

  nanomaterials-13-01177




nanomaterials-13-01177







Nanomaterials 2023, 13(7), 1177; doi:10.3390/nano13071177




Article



Silver Nanoclusters Tunable Visible Emission and Energy Transfer to Yb3+ Ions in Co-Doped GeO2-PbO Glasses for Photonic Applications



Augusto Anselmo Amaro 1, Guilherme Rodrigues da Silva Mattos 1, Marcos Vinicius de Morais Nishimura 1, Jessica Dipold 2, Niklaus Ursus Wetter 2 and Luciana Reyes Pires Kassab 3,*





1



Departamento de Engenharia de Sistemas Eletronicos, Escola Politécnica da Universidade de São Paulo, Av. Prof. Luciano Gualberto, 158, Travessa 3, São Paulo 05508-900, SP, Brazil;






2



Instituto de Pesquisas Energéticas e Nucleares, IPEN-CNEN, 2242, Av. Prof. Lineu Prestes, São Paulo 05508-000, SP, Brazil






3



Faculdade de Tecnologia de São Paulo, CEETEPS, Praça Cel. Fernando Prestes, 30, São Paulo 01124-060, SP, Brazil









*



Correspondence: kassablm@fatecsp.br







Academic Editor: Nikolaos G. Semaltianos



Received: 9 March 2023 / Revised: 22 March 2023 / Accepted: 24 March 2023 / Published: 25 March 2023



Abstract

:

This work investigates the optical properties of Yb3+ ions doped GeO2-PbO glasses containing Ag nanoclusters (NCs), produced by the melt-quenching technique. The lack in the literature regarding the energy transfer (ET) between these species in these glasses motivated the present work. Tunable visible emission occurs from blue to orange depending on the Yb3+ concentration which affects the size of the Ag NCs, as observed by transmission electron microscopy. The ET mechanism from Ag NCs to Yb3+ ions (2F7/2 → 2F5/2) was attributed to the S1→T1 decay (spin-forbidden electronic transition between singlet–triplet states) and was corroborated by fast and slow lifetime decrease (at 550 nm) of Ag NCs and photoluminescence (PL) growth at 980 nm, for excitations at 355 and 405 nm. The sample with the highest Yb3+ concentration exhibits the highest PL growth under 355 nm excitation, whereas at 410 nm it is the sample with the lowest concentration. The restriction of Yb3+ ions to the growth of NCs is responsible for these effects. Thus, higher Yb3+ concentration forms smaller Ag NCs, whose excitation at 355 nm leads to more efficient ET to Yb3+ ions compared to 410 nm. These findings have potential applications in the visible to near-infrared regions, such as tunable CW laser sources and photovoltaic devices.
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1. Introduction


Several reports have pointed out important photonic applications of silver (Ag) nanoclusters (NCs) in undoped and rare-earth doped glasses prepared by the melt quenching technique [1]. Most of the reports about Ag NCs were based on liquid, polymer, or organic materials [2]. Only more recently, the possibility of using oxyfluoride glasses [3] was demonstrated as they have advantages for the production of fibers, films, and other forms when compared to other materials [3,4]. Since then various glassy compositions have been reported in the literature as potential materials to host Ag NCs, such as fluorophosphates [5,6,7], zinc borate [8] CABAl [9], oxyfluorides [10,11], borosilicates [12,13], and others. The corresponding applications presented in these reports include solar cells, flexible screen monitors, white light generation, tunable visible light emission sources, and CW lasers. Ag NCs consist of the accumulation of a few tens of Ag atoms and Ag+ free ions [2,6]; they are amorphous, different to the metallic nanoparticles (NPs) [14] that are crystalline and have larger dimensions. Over tens of Ag atoms and Ag NCs aggregates form the metallic NPs evidenced by the absorption plasmon band [5]. Ag NCs differ from metallic NPs in the discretization of energy levels and, therefore, exhibit photoluminescence (PL), which depends on the laser excitation wavelength as well as on the glass composition and Ag concentration. The adequate concentration of Ag NCs also plays an important role; high concentration will facilitate their agglomeration and the formation of metallic NPs [5]. Ag NCs have special optical properties that are different from the bulk of Ag and single Ag atoms. The former is normally not luminescent, whereas the latter exhibit a narrow PL band in the UV–blue region of the electromagnetic spectrum [15]. On the other hand, Ag NCs normally exhibit a broad band that covers the visible range of the electromagnetic spectrum [2,3,4,15]. The PL is also correlated with the size of Ag NCs and can be tuned from the UV to visible (VIS) and near-infrared (NIR) by the choice of an adequate excitation wavelength. Both Ag NCs and Ag NPs have been demonstrated to be sensitizers for lanthanides, as they are capable of increasing their PL. Ag NPs enhance the PL of the rare-earth ions by the localized surface plasmon resonance (coherent oscillation of free electrons at a specific frequency that produces the enhanced local field in the vicinities of the rare-earth ions) [4,14,16,17,18,19]. On the other hand, the Ag NCs do not have these plasmonic properties and the energy transfer (ET) is the only possible mechanism that has been demonstrated [8,12,20,21,22]. In some cases, when the PL bands of Ag NCs and those of rare-earth ions are mixed, white light generation and tunable visible light can take place depending on the excitation wavelength. Potential applications of rare-earth ions doped GeO2-PbO glasses with metallic NPs were reported in the literature as waveguides to operate in the infrared region based on fs laser irradiation [23] and on the pedestal architecture [24] cover layer to enhance Si solar cell efficiency [25] and devices to promote white light emission [26]. However, GeO2-based glasses with Ag NCs have rarely been investigated, which motivated the present study. These glasses have important characteristics for photonics, such as low cut-off phonon energy (800 cm−1), which is relevant for reducing non-radiative losses, high refractive index (~2.0), large nonlinear optical properties, and wide transmission window (400–5000 nm). The viscosity of these materials depends on the annealing temperature. The growth of Ag NCs is favored in media with high viscosity, which can be achieved by annealing temperatures below the glass transition, as shown for fluorophosphate glasses [5]. Motivated by these results, we developed a way to grow Ag NCs in GeO2-PbO glasses by using annealing temperatures of 400 °C, below the glass transition temperature [27]; we also reported that higher annealing temperatures (470 °C) decrease the material’s viscosity, favoring Ag NCs aggregation and, consequently, the production of Ag NPs [27]. This work investigates the optical properties of Yb3+ doped GeO2-PbO glasses with Ag NCs; absorbance, PL, and transmission electron microscopy results are presented. The PL lifetime decay results of Ag NCs (VIS region) and Yb3+ ions (NIR region) are shown to explain the ET mechanism between both species. Visible tunable light emission is also discussed based on the influence of Yb3+ ions that limit the Ag NCs size distribution [3]. The ET processes between Ag NCs and Yb3+ ions have been reported for different glasses [3,12,28,29]. The present investigation shows for the first time the potential of GeO2-PbO glasses to host Yb3+ ions and Ag NCs as well as the ET mechanisms between them. When optically excited in the UV–blue region, PL is observed in both, the VIS region due to Ag NCs, and in the NIR region due to the Yb3+ ions, with potential for applications for very broad band light sources, lasers, and down-conversion mechanisms, which can be used to enhance photovoltaic device performance, as reported in [28,29]. The present results contribute to the researchers who work in this field and also open up new perspectives for improving the optical properties of different rare-earth ions by the presence of Ag NCs.




2. Materials and Methods


Samples of lead-germanate glass with composition (in wt%) of 40.0% GeO2 and 60.0% PbO (GP) were constructed using the well-known melt-quenching glass fabrication technique. The base composition was doped with different concentrations of AgNO3 and Yb2O3 (4.5% AgNO3, 4.5% AgNO3/2.0% Yb2O3, 4.5% AgNO3/4.5% Yb2O3, 2.0% Yb2O3, and 4.5% Yb2O3). The samples were, respectively, labelled as follows: GP 4.5Ag, GP 4.5Ag2Yb, GP 4.5Ag4.5Yb, GP 2Yb, and GP 4.5Yb. The reagents were melted in an alumina crucible at 1200 °C for one hour with mechanical stirring, then quickly poured on a pre-heated brass mold, and placed in a furnace at 420 °C for one hour to reduce the glass’s internal stresses. The sample was left inside the furnace and cooled down until the ambient temperature was reached. Samples with AgNO3 were annealed for 12 h to form Ag NCs. In oxyfluoride glasses, F− favors the formation of Ag NCs color centers [3,30]. In GP glasses, the Ag+ ions nucleation takes place by matrix-assisted reduction enabled by the non-bridging oxygen which is the only source of negative charges available for this glass system [31,32]. Finally, the samples were polished and cut to be analyzed. To measure the absorption spectra in the VIS (400–800 nm) and NIR (900–1200 nm) regions, an Ocean Optics QE65 Pro spectrometer was used. Measurements of PL in the VIS region were carried out by a Varian Cary Eclipse Fluorescence Spectrometer. The PL decay lifetime of Ag NCs was measured to investigate the energy transfer from Ag NCs to Yb3+. During this analysis, the PL decay lifetime signals were recorded at the specific predetermined wavelengths after the excitation ceased. Ag NCs PL decay lifetime was fitted by a double exponential decay function, as shown in Equation (1) [6,15,22]:


  I  t  =  A 1    ·   e x p       − t    τ  fast         +  A 2    ·   e x p       − t    τ  slow        



(1)







The PL intensity is shown as “I”,    A 1    and    A 2    are constants, t is the lifetime and the τfast and τslow are the decay lifetimes related to spin-allowed (singlet–singlet and triplet–triplet) and spin-forbidden (singlet–triplet and triplet–singlet) electronic transitions, respectively, that will be explained in the next section. The NIR PL analysis was performed using an optical parametric oscillator (OPO) laser system (Opollete TM HE 335 LD model) from Opotek Inc. (Carlsbad, CA, USA), which was pumped by a Q-switched Nd:YAG laser. The OPO was tuned to excite the samples at 355 and 410 nm, and a filter was used to block the second harmonic of the laser at 710 and 820 nm, respectively. The emission signal was obtained in a perpendicular direction with respect to the incident beam. For the PL decay lifetime analysis of Yb3+ in the NIR region, a continuous-wave diode laser operating at 405 nm was used. To measure the lifetime, the sample’s emission signal was focused into a Newport Cornerstone 260 monochromator with an IR Ge detector directly connected to a Keysight DSO1024A oscilloscope. PL decay lifetimes were fitted by a single exponential decay function. The size and shape of NCs were investigated using transmission electron microscopes (TEM) with 200 and 300 kV; electron diffraction (ED) measurements were performed to corroborate the amorphous nature of Ag NCs. For these measurements, the samples were milled, mixed with distilled water, and partially decanted. The floating part was taken to an ultra-thin carbon film deposited on a Cu grid to be analyzed. All measurements were performed at room temperature.




3. Results and Discussion


The absorption spectra of the GP glass samples doped with the specified concentrations of AgNO3 and Yb2O3 are displayed in Figure 1.



The GP 4.5Ag2Yb sample exhibits a plasmon absorption band, which is attributed to the formation of a small concentration of Ag NPs and not only NCs [6]. It is important to highlight that Ag NCs represent the accumulation of a few tens of Ag atoms and Ag+ free ions. This stage precedes the formation of Ag NPs, which are crystalline. Over tens of Ag atoms and Ag NCs aggregates form the metallic NPs evidenced by the absorption plasmon band [5]. When Yb3+ ions are added, they restrict the growth of the NCs and smaller NCs are formed [3]. So, when a larger concentration of Yb3+ is added, smaller NCs are formed. Therefore, the sample with the smallest concentration of Yb3+, which is the 4.5Ag2Yb sample, restricts less the Ag NCs growth and favors the formation of AgNPs; this explains the presence of the absorption plasmon band presented in Figure 1, for 4.5Ag2Yb sample. We cannot discard the formation of metallic NPs that may also exist but in small concentration, explaining the absence of the absorption plasmon band for 4.5Ag and 4.5Ag4.5Yb samples. Absorption bands associated with the (2F7/2 → 2F5/2) electronic transition of Yb3+ ions are also shown and increase with Yb3+ concentration.



In Figure 2, the PL spectra of the samples are displayed. A broad band is observed in the VIS region, under excitations at 355 nm (Figure 2a) and 405 nm (Figure 2b).



The broad PL band (VIS-NIR) is attributed to the presence of Ag NCs with varying sizes, as will be explained. As the concentration of Yb3+ ions in the co-doped samples increases, the Ag NCs PL decreases for both excitation wavelengths. This reduction is attributed to the ET from the Ag NCs to the Yb3+ ions, as has been reported for other glass compositions [3,12,28,29]. Figure 3 shows the normalized PL spectra under 355 nm excitation; the corresponding chromaticity diagram (CIE-1931) is presented in the inset.



The emission peak of the Ag NCs is size-dependent: small Ag NCs emit in the blue region and large Ag NCs emit in the red region of the spectra [3,6]. The presence of Yb3+ ions restrict the size of the Ag NCs [3]; so, as the concentration of Yb3+ ions increases, smaller Ag NCs are formed, shifting the peak emission to the blue region. So, the results presented in the normalized spectra of Figure 3 demonstrate that Ag NCs emit varying colors and the redshift of about 100 nm indicates the presence of larger Ag NCs in the 4.5Ag2Yb sample when compared to the 4.5Ag4.5Yb sample. We highlight that tunable VIS light emission from blue to orange takes place, depending on Yb3+ ions concentration, as is demonstrated in the inset of Figure 3. As already explained, in GP glasses, the Ag+ ions nucleation takes place by matrix-assisted reduction due to the non-bridging oxygen, the only source of negative charges available. So, Ag+ and Yb3+ ions compete for reducing agents (non-bridging oxygens); consequently, the number of reducing agents available for Ag NCs is decreased and limits their sizes [31,32].



Figure 4 shows the excitation spectra (PLE) of Ag NCs at 550 nm. We note that for the GP 4.5Ag sample, the best excitation wavelength for PL at 550 nm is around 393 nm, whereas, for a higher concentration of Yb3+, it is 357 nm. This is another indication that in samples with larger Yb2O3 concentrations smaller Ag NCs are formed [3].



The Ag NCs responsible for the absorption at shorter wavelengths are the small ones that have a high probability of singlet–singlet transitions. For a better understanding of the Ag NCs energy levels and ET to Yb3+ ions, Figure 5 presents a simplified energy diagram proposed by Vélazquez et al., based on experimental observations [15], where S0 represents the ground state, S1 the excited singlet state, T1 and T2 the excited triplet states, respectively. In this diagram, there are mainly five transitions for Ag NCs: emission in the blue region (S1 →S0), green/yellow region (T2 → S0), yellow/red region (T1 → S0), and IR and far-IR regions (S1 → T1 and T2 → T1, respectively). Spin-allowed electronic transitions are related to singlet–singlet (S1 → S0) and triplet–triplet (T2 → T1) states are related to spin-allowed electronic transitions whereas transitions between singlet–triplet (S1 → T1) and triplet–singlet (T2 → S0 and T1 → S0) states are considered spin-forbidden. So, when an excitation takes place at the UV region, a transition occurs from the ground state (S0) to the S1 excited state originating the blue emission by the spin-allowed transition (S1 → S0); moreover, relaxations to T2 and T1 triplet states originate the spin-forbidden T2 → S0 and T1 → S0 transitions, respectively, that in addition to S1 → S0 transition originate the broad band that covers the large region of the electromagnetic spectrum, as shown in Figure 2. According to Tikhomirov et al. [3,6], the region of the short wavelength of the PL spectrum corresponds to Ag NCs of smaller size, whereas the region of longer wavelength is associated to larger ones. Then the Ag NCs that emit in the blue region have the smallest size; as their size increases, the PL is redshifted [6]. Studies for other glass matrices have shown that ET from the Ag NCs to Yb3+ ions is probably due to large NCs, as shown by the black dotted arrow in Figure 5. Thus, it is the Ag NCs that emit in the NIR and transfer energy to nearby Yb3+ ions that are promoted to the excited 2F5/2 state [12,28,29]. The same energy diagram was used by Fares et al. [6] to explain the ET mechanism between Ag NCs and rare-earth ions.



Spin-allowed electronic transitions are related to singlet–singlet (S1 → S0) and triplet–triplet (T2 → T1) states, which present relatively short decay lifetimes. However, transitions between singlet–triplet (S1 → T1) and triplet–singlet (T2 → S0 e T1 → S0) states are considered spin-forbidden, being non-spontaneous and with long decay lifetimes [33,34].



Ag NCs PL around the UV-blue region is associated with fast decay times (τfast) by spin-allowed transitions between energy states. On the other hand, Ag NCs PL in the green, yellow, red, and IR regions of the spectra display slow decay times (τslow) and are associated with spin-forbidden transitions [6].



The ET mechanism between Ag NCs and Yb3+ ions was studied. Ag NCs PL decay curves were measured for the GP 4.5Ag sample, under 405 nm excitation, with detection at 500, 550, and 600 nm as presented in Figure 6. Table 1 shows the lifetime values obtained by using Equation (1).



We observe that both τfast and τslow increase with wavelength. The highest τslow value is related to 600 nm detection that corresponds to the PL of large Ag NCs in the yellow/red region. This indicates that more Ag NCs spin-forbidden transitions take place at this detection wavelength. Also, PL lifetimes are shorter for emissions in the blue region due to the spin-allowed singlet–singlet transitions (S1 → S0) showing lower growth with the increase of the wavelength compared to the spin-forbidden transitions. The results presented in Table 1 corroborate the large size distribution of Ag NCs, as already observed in other glasses [5,6], and demonstrate the multiplicity of size distribution of Ag NCs that are responsible for the different lifetimes obtained.



The PL decay curves at 550 nm, for Ag NCs under excitation at 355 nm and 405 nm are shown in Figure 7a,b, and the obtained lifetimes are listed in Table 2 and Table 3, respectively.



Table 2 and Table 3 demonstrate that both τfast and τslow decrease as Yb2O3 doping enhances, suggesting an efficient ET from Ag NCs to Yb3+ ions. These results are related to the PL results of the Ag NCs, presented in Figure 2, where the largest reduction takes place for the GP 4.5Ag4.5Yb sample, which has a larger concentration of acceptors Yb3+ ions (with respect to GP 4.5Ag2Yb sample) to receive ET, also leading to a larger reduction of the Ag NCs lifetime.



NIR PL spectra of the Yb3+ ions at 980 nm are shown in Figure 8a,b under 355 nm and 410 nm excitations, respectively.



A large PL enhancement at 980 nm (more than 100%) is observed for the GP 4.5Ag4.5Yb sample under 355 nm excitation. This sample also exhibited the lowest PL intensity at 550 nm, as shown in Figure 2a, suggesting that this is the adequate excitation wavelength to promote ET from Ag NCs to Yb3+ ions, due to the smaller Ag NCs that are best excited at 355 nm. Moreover, the GP 4.5Ag2Yb sample shows PL intensity similar to the samples without Ag NCs, indicating that there is a small number of Ag NCs with favorable dimensions to be excited under 355 nm and, consequently, provide ET to Yb3+ ions. On the other hand, under 410 nm excitation wavelength, the GP 4.5Ag2Yb sample showed the highest PL intensity at 980 nm associated with Yb3+ ions (more than 1000% with respect to the GP 2Yb sample), probably due to the larger Ag NCs that are best excited at longer wavelength (Figure 4). Moreover, the contribution of the surface plasmon resonance of Ag NPs (Figure 1), whose enhanced local field favors the PL of Yb3+ ions, at 980 nm, must be considered and also explains the higher PL of GP 4.5Ag2Yb sample when compared to GP 4.5Ag4.5Yb sample. These results can be attributed to the presence of Ag NCs with different sizes that influence the ET efficiency to Yb3+ ions. It is worth mentioning that GP samples without Ag NCs (GP 2Yb and GP 4.5Yb) also presented PL of Yb3+ ions under 355 and 410 nm excitations. This is probably caused by the excitation of Pb2+ ions, present in the GP glass matrix, which can transfer energy to the surrounding Yb3+ ions [35]. Similar behavior was observed for oxyfluoride glasses that showed ET to Yb3+ ions from the host [28,29]. Figure 9 displays the PL decay curves at 980 nm, associated with Yb3+ ions, under 405 nm diode laser excitation, whose lifetime values are shown in Table 4.



Comparing the results of GP 4.5Yb and GP 4.5Ag4.5Yb samples, we observe a slight lifetime increase (from 0.83 to 0.87 ms); on the other hand, for the GP 2Yb and GP 4.5Ag2Yb samples, a larger growth occurs (from 0.79 to 0.94 ms). The reduction of Ag NCs lifetime shown in Table 3, and the Yb3+ ions lifetime growth presented in Table 4, confirm the ET from Ag NCs to Yb3+ ions under 405 nm excitation. Although the GP 4.5Ag4.5Yb sample demonstrated the largest decrease for Ag NCs lifetimes, under 405 nm excitation (Table 3), that would suggest higher ET to this sample, it is the GP 4.5Ag2Yb sample that displayed the highest Yb3+ ions lifetime enhancement when excited at the same wavelength; this result indicates that the larger Ag NCs (Figure 3) formed in the GP 4.5Ag2Yb sample when compared to those present in GP 4.5Ag4.5Yb have more adequate sizes to be excited at 405 nm (Figure 4) and provide efficient ET to Yb3+ ions. The mentioned ET to the Yb3+ ions, as demonstrated in Figure 5, is due to the S1 → T1 transition of Ag NCs [12,28,29].



Finally, increased Yb3+ ions PL intensity at 980 nm was observed for excitations at 355 and 410 nm, respectively, depending on Yb3+ concentration; in the first case (355 nm), the largest increase occurs for the sample with higher Yb3+ concentration while, in the second case (410 nm), for the sample with a lower one. These findings can be attributed to the fact that Yb3+ restricts the growth of the Ag NCs [3].



TEM images, ED patterns, and size distribution of Ag NCs in GP 4.5Ag, GP 4.5Ag2Yb, and GP 4.5Ag4.5Yb samples are shown in Figure 10, Figure 11 and Figure 12, respectively. The amorphous nature of Ag NCs is present in Figure 10b, Figure 11b and Figure 12b.



The influence of Ag NCs size restriction caused by Yb3+ ions [3] can be observed by comparing Figure 10c, Figure 11c and Figure 12c. The average sizes of the Ag NCs are 4.7 nm, 3 nm, and 2.2 nm for the GP 4.5Ag, GP 4.5Ag2Yb, and GP 4.5Ag4.5Yb samples, respectively. Furthermore, we observe that the maximum size of Ag NCs is 7.5 nm for the GP 4.5Ag sample, and 5.5 nm for the GP 4.5Ag2Yb sample, while for the GP 4.5Ag4.5Yb sample this value reduces to 3.2 nm. These results corroborate the effects discussed before regarding the PL, PLE, and lifetime measurements.




4. Conclusions


In this research, GeO2-PbO glasses doped with Yb3+ ions with and without Ag NCs were produced by the melt-quenching technique. The impact of Yb3+ on the size of Ag NCs was studied as well as its influence on the ET processes to Yb3+ ions. The emission peak of the Ag NCs is size-dependent: small Ag NCs emit in the blue region and large Ag NCs emit in the red region of the spectra. PL spectra showed a redshift of about 100 nm indicating the presence of larger Ag NCs in the 4.5Ag2Yb sample when compared to the 4.5Ag4.5Yb sample. This was attributed to the presence of Yb3+ ions that restricts the size of the Ag NCs; then tunable visible light emission occurs from blue to orange depending on the concentration of Yb3+ ions. Ag NCs PL decay curves were measured for the GP 4.5Ag sample, under 405 nm excitation, and the detection at 500, 550, and 600 nm corroborated the large size distribution of Ag NCs. Both τfast and τslow increase with wavelength; however, decay lifetimes are shorter for spin-allowed singlet–singlet transitions (S1 → S0) and also exhibit lower growth with wavelength compared to the spin-forbidden singlet–triplet (S1 → T1) and triplet–singlet (T2 → S0 and T1 → S0) transitions. The lifetime of Ag NCs showed a decrease (at 550 nm) in the presence of Yb3+ ions, for τfast and τslow components (at 355 and 405 nm excitation) and indicated a mechanism of ET to the Yb3+ ions attributed to the S1 → T1 decay (spin- forbidden transition between singlet–triplet states of Ag NCs). These results are related to the Ag NCs PL ones, in which the largest reduction takes place for the GP 4.5Ag4.5Yb sample, whose larger concentration of acceptors Yb3+ ions (with respect to GP 4.5Ag2Yb) to receive ET, led to a larger reduction of the Ag NCs lifetime. Additionally, the PL of Yb3+ ions indicated an Ag NCs size-dependent ET, based on the excitation wavelength. The sample with the largest Yb3+ ions concentration exhibits the highest PL growth at 980 nm (more than 100%), under 355 nm excitation. On the other hand, at 410 nm pump wavelength, it is the sample with the smallest concentration that presented PL enhancement of more than 1000%. The ability of Yb3+ ions to hamper the NCs growth is responsible for these effects. Larger Yb3+ ions concentration forms smaller Ag NCs, whose excitation at 355 nm leads to more efficient ET to Yb3+ ions; on the other hand, smaller Yb3+ concentration grows larger Ag NCs and ET to Yb3+ ions occurs more efficiently at 410 nm excitation. Furthermore, the Ag NCs co-doping increases the Yb3+ lifetime at 980 nm, under 405 nm excitation, also corroborating the mentioned ET mechanism. A slight lifetime increase, from 0.83 to 0.87 ms, was observed when comparing GP 4.5Yb and GP 4.5Ag4.5Yb samples, respectively; on the other hand, comparing GP 2Yb and GP 4.5Ag2Yb samples, a larger growth occurs, from 0.79 to 0.94 ms. The reduction of Ag NCs lifetime and the Yb3+ ions lifetime growth confirms the ET from Ag NCs to Yb3+ ions under 405 nm excitation. Although the largest decrease for Ag NCs lifetimes was demonstrated for the GP 4.5Ag4.5Yb sample, under 405 nm excitation, which would suggest higher ET for this sample, it is the GP 4.5Ag2Yb sample that displayed the highest Yb3+ ions lifetime enhancement, when excited at the same wavelength; this result indicates that the larger Ag NCs of the GP 4.5Ag2Yb sample, when compared to those of GP 4.5Ag4.5Yb, have more adequate sizes to provide efficient ET to Yb3+ ions, under 405 nm excitation. Therefore, the ET mechanism from Ag NCs to Yb3+ ions (2F7/2 → 2F5/2) was attributed to the S1→T1 decay (spin-forbidden electronic transition between singlet–triplet states) of Ag NCs. Transmission electron microscopy results proved the amorphous nature of Ag NCs and their growth restriction in the presence of Yb3+ ions. In the absence of Yb3+ ions, we observed Ag NCs with size in the range of 2.0 to 7. 5 nm; with the addition of Yb3+ ions, the Ag NCs size is in the range of 0.5 to 5.5 nm and decreases to 1.6 to 3.2 nm when the concentration of the Yb3+ ions is enhanced. The present work shows not only the capability of hosting Ag NCs in GeO2-PbO glasses in the presence of Yb3+ ions but also the efficient ET mechanism between them. Moreover, it covers the lack in the literature as there are few reports that demonstrate this mechanism in other hosts, and in none of the cases GeO2-PbO glass is used, as normally the studies are performed with oxyfluorides. The results reported here, shown for the first time, suggest possible applications in the VIS to NIR regions, such as tunable CW laser sources and materials based on frequency down-conversion process to optimize photovoltaic performance.
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Figure 1. Absorption spectra of GP 2Yb, GP 4.5Yb, GP 4.5Ag, GP 4.5Ag2Yb, and GP 4.5Ag4.5Yb glass samples. 
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Figure 2. PL spectra of GP 4.5Ag, GP 4.5Ag2Yb, and GP 4.5Ag4.5Yb samples under excitation at (a) 355 nm and (b) 405 nm. 
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Figure 3. Normalized PL of GP 4.5Ag, GP 4.5Ag2Yb, and GP 4.5Ag4.5Yb samples under excitation at 355 nm. The inset shows the samples chromaticity diagram (CIE-1931). 
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Figure 4. Ag NCs normalized excitation spectra (PLE) with PL fixed at 550 nm for GP 4.5Ag, GP 4.5Ag2Yb, and GP 4.5Ag4.5Yb. 
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Figure 5. Simplified Ag NCs energy diagram with ET to Yb3+ ions. 
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Figure 6. Ag NCs PL decay curves with detection at 500, 550, and 600 nm, under 405 nm excitation for the GP 4.5Ag sample. 
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Figure 7. Ag NCs PL decay curves at 550 nm under (a) 355 nm and (b) 405 nm excitation for GP 4.5Ag, GP 4.5Ag2Yb, and GP 4.5Ag4.5Yb samples. 
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Figure 8. Yb3+ ions NIR luminescence for GP 2Yb, GP 4.5Yb, GP 4.5Ag2Yb, and GP 4.5Ag4.5Yb samples under (a) 355 nm and (b) 410 nm excitation. 
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Figure 9. Yb3+ ions PL decay curves under 405 nm excitation with detection at 980 nm for GP 2Yb, GP 4.5Yb, GP 4.5Ag2Yb, and GP 4.5Ag4.5Yb samples. 
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Figure 10. (a) TEM image of the GP 4.5Ag sample, (b) ED pattern, and (c) size distribution. 
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Figure 11. (a) TEM image of the GP 4.5Ag2Yb sample, (b) ED pattern, and (c) size distribution. 
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Figure 12. (a) TEM image of the GP 4.5Ag4.5Yb sample, (b) ED pattern, and (c) size distribution. 
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Table 1. PL decay lifetimes (fast and slow components) of Ag NCs: GP 4.5Ag sample under 405 nm excitation, and detection at 500, 550, and 600 nm.
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	Signal Wavelength (nm)
	τfast (μs)
	τslow (μs)





	500
	9.2
	33



	550
	16.1
	93.4



	600
	18.0
	113.4
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Table 2. PL decay lifetimes (fast and slow components) of Ag NCs: GP 4.5Ag, GP 4.5Ag2Yb, and GP 4.5Ag4.5Yb samples, under 355 nm excitation and detection at 550 nm.
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	Sample
	τfast (μs)
	τslow (μs)





	GP 4.5Ag
	12.3
	75



	GP 4.5Ag2Yb
	7.0
	31



	GP 4.5Ag4.5Yb
	2.0
	12
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Table 3. PL decay lifetimes (fast and slow components) of Ag NCs: GP 4.5Ag, GP 4.5Ag2Yb, and GP 4.5Ag4.5Yb samples, under 405 nm excitation and detection at 550 nm.
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	Sample
	τfast (μs)
	τslow (μs)





	GP 4.5Ag
	16.1
	93.4



	GP 4.5Ag2Yb
	11.4
	70



	GP 4.5Ag4.5Yb
	9.4
	42










[image: Table] 





Table 4. PL decay lifetimes for GP 2Yb, GP 4.5Yb, GP 4.5Ag2Yb, and GP 4.5Ag4.5Yb samples under 405 nm excitation with detection at 980 nm.
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	Sample
	Time (ms)





	GP 2Yb
	0.79



	GP 4.5Yb
	0.83



	GP 4.5Ag2Yb
	0.94



	GP 4.5Ag4.5Yb
	0.87
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
(;-wd (01) JdquinudATA

Yb

Ag nanocluster





media/file13.png
Intensity (arbitrary units)

0.1 5

0.001

o GP4.5Ag
& GP 4.5Ag 2Yb
o GP4.5Ag 4.5Yb

Intensity (arbitrary units)

' | ' |
015 020

Time (ms)

(a)

0.1 -

0.001

o GP 4.5Aqg
a  GP 4.5Ag 2Yb
o GP 4.5Ag 4.5Yb

(b)

p e
vi e
‘i: P - Eﬁ:ﬁ:} -
'-.__‘-‘ '_l:* U"h'-‘.r
A ~?_:_; . & o t..:',:l -.
AR "':.'j-;
A & D0 0 & Qetila
AS A ""l
L 0o ©
A o &¥
)
| ! | | ! | !
02 03 04 05 0.6
Time (ms)






media/file12.jpg
Intnsiy @rivary unds)

o ok 0%
Time (ns)

@

o

%

o

Time (ms)

®)





media/file18.jpg





media/file9.png
muoeor

-

mwuose6

‘llllll

¥ wupge

(;_uId (QOT) I9qUINUIALAN

Yb3+

Ag nanocluster





media/file14.jpg
[——
®





media/file20.jpg





media/file23.png
Size (nm)

E
C
/t/
~
o
~






media/file5.png
Intensity (arbitrary units)

1.0

o
oo
]

o
(o))
|

o
~
I

o
N
!

0.0

[/

[/

100 nm

- [

0-0 £, T T T T T
0.0 0.1 0.2 03 04 0.5 06 0.7 0.8
X

|
—m— GP 4.5Ag
—e— GP 4.5Ag 2Yb
—A— GP 4.5Ag 4.5Yb

400

r T T ' | g | y
500 600 700 800 900

Wavelength (nm)





media/file15.png
5000

4000 A

3000 -

2000 -

Intensity (arbitrary units)

1000 -

2 2
F5/2 == F7/2

—u— GP 2Yb
—e— GP 4.5Yb

1|—v— GP 4.5Ag 2Yb A

—A— GP 4.5Ag 4.5Yb

1800 -

—u— GP 2Yb
—e— GP 4.5Yb
—A— GP 4.5Ag 2Yb

1500 -

1200 -

900 -

975 1000 1025

900

950

1000

1050

Wavelength (nm)

(a)

1100

150 -

100 -

50 4

925

—=—GP 2Yb
—e—GP 4.5Yb
—A— GP 4.5Ag 4.5Yb

975 1000 1025 1050 1075

950

2 2
1600 Fso — “Fq2
1400 1—a—GP 2Yb

R {|—e—GP 4.5Yb

L 1200 4|—v—GP 4.5Ag 2Yb

c |l-a—GP 4.5Ag 4.5Yb

g 1000 -

=

g 800 -

Py

B 600 -

[

9

£ 400

200 -
0 -8 pNL
900

1100

Wavelength (nm)

(b)





media/file19.png





media/file2.jpg
“orasa
T Ghisman
B

vy oy )

Feorasn
[
[Berni

Wovloogh ()
(®)





nav.xhtml


  nanomaterials-13-01177


  
    		
      nanomaterials-13-01177
    


  




  





media/file11.png
Intensity (arbitrary units)

0.1

0.01

0.001

L]
A,

FA—

Q

GP 4.5Ag - 500 nm
GP 4.5Ag - 550 nm
GP 4.5Ag - 600 nm

A O
Ao
1 =t ee (8
0 A oot
I ||:I I I I ' I % I ' I A %9 '
0.0 01 02 03 04 05 06 07 038

Time (ms)






media/file6.jpg
GP 4.5Ag
—e— GP 4.5Ag 2Yb
|4 GP 4.5Ag 4.5Yb|

1.04

°
az
I
w
a0
N
=
/B

9 " 393 nm

°
>
L

Intensity (arbitrary units)
2
1

o
Y
L

0.0 T T T T T
300 325 350 375 400 425 450 475

Wavelength (nm)





media/file1.png
1.2

Absorbance

—=— GP 4.5Yb

—es— GP 4.5Ag 4.5Yb
—— GP 4.5A¢g
—v— GP 4.5Ag 2YDb
—+— GP 2YDb

I
L/

| - I ; I ; |
900 1000 1100 1200

I ; I ' 7 !
400 500 600 700
Wavelength (nm)





media/file10.jpg
Intensity (arbitrary units)

0.001

GP 4.5Ag - 600 nm

0.0

04 05
Time (ms)





media/file7.png
Intensity (arbitrary units)

—m— GP 4.5Ag
—#— GP 4.5Ag 2Yb
— 4 GP 4.5Ag 4.5Yb

1.0 -

084 357 nm

| |
| :
| |

| | .

A : '-.. 393 nm

I |
0.6 - : :
1% |
| |
|
0.4 - Y :
|
-3 |
0.2 - : 36 nm .
H—F»

0.0

—L :
350 375 400 425 450 475
Wavelength (nm)

|
300 325





media/file16.jpg
Intensity (arbitrary units)
o
>

oo b o

GP 2Yb

GP 4.5Ag 2Yb
GP 4.5Yb

GP 4.5Ag 4.5Yb|

0.0005

T T
00010 00015
Time (ms)

T 1
0.0020 0.0025





media/file3.png
Intensity (arbitrary units)

2500 —u—GP 4.5Ag 14,000 —u— GP 4.5Ag
i —e— GP 4.5Ag 2Yb _ —e— GP 4.5Ag 2Yb
—A— GP 4.5Ag 4.5Yb 12,000 - —4— GP 4.5Ag 4.5Yb
2000 A m 1
= 10,000 -
3
> ]
1500 + ® 8000 -
a _
< 6000 -
1000 = ]
)]
$ 4000 -
= .
500
2000 -
0 0 -
400 450 500 550 600 650 700 750 800 850 900 450 500 550 600 650 700 750 800 850 900
Wavelength (nm) Wavelength (nm)

(a) (b)





media/file22.jpg





media/file17.png
1.0

GP 2Yb

GP 4.5Ag 2Yb
GP 4.5Yb

GP 4.5Ag 4.5Yb

©
oo
1
o < [ &

—

s

1
K
|
.P'
.I'-

Intensity (arbitrary units)
-
(8))

— Rl 2\
e ’H‘-‘.
_l ATATE
j.lh ey / AM LA
..r_.f_, ol - _. [ iy . AT ¥y
‘,l"-*r-'\". Sl "llL e gy,
- .I'-jﬁ‘z \‘.—\" B I -Lll- Il-l.---'--r-— ----.-- .
o (A .'.1‘-.- WL AN A [ tppetiale LA SEILLE L L i LR LA T ] ] pa— P

L LS
Wl "‘"ltl.-h-r-u -k

‘. i T Ry R e L e AT —-ql--- - -
L YA - I.\' ’ e s

02 . | 0 | . | 0 | v 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

Time (ms)





media/file4.jpg
1.0

) o °
= > ®

Intensity (arbitrary units)

o
N

0.0
'

—A—GP 4.5Ag 4.5Yb,

00
%o 01 02 03 04 05 05 07 03|

400 500

600 700
Wavelength (nm)

800 900





media/file0.jpg
12{ [—=—GP45Yb
—+— GP 4.5Ag 4.5Yb

104 |——GP4.5Ag

1 —— GP 4.5Ag 2Yb o
gos], ——GP2Yb u
8

A
2.0 5
goe-“‘ '5'_‘
04 *

0.2

0.0

r T T T T
400 500 600 700 900
Wavelength (nm)

T
1000

T
1100

1
1200





media/file21.png
A, o - e, i

S N =
e i,

o hﬂﬂf// . Ty

“ DN\\Y

Size (nm)

L
]
- éﬁ%«ﬁ e
e
V s ettt T

B8 -
(96 @auanbal4

, ..“.u_. o
- rw.._...u_.._..a-..__..._
| —.»....ﬂ.. l..-_.__..q.
T kg
i gl VIR N, -






