31,32,36-38].

After thermal treatment (6—24 h), the crystal-field parameters evolve to A = 4428 cm™, B = 805
cm™, A/B=>5.50, and 3 =0.72. Two correlated changes underlie this evolution. The decrease in A (5032
— 4428 cm™) reflects a weakening of the crystal-field splitting experienced by Co?", consistent with a
slight increase in the average Co-I bond distance as the surrounding lattice reorganizes upon a-phase
stabilization [17,28,36]. The increase in B (725 — 805 cm™), evidenced by the rise in 5 (0.65 — 0.72),
indicates a partial reduction of metal-ligand covalency and a contraction of the effective 3d orbital
radius, interpreted as a relaxation of Co-I bond strain as the perovskite lattice approaches its
equilibrium cubic structure [18,27,38]. Throughout this evolution, the system remains in the high-
spin regime, confirming the preservation of the A, ground state.

The OA, PL, and crystal-field data show that the optical and structural properties of glass-
confined CsPbl;:xCo NCs are governed by the coexistence of delocalized excitonic states of the a-
perovskite lattice and localized 3d crystal-field excitations of Co?* [17,18,38]. Thermal treatment
controls a-phase stabilization, confinement relaxation, and the redistribution of Co?* coordination
environments, as directly read from the evolution of A and (.
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Figure 4. OA (black curves) and PL (red curves) spectra of CsPbls;, CsPbl;:5Co, and CsPbl;:10Co NCs grown in
a borosilicate glass matrix after thermal treatment at 500 °C for 0, 6, 10, and 24 h. In the undoped sample, the
absorption edge and band-edge excitonic emission progressively redshift with annealing time, reflecting NC
growth, relaxation of quantum confinement, and progressive stabilization of the cubic a-CsPbls phase. In the
Co?-doped samples, additional absorption bands assigned to the *Ax(*F) — 2T,(2H), *A,(*F) — *T1(*P), and *A,(*F)
— 2T1(2G) crystal-field transitions of tetrahedrally coordinated Co?* are resolved in the as-prepared condition (0
h), evolving to four bands assigned to *Ax(*F) — 2E(2G), *A,(*F) — *T1(*P), *A(*F) — 2T1(3G), and *A,(*F) — ?T»(?G)

after thermal treatment.
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Figure 5. Tanabe-Sugano diagrams for Co?* (3d?, T_d symmetry, C/B = 4.5) in the as-prepared state (500 °C, O h;
lower panel) and after thermal treatment (500 °C, 6-24 h; upper panel). In the as-prepared state, the crystal-field
parameters A =5032 cm™, B =725 cm™, and A/B = 6.94 are extracted from the *A,(“F) — 2T,(*H), *A,(*F) — *T1(*P),
and “A,(*F) — 2Ti1(?G) transitions. After thermal treatment, four transitions are resolved and the parameters
evolve to A =4428 cm™, B=805 cm™, and A/B =5.50, reflecting weakening of the crystal-field splitting and partial

reduction of metal-ligand covalency associated with lattice reorganization upon a-phase stabilization.

4. Conclusions

CsPbls:xCo (x =0, 0.05, and 0.10 mol%) NCs were synthesized in situ within a borosilicate glass
matrix by the fusion method followed by controlled thermal treatment at 500 °C for 6-24 h. TEM
images showed quasi-spherical NCs with mean diameters increasing from 6.3 to 8.4 nm with
annealing time, exhibiting unimodal size distributions consistent with diffusion-mediated growth
under glass nanoconfinement. XRD patterns confirmed the exclusive stabilization of the cubic a-
phase across all compositions. A systematic shift of the (200) reflection to greater angles with
increasing Co content was observed, attributed to B-site substitution of Pb?* (= 1.19 A) by Co?* (= 0.72
A), which adopts tetrahedral coordination (Ta) upon incorporation, inducing local distortion of the
cubic network without secondary phase formation. EDX analysis confirmed cobalt incorporation
within the nanocrystalline regions. OA and PL spectra showed that Co?* incorporation in the as-
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prepared condition enhances the d-phase emission intensity, consistent with defect passivation
within the d-phase nanocrystallites. Upon thermal treatment, progressive stabilization of the cubic a-
phase is accompanied by consolidation of band-edge excitonic emission near ~1.74 eV across all
compositions, confirming that Co?* preserves the fundamental optical response of the a-CsPbl; host.
Crystal field theory and Tanabe-Sugano analysis for d” ions in Td symmetry yielded A = 5032 cm™,
B =725 cm™, and 8 = 0.65 in the as-prepared state, evolving to A = 4428 cm™, B = 805 cm™, and 3 =
0.72 after thermal treatment, confirming a stable high-spin d” configuration and significant Co?—
iodide covalency. The collective blueshift of Co?* transitions reflects lattice reorganization upon a-
phase stabilization. The optical and structural data show that the properties of CsPbl;:xCo NCs in
borosilicate glass are governed by the coexistence of delocalized excitonic states of the a-CsPbl; host
and localized 3d crystal-field excitations of Co? in Td symmetry, offering a robust glass-integrated
system for photonic applications.
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