Ag-CsPbI3 nanocomposite structure in glasses boosts photoluminescence for efficient light emitting diodes
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Abstract: Nanocomposite structures based on perovskite nanocrystals (NCs) and metal nanostructures within transparent monolithic media hold promise for a wide range of applications in optoelectronics. However, the microstructure of such nanocomposites and the reason for enhanced emissions remain incompletely understood. In this work, we present the successful creation of Ag-CsPbI3 nanocomposite within a highly transparent borosilicate glass (Ag-CsPbI3 NCs@glass). We reveal that Ag and CsPbI3 NCs form after thermal treatment of the glass, either in the form of Ag-CsPbI3 heterostructures or of separate Ag and CsPbI3 NCs. Based on combined characterization of Mott-Schottky and steady-state photoluminescence (PL) of the products, we attribute the enhanced PL in the nanocomposite of Ag-CsPbI3 to the regulation of CsPbI3 lattice by Ag ions and/or the plasmonic effect of Ag NCs. Temperature-dependent time-resolved PL measurements suggest that Ag NCs could play an important role in the relaxation process of excited carriers by increasing the radiative recombination. Moreover, the Ag-CsPbI3 nanocomposite structure within the glass matrix curtails PL quenching caused by water molecules and high temperature. Using the Ag-CsPbI3 nanocomposite, we achieve high-performance white light-emitting diodes with a color rendering index of 83.9 and luminous efficiency of 58.07 lmW-1. This work elucidates the underlying mechanism on the enhanced PL in nanocomposites containing perovskite NCs and metal nanostructures, and aids in the rational design of glass-based perovskite nanocomposites for a diversity of optoelectronic applications.
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1. Introduction
All-inorganic perovskite CsPbX3 (X = Cl, Br, I) nanocrystals (NCs) have emerged as promising semiconductor materials for applications in various optoelectronic devices such as light-emitting diode (LED), solar cell, laser and photovoltaic 
 ADDIN EN.CITE 
[1-6]
. Compared with CsPbBr3 and CsPbCl3 NCs, CsPbI3 NCs are more sensitive to moisture, high temperature, and light irradiation, which can lead to fast degradation and the formation of non-perovskite phases 
 ADDIN EN.CITE 
[7, 8]
. To enhance the stability of all-inorganic perovskite NCs, encapsulating them into stable matrices such as oxide glasses has been proposed 
 ADDIN EN.CITE 
[9-14]
. However, this commonly leads to the formation of perovskite NCs with much longer photoluminescence (PL) lifetimes with respect to colloidal counterparts, and the underlying mechanism for such slow recombination remains poorly understood.
To regulate the photophysical properties of perovskite NCs, noble metal nanostructures such as silver (Ag) or gold (Au) NCs in the glass matrix have been proposed as a viable approach to boost the PL 
 ADDIN EN.CITE 
[15-17]
. Since Ag NCs have a higher polarizability and strong plasmonic effects that can lead to higher optical field enhancement, nanocomposites with Ag and perovskite NCs can show enhanced PL from perovskite NCs 
 ADDIN EN.CITE 
[7, 15, 18, 19]
. It is noted that simultaneous formation of these metal and perovskite NCs are commonly based on preferential accumulation of specific elements in the glass matrix at certain temperatures. Nevertheless, in addition to the formation of metal NCs, it remains unclear whether metal and perovskite NCs can form heterostructures. Also, it is hard to identify whether partial metal elements can be doped into the perovskite lattice, because of the difficulty in exactly determining the composition of perovskite NCs in the final product. Since the thermal expansion coefficients of glass, halide perovskites and metal NCs are remarkably different, we took the view that the temperature-dependent photophysical behaviors of such composite systems could be different from colloidal perovskite NCs, which yet remains unexplored. Although previous work has shown that ion implanted Ag nanoparticles can significantly boost the PL from CsPbX3 NCs, this process requires large-volume, expensive experimental instrumentation 
 ADDIN EN.CITE 
[20-24]
. 
In this work, we attempted to incorporate the nanocomposite of Ag-CsPbI3 into a borosilicate glass through a thermal processing method. Specifically, we systematically investigated the concentration of Ag and thermal treatment temperatures on the growth of Ag-CsPbI3 nanostructures within the glass. The obtained products were characterized in details through high-resolution transmission electron microscope (HRTEM) and spectroscopic techniques. Our experimental results indicate that Ag and CsPbI3 NCs appear after thermal treatment of the parent glasses, either in the form of Ag-CsPbI3 heterostructures or of separate Ag and CsPbI3 NCs. Based on combined characterization of Mott-Schottky (M-S) and steady-state of the products, we attribute the enhanced PL in the nanocomposite of Ag-CsPbI3 to the plasmonic effect of Ag NCs and/or the regulation of CsPbI3 lattice by Ag ions. Temperature-dependent time-resolved PL measurements further suggest that Ag NCs could play an important role in the relaxation process of excited carriers by increasing the radiative recombination. Finally, we demonstrate that the composite has superior stability to colloidal perovskite NCs under thermal and water stresses, and shows its potential application in white light-emitting diodes. Our work offers a viable approach to boost the PL from CsPbI3 NCs and to explain the photophysical properties of such a composite system, which will aid in developing nanocomposite optoelectronic materials.
2. Experimental and measurements

2.1 In situ growth of Ag NCs@glass and Ag-CsPbI3 NCs@glass
Ag+ doped glass and CsPbI3 NCs doped glass were prepared by conventional melting and quenching method. Its molar composition is 28SiO2-39B2O3-16ZnO-17Na2CO3-0.4AgCl and 28SiO2-39B2O3-16ZnO-9Cs2CO3-6PbI2-12KI-xAgCl (x = 0~1), respectively. In a typical process, 20 g of powder mixtures were homogenized in an agate mortar and then transferred into an alumina crucible. The raw material mixture was melted at 1200 °C for 15 minutes, and then the melt was quenched in a preheated iron mold. The as-quenched glass sample was annealed at 350 °C for 2 hours to eliminate internal stress. Finally, we subjected the glass samples to a 10-hour heat treatment within the temperature range of 420 °C to 560 °C. This was undertaken with the aim of determining the optimal growth temperature for the growth of CsPbI3 NCs.
2.2 Characterization
The structural analysis of CsPbI3@glass was conducted using the Rigaku Ultima IV X-ray diffractometer (XRD), with a scan range of 10° to 80°, scan rate of 8°/min, and a step size of 0.02°. Microstructure observation and analysis were carried out using the FEI Tecnai F20 transmission electron microscope. A UV-visible-near-infrared spectrophotometer was used for the absorption spectroscopy measurements. Fourier-transform infrared spectroscopy (FTIR) data was obtained using the Nicolet 6700 infrared spectrometer. Photoluminescence spectra were measured using the Hitachi F-7000 spectrophotometer. Photoluminescence quantum yield (PLQY) and fluorescent decay curves were recorded using an Edinburgh FS5 fluorescence spectrometer. The low-temperature temperature-dependent decay curves were measured via an Edinburgh FLSP920 fluorescence spectrometer equipped with a cooling system that can provide a variable temperature environment for samples. The Mott-Schottky (M-S) curves were obtained from the CHI-660D electrochemical workstation, utilizing a standard three-electrode setup. X-ray photoelectron spectroscopy (XPS) measurements were conducted using a Kratos AXIS Ultra DLD electron spectrometer.
3. Results and discussion

3.1 Structure study of Ag-CsPbI3 NCs@glass
We utilized the melt-quenching method to prepare the mother glasses, and then thermally annealed them at certain temperatures to grow CsPbI3 and /or Ag NCs in the glass matrix. Two kinds of samples, CsPbI3 NCs-containing and Ag and CsPbI3 NCs-containing glasses, were prepared, which are denoted CsPbI3 NCs@glass and Ag-CsPbI3 NCs@glass, respectively. XRD patterns of CsPbI3 NCs@glass and Ag-CsPbI3 NCs@glass are shown in Fig. 1a. Due to the low crystallinity of CsPbI3 NCs, only a few peaks in all samples could match the α-phase of CsPbI3; we note that determining the lattice parameter variations based on these peaks is challenging. Moreover, the characteristic peaks of Ag NCs are not observed in the XRD patterns, which might be due to the low Ag content in the glass matrix 
 ADDIN EN.CITE 
[25-27]
. XPS analysis show that Cs or I signal can be well fitted by a single peak, while Pb 4f5/2 and 4f7/2 signals should be fitted by two peaks (Fig. S1). In contrast, a weak Ag 3d3/2 photoelectron peak is observed at around 375 eV due to the extremely low Ag content in the glass, while the Ag 3d5/2 photoelectron peak cannot be distinguished, similar to the case in previous studies 
 ADDIN EN.CITE 
[28]
. Microscopic fluorescence images distinctly reveal the distribution of red luminescent species in CsPbI3 NCs@glass and Ag-CsPbI3 NCs@glass, as shown in Fig. 1(b, c).
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Fig. 1. (a) XRD patterns of CsPbI3 NCs@glass and Ag-CsPbI3 NCs@glass. (b, c) Microscopic fluorescence images of CsPbI3 NCs@glass and 0.4Ag-CsPbI3 NCs@glass samples excited at 455 nm.

To gain more insight the microstructure and to examine the formation of NCs of our samples, we took high-resolution transmission electron microscopy measurements (Fig. 2). Firstly, elemental analysis of Ag-CsPbI3 NCs@glass was conducted using energy dispersive X-ray energy dispersion spectroscopy (EDS), as shown in Fig. 2e, confirming the presence of Cs, Pb, I, and Ag elements within the borosilicate glass. Fig. 2a shows a typical TEM image of the Ag/Cs/Pb/I-containing glass annealed at 520 °C. The fast Fourier transform (FFT) analysis shown in Fig. 2(b-d) clearly reveals overlapping diffraction patterns in the FFT images. In Fig. 2(b, c), the lattice planes correspond to the (210) and (200) crystal planes of CsPbI3 NCs and the (200) crystal plane of Ag NCs, while in Fig. 2d the lattice planes correspond to the (210) and (222) crystal planes of CsPbI3 NCs and the (111) and (220) planes of Ag NCs. From Fig. 2a, it can be seen that, compared to position ③, the nanocomposite structures at positions ① and ② exhibit more random interface contacts and lower lattice crystallinity. Similarly, in Fig. S2(a-c), we also observe nanocomposite structures with random interface contacts formed between the (200) crystal facets of CsPbI3 NCs and Ag NCs. We believe that at position ③ of the nanocomposite structure, both cubic-phase crystal structures achieved optimal contact, leading to high crystallinity. Additionally, EDS imaging reveals that the distribution of Ag matches well with that of Cs, Pb, and I in the examined regions, further confirming the formation of contact nanocomposite structures (Fig. 2e). These observations confirm the formation of Ag-CsPbI3 NCs heterostructures within the glass matrix. In addition to the observed heterostructures, some isolated Ag NCs, dispersed around CsPbI3 NCs, exist; the (200) plane corresponding to CsPbI3 NCs and the (111) and (200) planes to Ag NCs are observed (Fig. S2(d-f)). However, as shown in Fig. S3, the addition of Ag+ did not result in a significant change in the infrared peak intensity and position in the glass. The main vibrational modes observed in the infrared spectra of the glass samples are listed in Table S1. These observations suggest that the majority of Ag+ ions in the glass are reduced to Ag NCs, forming Ag-CsPbI3 NCs heterostructures and isolated Ag NCs dispersed around CsPbI3 NCs. We point out that our TEM results cannot verify whether Ag [image: image2.png]~
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ions are incorporated into the CsPbI3 lattice. 
Fig. 2. Structural Characterization of 0.4Ag-CsPbI3 NCs@glass annealed at 520 °C. (a) HRTEM image. (b, c, d) Electron diffraction patterns correspond to ①, ②and ③ in (a), respectively. (e) EDS mapping images of Cs, Pb, I, Ag, B, Si and Zn.
Since metal doping can notably influence the structure and photophysical properties of perovskite NCs [29], we next took the M-S measurements to investigate the type and flat-band potential of perovskite semiconductors. By using M-S plots at different frequencies for CsPbI3 NCs@glass and Ag-CsPbI3 NCs@glass, we determined their valence band minima (Fig. 3(a, b)). CsPbI3 NCs@glass and Ag-CsPbI3 NCs@glass, both exhibiting positive slopes, showed clear p-type semiconductor characteristics with flat-band potentials of 0.88 eV and 0.68 eV (relative to the AgCl electrode), respectively. It is noteworthy that the valence band potentials are typically about 0.2 eV more negative than the flat-band positions of p-type semiconductors. Consequently, the valence band potentials (EVB's) for CsPbI3 NCs@glass and Ag-CsPbI3 NCs@glass were determined to be 0.419 eV and 0.659 eV (relative to Normal Hydrogen Electrode (NHE)), respectively. Additionally, based on UV-Visible spectroscopy analysis, the band gaps for CsPbI3 NCs@glass and Ag-CsPbI3 NCs@glass were found to be 1.71 eV and 1.75 eV (Fig. 3c), respectively. According to the formula Eg=EVB-ECB 
 ADDIN EN.CITE 
[30-32]
, we calculated valence band potentials of 1.291 eV and 1.091 eV, respectively. The change in the band structure of CsPbI3 NCs suggests that some Ag+ ions could be incorporated into the lattice of perovskite NCs, although the crystallographic sites occupied by them are hard to be ascertained. Considering that Ag-CsPbI3 NCs@glass is closer to a p-type semiconductor with respect to CsPbI3 NCs@glass, substituting Ag+ for A-site ions cannot effectively achieve p-type doping [18]. Additionally, Ag+ and Pb2+ ions have the comparable ionic radii (Ag+ = 1.15 Å, Pb2+ = 1.19 Å), both of which can form octahedral coordination with six I- ions. All these lead us to postulate that Ag+ might substitute for Pb2+, as schematically shown in Fig. 3e. 
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Fig. 3. (a, b) M-S spectra of (a) CsPbI3 NCs@glass and (b) 0.4Ag-CsPbI3 NCs@glass annealed at 520℃. (c) Bandgap energy calculated from the UV-vis spectra. (d) Schematic of the band structure. (e) Schematic of CsPb1-xAgxI3 perovskite.
3.2 Optical properties of Ag-CsPbI3 NCs@glass
Next, we investigated the impact of Ag+ introduction on the optical absorption spectrum of CsPbI3 NCs. Initially, the glass samples doped with Ag+ were prepared at various temperatures to determine the localized surface plasmon resonance (LSPR) band of Ag NCs. LSPR band from 310 nm to 495 nm was observed in the absorption spectra of Ag-containing samples annealed at 470, 520, and 560 ˚C (Fig. 4a), which can be attributed to the plasmonic absorption of Ag NCs. CsPbI3 NCs@glass and 0.4Ag-CsPbI3 NCs@glass show similar absorption, which can be mainly attributed to CsPbI3 NCs (Fig. 4b). It is obvious that the absorption of CsPbI3 NCs is strong than the plasmonic absorption resonance peak of Ag NCs, which leads to the occurrence of an absorption peak at about 420 nm for 0.4Ag-CsPbI3 NCs@glass treated at 520 °C. It is obvious that a higher annealing temperature favors the formation of Ag NCs, as indicated by the absorption spectra of 0.4Ag-CsPbI3 NCs@glass treated at different temperatures (Fig. 4a, c). When the Ag+ concentration is 0.4 mol%, the sample exhibits significantly enhanced luminescence intensity, with a 56.69% increase in luminescence intensity and a 78% increase in the PL quantum yield (PLQY) (Fig. 4(d, f)). We note that the PL of 0.4Ag-CsPbI3 NCs@glass blueshifts with respect to that of CsPbI3 NCs@glass, which is consistent with the M-S result. It is found that the PL of CsPbI3 NCs was significantly quenched for the sample annealed at 540 and 560 °C (Fig. 4e), suggesting that a higher annealing temperature results in poorer crystal quality of CsPbI3 NCs. This may be due to the overgrowth and increased structural imperfections of CsPbI3 NCs at high temperatures.
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Fig. 4. (a) UV-vis absorption spectra of glass and 0.4Ag NCs@glass at different heat-treatment temperatures. Inset: the photographs of the corresponding glass samples. (b) UV-vis absorption of CsPbI3 NCs@glass and 0.4Ag-CsPbI3 NCs@glass at 520℃. (c) UV-vis absorption of 0.4Ag-CsPbI3 NCs@glass at different heat-treatment temperatures. (d) Emission spectra of CsPbI3 NCs @glass and 0.4Ag-CsPbI3 NCs@glass obtained at 520℃. (e) Emission spectra of 0.4Ag-CsPbI3 NCs@glass nanocomposite obtained at different heat-treatment temperatures. Inset: photographs of glass sample taken under illumination with sunlight and a 450 nm UV lamp. (f) PLQY of the samples as a function of treatment temperature.
3.3 Luminescence lifetime analysis
The combined results discussed above unambiguously indicate that the Ag-CsPbI3 nanocomposite can boost the PL from CsPbI3 NCs, and that the band structure of CsPbI3 NCs can be altered possibly due to the incorporation of partial Ag+ ions into the lattice of perovskite NCs. We further investigated the carrier dynamics through PL lifetime measurements. The decay curves were obtained for all samples under excitation at 450 nm and can be fitted by a bi-exponential decay function. We point out that the PL lifetime of CsPbI3@glass with a PLQY of 28.84% is 306.06 ns that is much longer than that of colloidal CsPbI3 NCs (Fig. 5a) [33]. The extremely long lifetimes of perovskite NCs was also observed in CsPbBr3@glass [20]. We postulated that shallow traps near the band edge, either in the core or at the surface of perovskite NCs, could delay the decay of excited carriers via a trapping-detrapping process. We find that the CsPbI3@glass demonstrates unusual temperature-dependent decays; with decreasing temperature, the lifetime first becomes longer and then shorter, suggesting complicated temperature-dependent carrier dynamics. This may be caused by the difference in the thermal expansion coefficient of glass and CsPbI3.
Compared with CsPbI3 NCs@glass, xAg-CsPbI3 NCs@glass (x = 0.2, 0.4, 0.6, 0.8) shows faster PL decay at room temperature, which could be attributed to the suppressed formation of shallow traps because of Ag+ incorporation into the lattice and/or increased radiative recombination rates caused by Ag NCs (Fig. 5b). Astonishingly, we find that, with decreasing the temperature, the lifetime of 0.4Ag-CsPbI3 NCs@glass monotonously decreases, from 62.78 ns at room temperature to 17.98 ns at 10 K, suggesting faster recombination rates of excited carriers at low temperatures (Fig. 5c). We note that, in the case of trapping-mediated relaxation of excited carriers, detrapping of carriers from shallow traps are closely associated with the thermal energy, and that low-temperature typically leads to slow release of trapped carriers that can lead to long-lived emission [34]. Based on this consideration, the observed shortened lifetime in the Ag-CsPbI3 nanocomposite with respect to that in CsPbI3 NCs@glass could be mainly attributed to the increased radiative recombination caused by Ag NCs [这里填加一个文献J. Phys. Chem. Lett. 2021, 12, 1520–1541].
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Fig. 5. (a) Temperature-dependent PL decays of CsPbI3 NCs@glass annealed at 520℃. (b) PL decays of xAg-CsPbI3 after annealed at 520 ˚C (x=0.2, 0.4, 0.6, 0.8). (c) Temperature-dependent PL decays of 0.4Ag-CsPbI3 NCs@glass annealed at 520℃.
3.4 Thermal and moisture stabilities of Ag-CsPbI3 NCs@glass 
The stability of CsPbI3 NCs is a crucial indicator for evaluating their persistent performance under various environmental conditions. High stability is essential to ensure the long-term performance and reliability of the material in extended use and applications. Therefore, significant efforts have been devoted to enhancing the stability of perovskite nanomaterials. For instance, P. Zhu et al. utilized UV resin (UVR) encapsulation for CsPbX3 nanocrystals (NCs) to enhance the stability of NCs under conditions of air exposure, moisture, and light. After 60 days of exposure to air, the photoluminescence quantum yield (PLQY) of CsPb(Br0.3I0.7)3 NCs decreased from the initial 77% to 42%, while CsPbBr3 maintained over 80% of its initial PLQY after 180 days of placement 
 ADDIN EN.CITE 
[35, 36]
. Therefore, encapsulating perovskite nanocrystals in UVR demonstrates outstanding stability and high performance. Additionally, it has been observed that encapsulating nanocrystals in different glass systems can also enhance their stability. By selecting appropriate glass substrates and employing a dense glass network structure coating, the contact between CsPbI3 quantum dots and the external environment can be effectively isolated, thereby enhancing the stability of the quantum dots and expanding the potential applications of perovskites in optoelectronics 


[9-14] ADDIN EN.CITE . In this study, we demonstrated comparable, or even superior, stability. While resin encapsulation offers greater flexibility in the manufacturing process, glass encapsulation proves more versatile in terms of performance modulation. It allows for not only the enhancement of performance through doping CsPbX3 nanocrystals but also the improvement of nanocrystal performance by doping glass modifiers to adjust the glass network 
 ADDIN EN.CITE 
[37, 38]
. We conducted comprehensive tests on the thermal stability and water resistance of Ag-CsPbI3 NCs@glass nanocomposite samples. In the thermal stability tests, we exposed the samples to high-temperature environments for thermal cycling assessments (Fig. 6(a, b)). With increasing temperature, the enhancement of excitonic non-radiative transitions gradually led to a reduction in fluorescence intensity, ultimately resulting in fluorescence quenching. After a cycle of thermal cycling, full fluorescence recovery was achieved, but intensity curves recorded in the cooling and heating stages do not fully overlap. Additionally, we conducted water stability tests on Ag-CsPbI3 NCs@glass nanocomposite samples by immersing them in water and evaluating their resistance to moisture (Fig. 6(c, d)). Encouragingly, even after 180 days of immersion, the samples displayed remarkable water stability. This result indicates that the Ag-CsPbI3 NCs@glass nanocomposite maintains the integrity of its structure and the stability of its performance in humid environments. Fig. S4 illustrates the changes in full width at half maximum (FWHM) of emission spectra and PLQY of Ag-CsPbI3 NCs@glass exposed to air for 30 days. These FWHM and PLQYs remain at 95% or above of their initial levels, indicating excellent stability of the Ag-CsPbI3 NCs@glass in ambient air. This observation reinforces the reliability and durability of the composite material under real-world application conditions, providing strong support for its use in optoelectronic devices.
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Fig. 6. (a) Temperature-dependent fluorescence of Ag-CsPbI3 NCs@glass nanocomposite recorded by excitation at 450 nm in the range of 25-200 °C. (b) The emission intensity of Ag-CsPbI3 NCs@glass nanocomposite varies from 25 °C to 200 °C during the thermal cycle. (c) The PL intensity of Ag-CsPbI3 NCs@glass nanocomposite after soaking in water for different days. (d) Photoluminescence images of Ag-CsPbI3 NCs@glass immersed in water under room temperature for different days.

3.5 LED performance of Ag-CsPbI3 NCs@glass
By carefully blending a green phosphor (LuAG) and the developed glass powder (Ag-CsPbI3 NCs@glass nanocomposite) in appropriate proportions and dispersing them in a resin, a homogeneous mixture is prepared and uniformly coated on a commercial blue chip (455 nm), creating a white LED. The electroluminescence (EL) spectrum of the device, as shown in Fig. 7a, exhibits emission of blue, green, and red light, corresponding to the commercial blue chip, LuAG, and the Ag-CsPbI3 NCs@glass nanocomposite, respectively. Furthermore, we investigated the electroluminescence spectrum of Ag-CsPbI3 NCs@glass nanocomposite. The results indicate that as the forward current increases from 5 mA to 50 mA, the spectral intensity gradually decreases (Fig. 7b). Table S2 comprehensively outlines the correlated color temperature (CCT), luminous efficiency (LE), color rendering index (CRI), and external quantum efficiency (EQE) across diverse current settings. Notably, an inverse relationship emerges: as the current increases, we observe a concurrent decline in luminous efficiency, color rendering index, and external quantum efficiency. We have observed this phenomenon to be prevalent in the study of semiconductor lighting materials, and similar occurrences frequently manifest in various types of material encapsulation 
 ADDIN EN.CITE 
[39-43]
. The enhancement of current can lead to a decrease in both luminous efficiency and color rendering index, primarily due to the diminishing proportion of luminescence attributed to fluorescent materials in the spectrum. Additionally, the inefficient conversion of blue light within the chip to the conversion material results in increased non-radiative transitions and refractive reflection, ultimately causing a portion of the excitation light to convert into heat within the material. Therefore, under high current conditions, the performance may indeed face challenges of decline. We constructed a white LED with excellent performance (color coordinate (0.30,0.32)) at 5 mA current, with LE of 58.07 lmW-1, CRI of 83.9, CCT of 7655 K, and EQE of 31.6% (Fig. 7c).
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Fig. 7. (a) EL spectra of LED deviced fabricated by mixture Ag-CsPbI3 NCs@glass powders with a commercial green phosphor. (b) EL spectra of the LED device recorded under different driving currents ranging from 5 to 20 mA. (c) CIE coordinates. Inset: The image of LED devices.

4. Conclusion

In summary, a novel Ag-CsPbI3 NCs@glass contact nanocomposite structure was constructed in a borosilicate glass. We revealed that Ag and CsPbI3 NCs, either in the form of Ag-CsPbI3 heterostructures or of separate Ag and CsPbI3 NCs, form after thermal treatment. Based on structural and photophysical characterization, we attributed the enhanced PL in the nanocomposite of Ag-CsPbI3 to the regulation of CsPbI3 lattice by Ag ions and/or the plasmonic effect of Ag NCs. Temperature-dependent time-resolved PL measurements suggest that Ag NCs plays an important role in the relaxation process of excited carriers by increasing the radiative recombination. We successfully prepared Ag-CsPbI3 NCs composite materials, enabling the coexistence of two NC structures within the glass matrix, which could be helpful for the design and fabrication of other types of nanocomposites. We point out that the amount of silver introduced is relatively small, which cannot notably impact the manufacturing cost of this material. Finally, we demonstrated that the composite has superior stability to colloidal perovskite NCs under thermal and water stresses, and show its potential application in white LEDs. Our work offers an approach to boost the PL from CsPbI3 NCs and to explain the photophysical properties of such composite systems, which will aid in the development of CsPbX3 perovskite and plasmon nanocomposite optoelectronic devices in transparent monolithic media.
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