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Introduction

Materials containing metal ions, such as silver have paved new advances in modern spectroscopy. Counting with the rich optical properties of silver nanoclusters and nanoparticles, new materials have been developed for numerous applications like solar cell efficiency enhancement [1], light frequency converter [2], white light generation [3,4] and others [5][6][7]. The large UV-Vis absorption and emission is ascribed to the evolution of certain charged and uncharged silver species like, for example, Ag + , Ag 0 , and Agm n+ [8,9]. Agm n+ centers result from aggregation of y silver ions Ag + and z silver atoms Ag 0 forming Agm n+ charged nanoclusters (m=y+z and n=y) [10]. Moreover, taking into account the energy levels and the size of the Agm n+ species, broad absorption and emission spectra can be observed [11,12], making such clusters suitable for efficiently transfer energy to rare earth (RE) ions [13,14]. In one of the first publication regarding NC's-RE interaction, Tikhomirov et al., reported an energy transfer (ET) between Agm n+ and Yb 3+ in oxyfluoride glasses [15]. In that case, the Yb 3+ ions emission at 1000 nm was achieved by resonant and non-resonant excitation in Agm n+ . Huiyun Wang et al., studied a broadening excitation by codoping oxyfluoride glass resulting in a energy transfer Ag clusters → Yb 3+ ions and simultaneous energy transfer Ag clusters → Eu 3+ → Yb 3+ . Recently, Zhuang Guo et al., proved that Agm n+ is an efficient broadband sensitizer for Sm 3+ ions in the visible range [16] via energy transfer Ag clusters → Sm 3+ . From these studies we conclude that RE 3+ energy levels may be assessed via Ag clusters energy transfer.

Size-dependent of the Agm n+ species have been investigated in different glass hosts. Previous publications indicate that many factors might affect the size distribution of Ag species, such as heat treatment, Ag concentration, glass network changes and RE doping [17][18][19][20]. Concomitantly, in a system that presents rare earth ions, Agm n+ may benefit ET interactions in such a way that visible and near-infrared emissions of RE 3+ ions may be sensitized and enhanced [21,22]. Indeed, the forbidden character of 4f -4f transition make the UV-Vis cross-section of the RE 3+ small. On the other hand, the presence of Ag entities can boost the absorption efficiency, in this sense an efficient interaction among RE and Agm n+ can globally enhance the luminescence [23].

In this work, fluorophosphate glasses with molar composition 30NaPO3-30MgF2-30BaF2-10YF3 were prepared via melt-quenching method by co-doping with Pr 3+ /Yb 3+ and different silver contents. We investigate the luminescence properties of the Pr 3+ /Yb 3+ ions as a function of the silver concentration. In addition, the broadband excitation and emission of the Ag species were studied as well as their interaction with rare earth ions.

Experimental section

Glass preparation

The glass samples were prepared by the melt-quenching method with the following chemical batch composition (mol %): (29-x) NaPO3-30MgF2-30BaF2-10YF3-0.5Pr2O3-0.5YbF3 -xAgNO3 (x = 0, 2 and 10) with, approximately, 5 g to each. All compounds used were 99.9 % purity (Sigma Aldrich). The raw materials were thoroughly mixed in a speed mixer with 1000 rpm, transferred to an alumina crucible and melted at 800 °C for 30 min in ambient atmosphere to eliminate nitrates and have a homogeneous liquid. The melt was poured onto a stainlesssteel mold, preheated at 340 °C and kept at this temperature for 2 h to reduce mechanical stress due to the fast cooling. Table 1 summarizes the sample compositions: the amount of Pr2O3 and YbF3 raw materials introduced were fixed at 0.5 mol% and AgNO3 concentration between 0 and 10 mol % resulting from the AgNO3 introduced in the batch. To verify the effect of silver ions in the emission and excitation spectrum, a sample without silver was prepared. Still, for comparison, a sample without Pr 3+ ions was also prepared to evidence the energy transfer from the silver species present in the glass network (Agm n+ and Ag + ) to the Yb 3+ ions. Table 1. Molar compositions of the raw materials and samples label.

Characterizations

Absorption spectra were recorded using a Carry 5000 Spectrometer (Varian) double-beam coupled with resolution of 1 nm. The excitation and emission spectra were collected in a Horiba Jobin Yvon Fluorolog 3 equipped with Xenon lamp (450 W), an InGaAs detector and a photomultiplier tube (PMT -Hamamatsu R298) for the infrared detection and visible signal, respectively. All measurements were performed at room temperature and the samples were grinded in order to avoid re-absorption process. Emission spectra were corrected from the lamp intensity variation, configuration geometry and detectors sensitivity.

Results and discussions

Absorption Spectra

The absorption spectra of the prepared samples are depicted in Figure 1. The non-doped matrix absorption spectrum (black line) is illustrated to discriminate the rare earth and silver absorption. The PYAg0 curve clearly evidenced the insertion of Pr 3+ and Yb 3+ ions in the glass. Pr 3+ doped glass shows four groups of lines ranging from 400 to 650 nm attributed to 4f-4f absorption lines, which are emphasized on the inset graph. These peaks correspond to the 3 H4 → 3 P2, 3 P1, 3 P0 and 1 D2 excited states transitions and are located at 445, 469, 482 and 580-610 nm respectively. The Yb 3+ ( 2 F7/2 → 2 F5/2) absorption lines are visible at around 980 nm. As compared to the reference (pure host), no real influence of the rare earth doping is evidenced at high energy as the charge transfer band (CTB) between Yb 3+ and the ligands or the 4f-5d absorption band of Pr 3+ are both expected at smaller wavelength than the absorption threshold observed. The cutoff from the pure host (black line) starts in 300 nm, and this limit is shifted to longer wavelengths when the concentration of silver amounts increases. For the highest silver concentration, the absorption due to silver species clearly overlaps the absorption lines of the Pr 3+ ions. Their contribution appears as shoulder on the curves. In addition, a higher silver concentration reduces the transparency in the visible due to the brown color of the samples (see inset digital pictures in Figure 1). This color is attributed to the increases of particle size as a function of Ag amount (Ag NC's aggregate and tend to adopt a metallic behavior) and/or to the formation of Ag NP's [25]. 

Spectroscopic Results

In order to evaluate the spectroscopic properties of Ag + and Agm n+ species and their interaction with the rare earth ions, we dedicated a deeper attention to the photoluminescent properties. First, the emission spectra collected for excitation at 444 nm wavelength associated to Pr 3+ ions 3 H4 → 3 P2 transition are illustrated for the different samples in Figure 2. Under such an excitation (Pr 3+ : 3 H4 → 3 P2), the radiative de-excitation from

3 P0 Pr 3+ level is clearly detected in the visible range (Figure 2a). The main emissions are centered at around 486 nm, 580-620 nm and 700 nm, which correspond to the radiative transitions 3 P0 → 3 H4, 1 D2 → 3 H4, 3 P0 → 3 H6 and 3 P0 → 3 F2, respectively. The nature of the emitting levels of Pr 3+ strongly depends on the phonons energy of the host. Radiative de-excitation from 1 D2 level were reported in fluorophosphates [25], fluoroindate glasses [26], lead borate [27] glasses, as well as, oxyfluoride silicate glass-ceramics [28], whereas this level relaxes non radiatively down to the 1 G4 level in ZBLAN glass [29]. With the addition of silver ions, the Pr 3+ emissions decrease in intensity and a broadband rises, covering the region between 480 and 800 nm. The quenching of the green emission ( 3 P0 → 3 H4) is more accentuated compared to the red one (overlap between 1 D2 → 3 H4 and 3 P0 → 3 H6 lines). For the silver containing sample with x=10, the 486 nm green line almost disappeared. The persistence of a red component seems to confirm that, in the proposed materials, the potential de- excitation from 1 D2 to 1 G4 level, if existing, is limited. For comparison, the inset of the Figure 2a shows the emission of the sample for x=10 without Pr 3+ ions (pink line) under the same excitation (444 nm); in this case, we can see a wide emission that is similar to the rare earth co-doped sample containing silver (x=10).

Second, the excitation at 444 nm makes also possible the observation of the Yb 3+ 2 F5/2 → 2 F7/2 transition, pointing out energy transfer from Pr 3+ ions to the Yb 3+ ions. Several mechanisms can be proposed to illustrate such energy transfer. (1) A cross-relaxation between the 3 P0 → 1 G4 Pr 3+ transition and the 2 F7/2 → 2 F5/2 transition of Yb 3+ ions. This is followed by a multiphonon relaxation from 1 G4 down to lower energy levels and a radiative de-excitation of one Yb 3+ excited from the 2 F5/2 level. (2) Another potential mechanism could be a resonant twostep energy transfer: the cross-relaxation process proposed before could be followed by a second transfer step involving the 1 G4 → 3 H4 Pr 3+ line and 2 F7/2 → 2 F5/2 absorption. This second scheme should make possible the emission of two photons at around 1 micron. (3) A third cross relaxation process could occur between the 1 D2 → 3 F4 transition of Pr 3+ and 2 F7/2 → 2 F5/2 transition of Yb 3+ ions.

In this case, the excited Yb 3+ ion relaxes radiatively by emitting one photon and the 3 F4 → Pr 3+ level implies multiphonon de-excitation mechanism. (4) Depending on the system and concentration, back energy transfer from Yb 3+ to 1 G4 level of Pr 3+ can be observed [26,29,30]. These mechanisms may be easily accessed in the Figure 6.

Under a 444 nm excitation, the intensity of the infrared emission is strongly affected by the introduction of silver in the glass composition (the integrated intensity as function of silver content is reported in the inset of Figure 2b).

However, energy transfer from praseodymium ions seems to compete with a potential back transfer from Yb 3+ ions to other ions: the intensity of PYAg10 is superior to that of YAg10 sample (Figure 2b).

Excitation spectra performed for the most intense lines of Pr 3+ (λem = 606 nm) and Yb 3+ (λem = 980 nm) ions are illustrated in Figure 3a and3b respectively. In addition to the Pr 3+ absorption lines (lines peaking at 445, 469, 482 and 580-610 nm, see also Figure 1), the broadband ranging between 250 to 500 nm (Figure 3a), is attributed to silver species. This overlapping of silver and praseodymium excitation bands is a clear evidence of energy transfer between the Pr 3+ ions and silver species. Broad excitation bands between 250 to 500 nm (Figure 3b) are also detected in the excitation spectrum of Yb 3+ ions, showing the energy transfer pathway to this rare earth element. To discriminate the contribution of rare earth elements from that of silver species, excitation spectra were collected for a fixed emission wavelength at 564 nm for which no emission from Pr 3+ ions is observed. The corresponding spectra obtained for different silver content are illustrated in the Figure 4. The excitation curves revealed different bands. The relative intensity of these bands is modulated with the silver concentration meaning that the PYAgx glasses stabilize several species of silver depending on the silver concentration introduced and are assigned to various silver species. The spectral signature depends on the ion distribution, as well as the local environment around the silver species [26]. The deconvolution spectra point an absorption band at 230 nm (5.5

eV) that can be attributed to Ag + ions [31]. The bands ranging from 250 nm to 310 nm (≈5.2eV -4eV) overlap the absorption of silver pairs (Ag + )2 and Agm n+ silver clusters whereas the band peaking at the lowest energy could be compatible to the stabilization of Agm n+ clusters [31][32][33]. The noticeable number of silver species indicates a low dispersion of Ag in this glass system with silver aggregation starting for x = 2. In this concentration, two main excitation bands are observed around 250 nm and 280 nm, whose are assigned to the 3 D1 → 1 S0

Ag + transition [27]. Still, for 2 mol% the formation of Agm n+ start to be relevant.

One can notice a weak excitation band at around 370 nm which is attributed to Agm n+ species. In relative intensity the excitation band attributed to Ag + is not dominant for x=10.

Figure 5 shows the emission spectra of the samples with different excitation wavelengths in agreement with the deconvolution proposed in Figure 4: 240 nm, 370 nm and 420 nm excitation wavelengths. Visible emissions are shown on the up side (5a, 5c and 5e) and the near-infrared on the bottom (5b, 5d and 5f). In the visible range, the main emission is due to contribution of the silver species (Ag + and Agm n+ ). The excitation at 240 nm results in a large band located at around 400 nm. For such an excitation, a decrease of the emission intensity is observed with the increase of silver content. The 370 nm and 420 nm excitations give rise to two bands peaking at 500 nm and 650 nm, respectively. The intensity of these two contributions clearly increases with the silver content in a good coherence with the evolution of the silver species nature stabilized in the glasses.

In addition, a weak contribution of Pr 3+ ions is also visible and the Yb 3+ 2 F5/2 → 2 F7/2 transitions are detected in the infrared. In our case, if we cannot totally discard the existence of silver metallic nanoparticles, an effect of the surface plasmon resonance is not expected. Still, our investigation also tends to emphasize that the Pr 3+ and Yb 3+ emission is observed by direct excitation of silver species, although a small emission is observed at around 600 nm, which corresponds to the Pr 3+ transition ( 1 D2 → 3 H4). Thus, emissions from silver species become an interesting channel to excite the rare earth cations. For the sake of brevity, we present here only results from three excitation wavelengths (240 nm, 370 nm and 420 nm). However, the rare earth ions luminescence can be detected when the excitation is carried out in a wide range of the Ag + and Agm n+ response (270 nm to 420 nm). The Yb 3+ ions emission is also visible in the Pr 3+ free sample (red line in Figures 5b, 5d and5f). This Ag + , Agm n+ → Yb 3+ energy transfer was also reported for oxyfluoride system [33]. For the Yb 3+ emission the 5 → 1 zero phonon line is clearly visible whereas the other components related to the radiative de-excitation from the lowest Stark component of the 2 F5/2 level down to the fundamental multiplet (Transitions 5 → 2, 3, 4) are merged into a large band as observed previously for the excitation at 444 nm in the Pr 3+ ions absorption.

The inset graphics from the Figure 5 show the integrated intensities of the visible and NIR emission. As discussed previously, the Ag + ions being the dominant specie (sample PYAg2), an excitation at 240 nm leads to a more efficient energy transfer to the Pr 3+ and Yb 3+ cations for the lowest silver content glasses: Ag + and rare earth ions emissions decrease with the increase of silver content in the glass (Figures 5a and5b). This observation is consistent with the decrease in concentration of isolated silver ions Ag + in the glass for high silver loading. However, the rare earth cations emission increases with the silver content for excitations above 300 nm corresponding to the excitation wavelength range of the Agm n+ species (Figures 5c,5d, 5e and 5f).

For an excitation at 444 nm corresponds to both an absorption of the Pr 3+ lines and the Agm n+ species (Figure 3b). The competitive absorption affects the emission intensity of the rare earth and the transfer from Pr 3+ ions to Yb 3+ ions. Finally, different energy mechanisms can be proposed as function of the silver species nature. Figure 6 shows the partial diagram of energy levels of the The blue, green and red emission rise respectively from the radiative transitions of the excited states S1, T2 and T1 to the ground state S0 in the Agm n+ clusters [14,35]. The energy states of the silver nanoclusters vary significantly due to the non-shielded 3d orbitals. Thus, the Agm n+ may be excited in a broad range of the UV light and part of the visible radiation, from 240 nm up to 444 nm.

In contrast, the 4f energy levels of the Pr 3+ and Yb 3+ result from weak interactions with the closest neighbor in the glass network. Upon 444 nm excitation, the Pr 3+ ions excite electrons from the ground state 3 H4 to the excited states 3 P2, 3 P1, 1 I6, 3 P0 and 1 D2. The excited state of the Yb 3+ can be activated by energy transfer from the Ag + and Agm n+ species or by cross relaxation between the Pr 3+ and Yb 3+ ions.

Conclusions

In summary, silver containing fluorophosphate glasses co-doped with Pr 3+ /Yb 3+ were prepared by the melting quenching method. Different silver species from silver ions to silver clusters were obtained depending on the silver amount introduced. Energy transfers have been evidenced between the silver species and the rare earth ions. Thanks to the absorption of the silver species, a broad band in the visible range become accessible for the excitation Pr 3+ and Yb 3+ rare earth ions. At short wavelength excitation (240 nm) the Ag + ions response predominates under the visible and NIR emission from the Pr 3+ and Yb 3+ ions, respectively. At this excitation the increment of the Ag concentration leads to a quenching of the rare earths luminescence. However, for longer wavelength (> 370 nm) the rare earths ions emissions become more evident and increase with the Ag increment. This approach point out hopeful perspectives to explore a new approach for down-conversion layers and phosphors.
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 1 Figure 1. Absorption spectra of the pure host (black line), co-doped with Pr 3+ /Yb 3+ and different silver amount. The inset shows Pr 3+ absorption lines in the visible range for the sample PYAg0 (without silver oxide introduced) and the digital pictures show the change in color as a function of the Ag content.

Figure 2 .

 2 Figure 2. Emission curves of PYAgx glasses (x= 0, 2, 10) under excitation at 444 nm in the 3 P2 level of Pr 3+ ions. a) The acquisition in the visible range shows the contribution of silver species in addition to Pr 3+ lines; b) Luminescence of Yb 3+ ions is clearly detected in the infrared range at around 1000 nm.

Figure 3 .

 3 Figure 3. Excitation spectra of the sample PYAg10 with emission fixed at 606 and 980 nm.

Figure 4 .

 4 Figure 4. Excitation spectra of PYAgx glasses (x= 0, 2, 10) for an emission wavelength fixed at 564 nm (a). Deconvolutions of the excitation bands for the samples PYAg2 (b) and PYAg10 (c).

Figure 5 .

 5 Figure 5. Emission spectra in the visible range (a, c and e) and near-infrared (b, d and f) performed under excitation in silver species. The broadband visible emissions characterizes the Ag and Agm n+ species and an ET is observed by the weak emission of Pr 3+ at around 600 nm.

Figure 6 .

 6 Figure 6. Partial diagram of energy levels of co-doped Pr 3+ /Yb 3+ , Ag + and Agm n+ in fluorophosphate glass; a and b denote energy transfer and c, cross relaxation.

Compounds (mol%) NaPO 3 MgF 2 BaF 2 YF 3 Pr 2 O 3 YbF 3 AgNO 3 Label

  

	30	30	30	10	0	0	0	Pure host
	29	30	30	10	0.5	0.5	0	PYAg0
	27	30	30	10	0.5	0.5	2	PYAg2
	19	30	30	10	0.5	0.5	10	PYAg10
	19.5	30	30	10	0	0.5	10	YAg10
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