Rational growth of highly luminescent CsPbBr3 nanoparticles via alkali metal doping-enabled modification of glass networks 
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Abstract: Embedding halide perovskite nanoparticles (NPs) into glasses can be regarded as a feasible approach to improve their long-term stability when they are exposed to air or moisture. However, it remains elusive to rationally grow highly luminescent halide perovskite NPs owing to poor understanding of the relationship between glass network topology and NP precipitation. Here, by introducing alkali metal ions as “B-phase structural scissors”, the precipitation and aggregation of NPs are optimized based on glass network topology modulation, which boosts their photoluminescence performance. After Li doping, the photoluminescence quantum yield of CsPbBr3 perovskite NPs embedded in glass increases by 39% with respect to that of the undoped counterpart. The alkali metal ions are utilized to reduce thermal activation energy from 130.04 KJ mol-1 to 125.35 KJ mol-1 according to thermodynamics analysis, which echoes a decrease in lattice spacing and an increase in size of NPs. Benefiting from excellent chemical inertness, the luminescence intensity of as-made CsPbBr3 NP embedded glass retains near unity after soaking them in water for 180 days. The utilization of alkali metals as a facile strategy to modify the glass network enables improved performance of target NPs, thereby providing deeper insights into the design of host-dependent NP-functionalized glass.
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1. Introduction
Inorganic cesium lead halide (CsPbX3, X=halogen) perovskite nanoparticles (NP) have garnered significant scientific interest as a promising low-cost semiconductor material owing to their cost-effective synthesis and excellent photophysical properties[1, 2]. However, colloidal CsPbX3 NPs suffer from poor long-term stability in the presence of water, heat, and light due to the low formation energies of various structural defects, which shadows their commercial applications [3, 4]. To overcome this challenge, several strategies have been developed, including surface ligand passivation, band gap shielding, and encapsulation of NPs using more stable materials such as alumina, silica and multicomponent glass, among which NPs grown in glass demonstrate greatly improved stability [5, 6]. Previous studies have demonstrated successful embedding of NPs in various inorganic oxide glass, with the crystallization of CsPbX3 induced in the glass matrix through heat treatment [7], and explored the preparation of composite glass synthesized by different processes [8]. However, for growing CsPbX3 NPs in the glass matrix by post-annealing, the reasons behind the selection of glass compositions and topological structures conducive to the growth of CsPbX3 NPs remain elusive.
Since CsPbX3 NPs at glass matrices form via the process of migration and accumulation of Cs, Pb and halogen elements, the glass network can directly impact the quality of the resultant NPs. Among various strategies, doping engineering has been recognized as a well-established approach in modulating glass networks, which allows deliberate control over the coordination field, valence bonds, and symmetry of the network structure [9]. It has been well known that the ion migration inside the glass is not only closely related to the activation volume [10], but also can lower the viscosity of the glass melts by introducing alkali metal ions, modify the glass networks, and thus reduces the activation energy for ion migration in the final glass. However, to the best of our knowledge, little attention has been paid to the investigation of the effect of glass network on the optical quality, especially the luminescence properties, of NPs. Given that the topological network structure of glass significantly influences the nucleation and growth of NPs when annealing glass at certain temperatures, we hypothesized that, if we judiciously tune the topology of candidate glass networks, we could have a chance to realize the growth and optimization of the properties of CsPbX3 NPs in a rational manner.
In this work, we demonstrated a design concept for the growth of luminescent CsPbBr3 NPs by regulating the topological characteristics of glass using Li+. We chose Li+ as the modifier of the glass network because it can significantly regulate the glass network due to the smallest radius and the strongest electric field strength among alkali metal ions. By controlling the topological evolution within the glass matrix, the precipitation state of the nanoparticles is optimized, resulting in a significant enhancement in the quantum efficiency of CsPbBr3 NPs in glass.
2. Experimental Section

2.1 Preparation of CsPbBr3 NPs embedded in glass
Alkali metal doped CsPbBr3 NPs embedded in glass was prepared by conventional high-temperature melting, quenching, and subsequent heat treatment. Silicate glass is characterized by high transparency, low melting point, and high glass-forming ability [11]. Its main components include SiO2 with a network structure and B2O3 with a layered structure. Further addition of ZnO as a network modifier to form borosilicate zinc glass helps enhance the connectivity of the glass structure, while also lowering the glass's melting temperature and increasing its rigidity [12]. Glass matrices were designed with molar compositions of 35SiO2-32B2O3-16ZnO-9Cs2CO3-7.2PbBr2-14.4KBr-xM2CO3 (M = Li, Na, K) (x = 0.00~0.10 mol). The raw materials were weighed using a scale, added to an agate mortar, ground thoroughly, and poured into a corundum crucible. Subsequently, the glass was sintered and melted in a muffle furnace at 1200 °C for 15 minutes, followed by placing it on a preheated mold. The obtained glass samples were annealed in an annealing furnace at 350 °C for 2 hours and cooled to room temperature. The precursor glass samples were then heat treated in a muffle furnace at 470 °C for 10 hours.
2.2 Characterization of CsPbBr3 NPs embedded in glass
To analyze the crystal morphology and size of CsPbBr3 NPs, various techniques were used. X-ray Diffraction (XRD) was performed with a Rigaku Ultima IV using Cu Kα radiation (scan range: 10° to 50°, scan rate: 8°/min). Energy Dispersive Spectroscopy (EDS) and High-resolution Transmission Electron Microscopy (HRTEM) were done with a JEOL 2100F TF20. Absorption spectra were recorded with a Hitachi UH4150 UV-visible-near-infrared spectrophotometer (200 to 800 nm). Photoluminescence (PL) spectra, thermal cycling curves, and water resistance were measured with a Hitachi F-7000 spectrophotometer. Photoluminescence quantum yields (PLQYs) and time-resolved PL lifetime were determined with an Edinburgh FS5 fluorescence spectrometer. Fourier-transform infrared spectroscopy (FTIR) was done with a Nicolet 6700 (2000-400 cm-1). Raman spectra were acquired with a Renishaw InVia Raman spectrophotometer (633 nm, 100-1000 cm-1). X-ray Photoelectron Spectroscopy (XPS) was performed with a Kratos AXIS Ultra DLD. Differential Scanning Calorimeter (DSC) testing was done with a NETZSCH STA 449F3 (0 to 550 °C). All measurements were at room temperature.
3. Results and discussion
3.1 Structural characterization and morphology of CsPbBr3 NPs embedded in glass
To examine the crystal phase of CsPbBr3 NPs within the glass matrix, we investigated the XRD pattern of NPs in glass. As depicted in Fig. 1, the primary diffraction peaks correspond to the (110), (200), (211), and (220) crystal planes of the cubic CsPbBr3 structure. This indicates that CsPbBr3 NPs have formed within the glass matrix. Notably, with the increase in Li+ concentration, there is no significant shift observed in the diffraction peaks of CsPbBr3 NPs embedded in glass. The reason for the lack of significant changes in the diffraction peaks will be explained in the TEM analysis.
To further investigate the crystal plane spacing of CsPbBr3 perovskite NPs, TEM was conducted on the glass samples. Fig. 2a exhibits the uniform distribution of CsPbBr3 NPs within the borosilicate glass substrate. However, upon the introduction of Li+ (0.04 mol), the distribution of NPs within the glass substrate becomes non-uniform, forming numerous irregular clusters (Fig. 2c). This phenomenon may be associated with the increase in the full-width at half-maximum (FWHM) of the PL spectrum after doping with 0.04 mol Li+ (Fig. 3b), which increased from the initial 25.60 nm to 26.50 nm [13]. Additionally, the nanoparticle size increased from an initial 2.96 nm (Fig. 2a) to approximately 15 nm (Fig. 2b) upon the incorporation of Li+. HRTEM images (Fig. 2(d, e)) revealed lattice spacings within the CsPbBr3 planes measuring 0.248 nm and 0.278 nm, closely matching the standard lattice spacings (d211 = 0.238 nm, d210 = 0.261 nm), indicating high structural consistency with standard lattice structures. Furthermore, in Fig. 2f, the decrease of interplanar spacing between the (211) and (210) planes in Li+-CsPbBr3 NPs embedded in glass was evident. We note that the minor variations in lattice spacing elucidate the absence of peak shifts observed in XRD. Hence, it can be inferred that the introduction of suitable Li+ leads to a reduction in lattice spacing. As shown in Fig. 2g, with the increase of Li+ concentration (0.10 mol), CsPbBr3 NPs begin to exhibit a homogeneous distribution within the borosilicate glass substrate, and the NP size reduces to approximately 3.70 nm. TEM spectra show that introducing a suitable amount of Li ions (0.04 mol) into the glass network resulted in a decrease in lattice spacing (d211 = 2.39 nm, d210 = 2.73 nm) of CsPbBr3 NPs compared with those without Li introduction (lattice spacing: d211 = 2.48 nm, d210 = 2.78 nm, nanoscale size ~2.96 nm). However, when an excessive amount of Li+ ions was introduced (0.10 mol), an increase in lattice spacing (d211 = 2.48 nm) was observed, leading to an increase in the growth barrier of NPs and a decrease in NP size (~3.7 nm). Li+ ions act as nucleating agents in the borate network and can also alter the glass's topology (B phase), acting as network modifiers. However, when excess Li+ is introduced, the effectiveness of the nucleating agent is weakened, resulting in the cessation of further nanocrystal size increase. The results obtained from XRD, [image: image3.png](a)0 sl — 0.00 Li (b) 1.2 F —0.04 Li (C) ——— 5K/min 0.00 Li
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TEM, and EDS (Fig. 2h) collectively confirm the successful synthesis of CsPbBr3 NPs within the borosilicate glass matrix [14].
Fig. 1 XRD patterns of the samples.
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Fig. 2. HRTEM maps of undoped (a, d, e) and doped 0.04 Li+ (b, c, f) CsPbBr3 NPs embedded in glass;(g) HRTEM images of 0.10 Li+-CsPbBr3 NPs embedded in glass, inset: nanoparticle size distribution; (h) EDS spectra.
3.2 XPS, Raman and FTIR analysis 
To investigate the structural modifications in the glass network, XPS analysis was performed on CsPbBr3 NPs embedded in the glass matrix, both with and without Li+ doping. Notably, the binding energy of Cs exhibits minimal changes upon the introduction of Li+, suggesting that the coordination environment of Cs remains largely unaffected (Fig. 3a). However, the binding energy of Pb and Br (Fig. 3(b，c)) noticeably increases following Li+ doping, signifying enhanced chemical bond strength between Pb and Br [15, 16], as well as improved crystallinity of CsPbBr3 NPs. These observations align with the findings from XRD and TEM, which indicate that Li+ doping promotes the growth of NPs with reduced interfacial spacing and improved nanoparticle growth. Furthermore, in Fig. 3d, it can be observed that the binding energy of Si gradually increases with increasing Li+ doping. This phenomenon may be attributed to the promotion of glass network aggregation by Li+, leading to a higher binding energy of Si. Similarly, the binding energy of B also increases (Fig. 3e), suggesting that a portion of the [BO3] triangles or [BO4] tetrahedra begins to exhibit increased disorder, transitioning from a network structure to an island structure. The O1s binding energy provides direct support for this theory (Fig. 3f). Upon Li+ doping, the O1s binding energy decreases, accompanied by a shift from an asymmetric shape to a more symmetrical shape, indicating an increased presence of non-bridging oxygen. This observation is consistent with the changes in the binding energy of B and Si. It is noteworthy that Li+ doping offers distinct advantages in terms of energy allocation within the glass lattice. Li+ as a network modifier, has a multifaceted impact on the glass network and its properties, including breaking bonds, forming dangling bonds, increasing the concentration of non-bridging oxygens, and creating defective high-energy microdomains [17, 18]. It can directly alter the composition of coordination environments (such as the transition from [BO3] to [BO4] in the B phase), strengthen covalent bonds (such as the Si-O-Si bond), and adjust the symmetry of network cells (shifting from asymmetric shapes to more symmetric shapes, such as changes in O1s binding energy). 
To investigate the internal structural changes in borosilicate glass, Raman and FTIR spectroscopy were utilized. Table 1 presents the main vibration modes observed in the Raman and FTIR spectra of the glass. The Raman spectrum (Fig. 3g) reveals a significant enhancement in the peaks at 132 cm-1 and 312 cm-1 after the introduction of Li+. This observation suggests that Li+ promotes the in-situ crystallization of CsPbBr3 within the glass matrix. At 768 cm-1, the peak enhancement is attributed to the strengthened Si-O-Si bonds. This observation confirms that Li+ facilitates the aggregation of Si within the glass network, corresponding to the variations in Si binding energy observed in XPS. Such alterations in the network's topological structure facilitate ion movement, promoting the formation and growth of glass nanoparticles during thermal treatment.
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In the FTIR spectrum (Fig. 3h), the introduction of Li+ leads to significant alterations and even disruption of the glass network structure. It promotes, to a certain extent, the phase separation within the glass, particularly the separation of B-phase, resulting in the conversion of a portion of [BO3] into [BO4] and free oxygen. This phase separation is manifested in the partial disappearance of the B-O-B bending vibration in [BO3] (701 cm⁻¹), a weakening of the [BO3] vibration band (890 cm⁻¹), and partial disappearance of boron-oxygen ring vibrations (1260 cm⁻¹).
Fig. 3. (a-f) XPS spectra. The red dashed line in the figure indicates the position of the CsPbBr3 NPs peak, and the blue dashed line indicates the position of the 0.04 Li+-CsPbBr3 NPs peak; (g) Raman spectrum; (h) FTIR spectrum.
Table 1. Raman and FTIR wave numbers and distribution of vibration modes of borosilicate glass.

	Raman /cm-1
	FTIR /cm-1
	Vibration mode

	132, 312
	
	The second order phonon model of [PbBr6]4- octahedron and the motion of Cs+ in CsPbBr3 [1] 

	
	465
	Si-O-Si rocking and asymmetric vibration [19] 

	472
	
	Diborate groups [20] 

	
	701
	[BO3] B-O-B bending vibration of a triangle [21] 

	768
	
	Si-O-Si bending and stretching units [20] 

	
	890
	[BO3] Symmetric tensile vibration band in a triangle [19] 

	
	1090
	Stretching vibrations of [BO4] and [SiO4] units [22] 

	
	1260
	Boron oxygen ring vibration [23] 

	
	1380
	[BO3] Asymmetric tensile vibration of B-O-B bonds in a triangle [24] 

	
	1620
	Flexural vibrations of OH- functional groups [21]


3.3 Optical properties of the CsPbBr3 NPs embedded in glass
Next, we investigated the impact of Li+ introduction on the optical absorption spectrum of CsPbBr3 NCs. As shown in Fig. 4a, the absorption bands of all samples continuously extend up to 540 nm. As the Li+ concentration increased from 0.00 to 0.04 mol, a gradual redshift of the absorption edge was noted, which diminished with further increase in Li+ concentration. This indicates that the size of nanoparticles initially increases and then decreases [7]. This observation aligns with the TEM results, which directly visualize the change in nanoparticle size, while the analysis of the absorption spectrum supports this change through variations in bandgap parameters. In Fig. 4b, we observe the PL spectra of CsPbBr3 NPs embedded in glass. Under 365 nm excitation, the emission of CsPbBr3 NPs occurs around 520 nm, which is consistent with previous reports [25, 26]. As the Li+ doping concentration varies, the emission spectrum of CsPbBr3 NPs shifts in accordance with the absorption spectrum. The luminescence intensity and quantum efficiency exhibit a trend of initially increasing and then decreasing. Notably, the introduction of 0.04 Li+ significantly increased the PLQYs of the CsPbBr3 NPs embedded in glass (Fig. 4c). Specifically, compared to the undoped counterparts, the PLQYs increased by 39% (detailed quantum efficiency data can be seen in Fig. 4(d, e)). Therefore, we speculate that at a 0.04 Li+ concentration, the electron loss from trap states is minimize. To further explore the dynamic changes in radiative and non-radiative recombination processes in the NPs, we conducted time-resolved PL lifetime measurements on undoped and 0.04 Li+-doped CsPbBr3 NPs glass (Fig. 4f). The results showed that with the increase in doping concentration, the average lifetime increased from 38.63 ns to 41.08 ns, indicating that the introduction of Li+ effectively suppressed nonradiative recombination of photogenerated carriers [27, 28]. As revealed by the structural analysis, introducing an appropriate amount of Li+ can optimize the dangling bond in the glass network, which could lower the activation energy of elemental migration and thus improve crystallinity of NPs. This might favor the attainment of high-quality CsPbBr3 NPs, as evidenced by the enhancement in luminescence intensity and increased fluorescence lifetime [29]
Our investigation demonstrates that the luminescence performance of NPs can be substantially improved by incorporating specific ions, such as Li+, into the glass lattice. However, it is crucial to emphasize that as the Li+ concentration continues to increase, the degree of redshift in both the absorption and emission spectra gradually diminishes, consistent with the size changes observed in TEM. This effect is particularly notable when the Li+ doping concentration reaches 0.10 mol or higher. We also observe that this is accompanied by a decrease in fluorescence intensity and PLQY. We believed that high Li+ doping might have been detrimental to the growth of high-quality NPs, as further Li+ doping could have increased the formation of grain boundaries and defects within the glass. These grain boundaries and defects could have disrupted the crystal growth process, affecting the quality of the nanoparticles. 
Additionally, we also compared the effects of other alkali metal ions on the PL of CsPbBr3 NPs. Fig. 4g presents the PL spectra of CsPbBr3 perovskite NPs incorporated into glass and doped with Li, Na, and K ions. The alkali metal dopants were tested under the same concentration, identical nanoparticles glass formulation, and with the same excitation/emission detection equipment. It was found that the impact of Li+ dopant on luminescence and regulation is more pronounced compared to Na+ and K+ dopants. This can be attributed to the comparatively smaller ionic size of Li+ and its superior capability to break bonds. To further highlight the advantages of Li+ doping, we conducted Raman analysis on both Li+ and Na+-doped samples (Fig. 4h). The results revealed a more pronounced enhancement at 132 cm-1 and 312 cm-1 ([PbBr6]4- octahedral second-order phonon modes and Cs+ motion in CsPbBr3) in Li+-CsPbBr3 NPs in glass. This suggests that Li+ is more effective in promoting the in-situ crystallization of CsPbBr3 within the glass matrix [1]. In addition, Li+ exhibits multiple advantages compared to other ions used for adjusting glass structures. As an alkali metal element, it forms the strongest ionic bond and naturally occurs as an ion in the glass matrix. This, coupled with its small radius, positions it as the most effective ion for breaking bonds, requiring only a minimal amount of Li+ ions to achieve superior bond-breaking effects.
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Fig. 4. (a) Absorption spectra, (b) PL and (c) PLQYs spectra of different concentrations; inset: photographs of glass sample taken under 365 nm UV lamp; (d, e) Detailed PLQY spectra; (f) Decay curves; (g) Excitation and PL spectra of 0.10 M+-CsPbBr3 NPs embedded in glass (M = Li, Na, K); (h) Raman spectra of 0.10 M+-CsPbBr3 NPs.
3.4 Thermodynamics analysis
It is evident from Fig. 5(a, b) that the peak area of the differential scanning calorimetry (DSC) curve decreases from 5.891 Jg-1 to 5.135 Jg-1 after Li+ doping. This observation indicates a reduction in the enthalpy of thermal change (∆H) for the Li+-doped treated glass, suggesting relatively poor thermal stability. This undesirable glass formation property may lead to phase separation problems. In order to more accurately quantify the nucleation barriers, the binding energies of the glass was calculated by plotting the AMT Equation (1) using DSC data (Fig. 5(c-f)) (Table 2):
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where is the reaction rate constant, Ea is the activation energy of the reaction, R is the gas constant, Tp is the crystalline exothermic peak temperature (in Kelvin), and C is a constant [30]. The decrease in activation energy from 130.04 KJmol-1 to 125.35 KJmol-1 after Li+ doping indicates that the formation of nanoparticles in the glass is closely related to the phase separation. The high tendency of the phase separation reduces the activation energy of the crystals. During the phase separation process, the activation energy decreases, accompanied by a reduction in the height of the potential barrier. Consequently, this leads to an accelerated reaction rate and facilitates the intermediate transition stage from the original reaction system to the NPs products (Fig. 5g) (Equation (2)): 
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where V is the reaction rate, V0 is the reaction rate constant at T=0, E is the activation energy of the reaction, K is the Boltzmann constant, and T is the temperature of the reaction [20]. These synergistic effects promote the growth of NPs and enhance the separation between the B-phase, resulting in the partial conversion of [BO3] to [BO4] and free oxygen. The [BO4] serves as a connector in the network configuration of the glass, transforming it into an island-like structure and inducing a higher degree of aggregation (Fig. 5h). Therefore, by rationally controlling the topological evolution within the glass matrix, it is possible to effectively optimize the precipitation state of the NPs.
Fig. 5. DSC curves of CsPbBr3 NPs (a) and 0.04 Li+-CsPbBr3 NPs (b); DSC curves of CsPbBr3 NPs (c) and 0.04 Li+-CsPbBr3 NPs (e) at heating rates of 5 K/min, 10 K/min, 15 K/min and 20 K/min; CsPbBr3 NPs (d) and 0.04 Li+-CsPbBr3 NPs (f) corresponding ln and the relationship between the 1/Tp; (g) The potential barrier height variation diagram; (h) Topological network structure of glass samples.
Table 2. Crystallization activation energy.
	
	-E/R
	R (JK-1mol-1)
	E (KJmol-1)

	CsPbBr3 NPs
	-15.6402
	8.31441
	130.04

	0.04 Li+-CsPbBr3 NPs
	-15.0764
	8.31441
	125.35


3.5 Stability and electroluminescence performance of CsPbBr3 NPs embedded in glass
The stability of CsPbBr3 NPs is crucial for their practical applications, making the enhancement of perovskite nanomaterials' stability a key research focus. For example, Z. Zang et al. improved the stability and PLQY of CsPbBr3 nanocrystals (NCs) using ZrO2 coatings [31]. The results showed that CsPbBr3@ZrO2 retained 81% of its initial luminescence intensity after continuous heating for 90 minutes and 70% of its initial PL intensity after being soaked in water for 70 minutes. In addition to single-layer coatings, they used CsPbBr3@Cs4PbBr6/SiO2 double-layer coatings to achieve highly stable and high-performance NCs [32]. The team also used 2-hexyldecanoic acid as a ligand to replace the conventional oleic acid ligand, achieving highly stable CsPbBr3 NCs that retained 66% of their initial intensity after being placed in ethanol for 90 minutes [33]. Furthermore, by preparing CsPbBr3@Polymethyl methacrylate composite films and SiO2-coated CsPbBr3 NCs, excellent optical performance and high stability can be achieved [34, 35]. ZnO NPs were also used to modify CsPbBr3, resulting in denser, smoother, and better crystallinity, thereby improving the performance of the NCs [36]. These coatings, ligands, and modifications significantly enhance stability and performance. Additionally, encapsulating the NCs in glass can greatly improve their stability. In this study, we demonstrated that this glass encapsulation method can achieve comparable or even higher stability. Fig. 6a illustrates the PL spectra of NPs embedded in glass at various temperatures ranging from 25 ℃ to 200 ℃ (298 K-473 K). The PL peak shifted slightly blue and widened during the process of temperature increase. This temperature-related fluorescence spectral change can be attributed to the enhanced interaction between excitons and phonons [14]. Notably, after a thermal cycling process, the PL spectra exhibit almost complete recovery (Fig. 6(b, c)). Additionally, the long-term stability of NPs embedded in glass was assessed by immersing them in water. The PL spectrum displayed negligible changes in the PL intensity at days 0, 60, 120, and 180 (Fig. 6d). These results highlight the beneficial role of inorganic glass hosts in effectively protecting NPs from water-induced decomposition and thermal stability.
By uniformly mixing the developed glass powder (0.04 Li+-CsPbBr3 NPs embedded in glass) with the red phosphor in an appropriate ratio and dispersing it into A/B glue. After thorough mixing, the mixture was uniformly coated onto commercial blue light chips to fabricate white light-emitting devices for light-emitting diode (LED) applications. (with CsPbI3 NPs embedded in glass used as the red light compensation material). The color coordinates of the emitted white light (Fig. 6e) and the electroluminescence (EL) spectrum (Fig. 6f) are shown in the figure. Among them, the three spectra of EL are respectively derived from the blue light chip (450 nm), CsPbBr3 NPs (~520 nm), and CsPbI3 NPs (~690 nm). The resulting LED exhibited a high-quality white light with a color rendering index (CRI) of 72, a correlated color temperature (CCT) of 5413 K, and a luminous efficiency (LE) of 50.25 lmW-1. Additionally, color gamut calculations were performed, and the white LED device was designed to achieve a wide color gamut, as indicated by the white triangle in Fig. 6e, covering approximately 124.6% of the National Television Systems Commission (NTSC) television color standard (represented by the black triangle in Fig. 6e). Compared to previous studies [14, 38-41], our research achieved comparable or even higher levels of luminescence in the development of bright white LED devices (Table 3). These findings underscore the significant potential of alkali metal-doped CsPbBr3 NPs embedded in glass in the field of lighting materials.
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Fig. 6. (a) Temperature-dependent fluorescence spectrum; (b) The peak intensity contrast histogram corresponding to (a); (c) The emission intensity of NPs varies during the thermal cycle; (d) PL intensity of NPs after various days in water, with an illustration of a soaked glass sample; (e) CIE coordinates with a photo of an LED device; (f) EL spectra.
Table 3. The electrical parameters of LED lights corresponding to different materials.

	
	LE (lmW-1)
	CCT (K)
	CRI

	In this work
	50.25
	5413
	72

	Sn-doped CsPbBr3@glass [20] 
	29.06~37.70
	3128~6119
	74.2

	CaF2-dopedCsPbBr3@glass [41] 
	50.4
	\
	\

	CsPbBr3/Cs4PbBr6 QDs@glass [40]
	25
	\
	\

	CsPb2Br5@glass [39]
	42.7
	3915
	68.5

	CsPb(Cl/Br)3 QDs-Tb3+-Mn2+ trichromatic glass [38]
	\
	3136~4474
	66~86


4. Conclusion
In summary, our research has successfully demonstrated the promotion of in situ crystallization of CsPbBr3 through the addition of alkali metal dopants within boro-silicate glass matrices. This approach has led to significant enhancements the quantum yield of the resulting composite. The incorporation of glass as a host material provides crucial protection, ensuring the high stability of both light emission and resistance to water-induced degradation in NPs glass. Notably, we have established a correlation between the micro-scale effects of alkali metal doping and the macro-scale functionality of the complex material nanoparticles-glass by elucidating the relationship between glass network topology and PL performance. Furthermore, we have quantitatively described the thermodynamics governing the precipitation and aggregation processes of CsPbBr3 NPs within the glass matrix. These exceptional properties make alkali metal-ion-enabled perovskite NPs within glass matrices highly versatile for applications such as white LEDs, color displays, and various other optoelectronic applications.
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