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A B S T R A C T   

Transparent Er3+ doped Ag2O containing tellurite glass-ceramics were fabricated by melting process followed by a heat treatment at 20 ◦C above the glass transition 
temperature of the glass for 2 to 17 h. The effects of the crystallization on the optical and luminescence properties of the glasses are presented and discussed. The 
precipitation of Bi4TeO8 crystal was confirmed in all the glasses, independently of their composition. From the spectroscopic properties, the heat treatment was found 
to have no impact on the site of the Er3+ ions indicating that the Er3+ ions remain in the amorphous part of the glass-ceramic. Although Ag nanoparticles could be 
evidenced using transmission electron microscopy and nonlinear optical imaging, no surface plasmon resonance band of Ag nanoparticles appeared in the absorption 
spectrum of the heat treated glasses. No enhancement of the NIR emission centered at 1.5 μm was observed probably due to the low concentration of Ag nanoparticles 
precipitating in the glasses. However, an increase in the intensity of the upconversion and mid-infrared emissions was observed from the glass-ceramics prepared 
with the low amount of Ag2O (<1 mol%). As evidenced using Raman spectroscopy, the addition of Ag2O was found to depolymerize the tellurite network. The 
precipitation of the Bi4TeO8 crystal in the most polymerized glasses is suspected to reduce the Er–Er distances whereas it has no significant impact on the Er–Er 
distances in glasses with a depolymerized network.   

1. Introduction 

Since the discovery of the single-mode Nd3+ doped tellurite fiber 
laser in 1994 [1] and of the broadband Er3+ doped tellurite fiber 
amplifier in 1997 [2], tellurite glasses have attracted a lot of attention 
due to their good network forming capability and their good physical 
and chemical stability. Additionally, they possess low phonon energy 
(~750 cm− 1) and high linear and nonlinear refractive indices [3]. 
Compared to silica and silicate glasses, tellurite glasses have lower 
melting temperature and enable higher solubility of rare-earth (RE) ions 
so that the luminescence quenching phenomenon occurs at high RE 
concentrations [4]. Due to their emission band with large bandwidth 
and high emission cross-section when doped with RE ions (especially 
Er3+ ions), these glasses are considered as good materials for ultra
broadband fiber amplification [5]. Er3+ doped zinc-tellurite glasses were 
developed with upconversion (UC) emissions in the visible range and 
also downconversion emissions in the near- (NIR) and mid-infrared 

(MIR) (1.5 and 2.7 μm, respectively) [6], which are useful for modern 
lighting devices and optical displays, for example [7]. 

It is well known that the spectroscopic properties of RE doped glasses 
can be enhanced using metal nanoparticles (NPs) due to their optical 
responses that are governed mainly by the surface plasmon resonance 
(SPR) [8]. Significant enhancement in the spectroscopic properties of 
Er3+ doped tellurite glass due to silver NPs was reported in Ref. [9] and 
was related to the strong local electric field induced by SPR of Ag NPs 
and also by energy transfer from the surface of silver NPs to Er3+ ions. 

Since the discovery of the first GC in 1960 by Stookey [10], 
glass-ceramics (GCs) have been materials of interest. GC is a material 
that contains at least one type of functional crystalline phase and a re
sidual glass [11]. GCs are usually obtained by heat-treating a glass under 
specific heating conditions to form nuclei and grow them into crystals. 
GC can exhibit enhanced spectroscopic properties such as higher ab
sorption and emission cross-sections compared to the parent glass when 
the RE ions are located in the crystalline phases with appropriate 
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crystalline phase. For many photonics applications, the GC should be 
transparent. In this case, the crystals should be homogeneously 
distributed in the volume of the glass. To minimize light scattering, the 
crystals should have a size smaller than the incident light wavelength 
(typically <50–100 nm) [12] and also a similar refractive index to the 
host glass [13]. Since the first demonstration of the transparent Er3+, 
Yb3+ codoped GCs [4], effort has been made on the development of new 
transparent GCs, especially within the tellurite glass system [14–17]. In 
our previous study, we investigated the nucleation and growth process 
of tellurite glasses in the TeO2–Bi2O3–ZnO system [18] and the glass 
with the 70TeO2–10Bi2O3–20ZnO composition (in mol%) was found to 
be a promising glass for the preparation of transparent GC as crystals 
such as Bi2Te4O11 precipitate in the volume of the glass. 

Here, Er3+ doped glasses with the 70TeO2–10Bi2O3–20ZnO compo
sition (in mol%) were prepared with Ag2O to understand the impact of 
the glass composition on the formation of transparent GCs. First, the 
impact of the addition of Ag2O on the physical, thermal, optical, struc
tural and luminescence properties are discussed. Then, the results on the 
preparation and characterization of the transparent GCs are presented. 

2. Experimental procedure 

Glasses with the composition (97.5 − x) (0.70TeO2 − 0.20ZnO −
0.10Bi2O3) − x Ag2O − 2.5Er2O3 with x = 0, 0.5, 1, 2 and 4 (in mol %) 
were prepared using the standard melting quenching technique. The 
glasses are labeled as Agx. TeO2 (Alfa Aesar, ≥ 99%), ZnO (Aldrich, 
99.99%), Bi2O3 (Aldrich, 99.9%), Er2O3 (Aldrich, ≥ 99.99%) and 
Ag2SO4 (Sigma-Aldrich, ≥ 99.5%) were used as the raw materials. The 
~20 g batches were melted in a quartz crucible at 775 ◦C for 40 min. 
After quenching, the glasses were annealed at 200 ◦C, well below their 
respective glass transition temperature (Tg), for 6 h, which was efficient 
to release the stress from the quench. Finally, the polished glasses were 
heat treated at Tg + 20 ◦C for 2–17 h. 

The thermal properties of the glasses were measured using a 
NETZSCH STA 449 F1 Differential Scanning Calorimetry (DSC). A 
heating rate of 10 ◦C/min was used. The Tg was taken at the inflection 
point of the first endothermic signal and the crystallization temperature 
(Tp) at the exothermic peak maximum. The onset of crystallization (Tx) 
was obtained at the intersection of the tangent of the exotherm peak 
with the baseline. The thermal properties of the glasses are given at ± 3 
◦C. 

The density (ρ) was measured with an accuracy of ±0.02 g/cm3 

using the Archimedes principle. Ethanol was used as the immersion 
liquid. 

The crystalline phase of the GCs after heat treatment was determined 
using a Panalytical EMPYREAN multipurpose X-Ray Diffractometer 
(XRD). A Ni filtered Cu-Kα radiation was used and the diffractograms 
were acquired at rotation angles (2θ) from 15◦ to 60◦, with a step of 
0.013◦. 

Carl Zeiss Crossbeam 540 Gemini scanning electron microscope 
(SEM) with an Energy Dispersive X-ray Spectroscopy (EDS) detector (X- 
MaxN 80) was used to image and analyze the surface of the as prepared 
and heat treated glasses, which were polished and coated with a 
conductive carbon layer. 

The absorption spectra were measured from polished samples using a 
UV-VIS-Near-IR Spectrophotometer (UV-3600 Plus, Shimadzu). The 
absorption cross-sections were calculated using Eq. (1). 

σabs(λ)=
ln 10 log( I

I0
)

NL
(1)  

where N is the concentration of RE ions per cm3, L the thickness of the 
glass (cm) and log( I

I0) is the absorbance. The accuracy is ±10%. 
The refractive index (n) of the glasses was measured at different 

wavelengths using 10 scans by the prism coupling technique using 
Metricon (model 2010) which also provides the fitting of the 

experimental refractive index data using Sellmeier equation [19]: 

n(λ)= a +
b
λ2 +

c
λ4 (2)  

where λ is the wavelength. a, b and c are the experimentally determined 
Sellmeier coefficients. The estimated error of the n measurement was 
±0.001. 

The upconversion (UC) spectra of the glasses were obtained using a 
TEC-cooled fiber-coupled multimode laser (II-VI Laser enterprise), with 
excitation wavelength (λexc) ~ 975 nm, reaching the surface with a 
power of approximately 400 mW and a Spectro 320 optical spectrum 
analyzer (Instrument Systems Optische Messtechnik GmbH, Germany). 
The NIR and MIR emission spectra in the 1425-1675 nm range and in the 
2500–3000 nm range, respectively, were measured using an extended IR 
photomultiplier (Hamamatsu H10330A-75) and using a monochromator 
coupled with an amplified MIR detector (detector PCI-4TE-4-1x1, pre
amplifier PIP-DC-200M-F-M4, Vigo), respectively. All the emissions 
spectra were collected at room temperature. 

Cut and polished heat treated glass samples (Ag0 and Ag4) were 
imaged using a custom-built nonlinear optical (NLO) scanning micro
scope. The microscope was composed of a femtosecond laser (wave
length of 1060 nm, pulse length of 140 fs, repetition rate of 80 MHz), 
microscope objective (magnification of 50x, numerical aperture of 0.8), 
three-dimensional (3D) piezo-based scanning system, cooled photo
multiplier tube, relay lenses and mirrors, and appropriate optical filters. 
To acquire a NLO scanning map, the nonlinear signals from the sample 
were collected in back-reflection mode and point-by-point, i.e., as a 
function of the relative position of the sample with respect to the focal 
region of the incident laser beam. Microscopic regions (20 μm by 20 μm) 
of interest in each glass sample were scanned at 100 by 100 pixels res
olution. Using appropriate bandpass filters (320 ± 20 nm, 356 ± 15 nm, 
385 ± 13 nm, 500 ± 7.5 nm, 532 ± 9 nm and 560 ± 7 nm) placed before 
the photomultiplier tube, the spectrally resolved third-harmonic, sec
ond-harmonic and nonlinear luminescence signals from the samples 
were obtained. The incident polarization used was along the vertical 
direction. The average input power used was 5 mW, and the pixel dwell 
time was 50 ms. All NLO experiments were performed at room 
temperature. 

A transmission electron microscope (TEM 2100, JEOL) with a reso
lution of 0.2 nm and voltage acceleration of 200 kV was used to obtain 
the microstructure and to verify the existence of crystallized phases in 
the glassy host. The fine powder of glass was dispersed in acetone and 
isolated by an ultrasonic bath for about 20 min. A drop of solution was 
spatted on the copper grid and dried before analysis. 

3. Results and discussion 

Er3+ doped tellurite glasses within the TeO2–ZnO–Bi2O3–Ag2O sys
tem were prepared and characterized to understand the impact of the 
glass composition on the formation of transparent GCs. The density and 
thermal properties of the glasses are summarized in Table 1. The values 
are found to be similar to those reported by Massera et al. [18]. An in
crease in the Ag2O content (x) decreases the Tg and also the density 
which is due to the replacement of Te and Bi with high atomic mass by 
Ag. The progressive addition of Ag2O also shifts Tp to higher 

Table 1 
Density and characteristic temperatures of the investigated glasses.  

Glass Tg (◦C) 
±3 ◦C 

Tx (◦C) 
±3 ◦C 

Tp (◦C) 
±3 ◦C 

ΔT = Tx - Tg 

±6 ◦C 
ρ (g/cm3) 
±0.02 g/cm3 

Ag0 353 434 446 81 6.20 
Ag0.5 352 436 448 84 6.19 
Ag1 349 434 448 85 6.18 
Ag2 342 436 455 94 6.17 
Ag4 332 444 473 112 6.15  
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temperature. As a consequence, ΔT increases indicating that the addi
tion of Ag2O increases the resistance of the glass toward crystallization 
[20]. As seen in Fig. 1a, the shape of the crystallization peak becomes 
broader and less intense as x increases indicating a decrease in the 
crystallization tendency of the glasses when adding Ag2O in the tellurite 
glass. The decrease in the density and in Tg can be also related to 
structural modifications that occur with the insertion of Ag2O as evi
denced by the Raman spectra of the glasses (Fig. 1b). The spectra exhibit 
a band at ~370 cm− 1 which can be related to Zn–O [21] and Bi–O–Bi 
vibrations [22], the intensity of this bans slightly decreasing as x in
creases due to the replacement of ZnO and Bi2O3 by Ag2O. The shoulder 
at ~450 cm− 1 can be related to highly coupled bending and stretching 
modes of chains Te–O–Te of corner sharing TeO4, TeO3+1 and TeO3 units 
[Guery]. The band at 660 cm− 1 is related to stretching of Te–O bond in 
[TeO4] trigonal bipyramidal units or to [Te–O–Te] linkage between two 
fourfold-coordinated Te atoms, whereas the band at ~750 cm− 1 belongs 
to the stretching vibration modes between Te and non-bridging oxygen 
(NBO) atoms in disordered TeO3 and/or TeO3+1 units, in which one 
Te–O bond is lengthened [G]. As the concentration of Ag2O increases, 
the intensity of the band at 750 cm− 1 increases compared to that of the 
band at 660 cm− 1. This reveals a progressive depolymerization of the 
tellurite network with an increase in the distorted TeO3 units at the 
expense of TeO4 units which is in agreement with the decrease in Tg as x 
increases (Table 1). The depolymerization of the tellurite network is also 
evidenced by the increase in intensity and the shift to higher wave
number of the shoulder at 450 cm− 1 [23]. Similar impact of the addition 
of Ag2O on the structural and thermal properties of tellurite glasses was 
reported by Bachvarova-Nedelcheva et al. [24]. 

The absorption spectra of the glasses are presented in Fig. 2a. The 
spectra exhibit the typical absorption bands related to the Er3+ ions 4f-4f 
transitions from the ground state to various excited levels. No changes in 
the position of the band gap nor in the shape and intensity of the ab
sorption bands with an increase in x can be seen (Fig. 2b and c). One 
should point out that the spectra do not exhibit the silver surface plas
mon resonance (SPR) band usually at around 450 nm indicating that 
silver is possibly in its ionic forms in the glass. From the absorption 
coefficient, the absorption cross-sections were measured using Eq. (1). 
The absorption cross-sections at 975 and 1532 nm are, respectively, (3.4 
× 10− 21) cm2 and (8.1 × 10− 21) cm2 (at ± 10%), independently of x and 
are similar to the absorption cross-sections reported for other tellurites 
glasses [25,26]. Thus, although the addition of Ag2O modifies the 
structure of the glass, the sites of the Er3+ ions are expected to be similar 
in all the investigated glasses. 

The refractive indices of the glasses were measured at different 
wavelengths. As depicted in Fig. 2d, the refractive index of the investi
gated tellurite glasses is higher than the refractive index of silica glass 
for example [27] due to the high polarization of the TeO2 network [28] 
but similar to those reported for tellurite glasses (over 2.1 at 444 nm) 
[29]. An increase in the Ag2O decreases n in agreement with the 
decrease in the density of the glass as x increases. Fig. 2e depicts the 
well-known absorption band related to the free, weakly associated hy
droxyl (OH) groups (band at around 3250 cm− 1) and to the strongly 
associated OH groups (shoulder at 2800 cm− 1) [30]. Despite their 
different glass structure, the investigated glasses have similar content of 
OH groups. 

The glasses exhibit similar shape of emissions at 2.7 μm, 1.5 μm and 
in the visible after 980 nm pumping as depicted in Fig. 3a, b and c, 
respectively. The emission at 2.7 μm is due to the 4I11/2 → 4I13/2 tran
sition. Due to the large concentration of Er2O3 in the glasses, the Er–Er 
distances are expected to be short benefiting the emission at 2.7 μm from 
the energy transfer upconversion (ETU) between neighboring Er3+ ions: 
4I13/2 +

4I13/2 → 4I9/2 +
4I15/2 [31]. The emission band at 1.5 μm is due 

to the 4I13/2 → 4I15/2 transition of Er3+ ions. The green and red emissions 
are assigned to 2H11/2, 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions of 
Er3+ ions, respectively [6]. These broad emission bands are typical 
emissions from Er3+ ions located in tellurite glasses [32]. Within 10%, 
all glasses exhibit similar intensity of the NIR emission. However, as 
shown in Fig. 4a and b, an increase in x decreases the intensity of the 
emissions at 2.7 μm and of the upconversion (UC) emissions. As the 
glasses have similar absorption cross-section at 980 nm and similar 
content of OH groups, the addition of Ag2O is thus believed to change 
the Er3+ ions solubility in the glasses as it leads to different network 
connectivity as discussed in the previous section. The depolymerization 
of the tellurite network induced by the addition of Ag2O is thought to 
increase the distances between the Er3+ ions and as a consequence to 
decrease the intensity of the (green and red) UC and MIR emissions. A 
better solubility of the Er3+ ions in the tellurite network is, thus, sus
pected when adding Ag2O. 

The glasses were heat treated at their respective (Tg + 20 ◦C) for 
2–17 h. The glasses heat treated for 17 h are opaque (Fig. 5a), the highly 
Ag concentrated glasses being still slightly translucent after the heat 
treatment for 17 h confirming that the addition of the Ag2O in the tel
lurite glass reduces the tendency of the glass to crystallization and 
especially its rate of crystallization as discussed earlier. Fig. 6 presents 
the XRD pattern of the glasses prior to and after heat treatment. Sharp 
peaks can be seen in the XRD patterns of all the heat-treated glasses and 

Fig. 1. Thermogram (a) and normalized Raman spectra (b) of the investigated glasses (Agx).  
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they correspond to Bi4TeO8 crystal (ICDD 00-024-0157). Thus, the 
addition of Ag2O does not have an impact on the crystallization process 
in the tellurite glass. Similar crystal was reported to precipitate in 
undoped glass within similar system [18]. However, the first phase to 
precipitate in the undoped glass was reported to be the Bi2O3 crystal. 
Higher temperature was needed to precipitate the Bi4TeO11 crystal. 

Here, the investigated glasses contain Er and Ag. They were prepared in 
quartz crucible whereas the glasses from Ref. [18] were prepared in Pt 
crucible. According to the EDS analysis, the investigated glasses contain 
Si due to the contamination from the quartz crucible. Therefore, the 
addition of Er, Ag and Si in the tellurite glass seems to promote the 
precipitation of Bi4TeO8 crystal the expense of Bi2O3. Additionally, the 

Fig. 2. Absorption spectra (a), absorption bands centered at 975 nm (b) and at 1531 nm (c) and refractive indices (d) of the investigated glasses. The refractive 
indices were measured at 6 different wavelengths and fitted with the Sellmeier formula. The filled squares represent the experimental data, while the continuous lines 
are the fitting curves. IR absorption spectra of the glasses (e). 
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peak position is slightly different from those of the standard pattern of 
the Bi4TeO8 crystal, the difference being larger as the Ag2O content 
increases. This shift in the peak position might indicate contraction in 
the structure of the crystals due to the substitution of the trivalent Bi by 
Ag, Te being tetravalent. 

It is important to note that the glasses heat treated for 2 and 5 h are 

transparent GCs. The crystallite size was calculated using Scherrer 
equation [33] and is expected to be ~51 nm, independently of the glass 
composition and of the heat treatment duration. The crystallization of 
the glasses occurring during the heat treatment is also evidenced by the 
decrease in the transmittance properties of the glasses after the thermal 
treatment as depicted in Fig. 5b and c, which show the transmission 

Fig. 3. Normalized emission spectra centered at 2.7 μm (a) and at 1.5 μm (b) and normalized upconversion spectra (c) of the investigated glasses.  

Fig. 4. Intensity of the emission at 2722 (a) and 670 nm (b) as a function of Ag2O content prior to and after heat treatment at Tg + 20 ◦C for 2–17 h.  
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spectra of the as prepared and heat treated Ag0 and Ag4 glasses, taken as 
examples. The volume precipitation of the Bi4TeO8 crystals leads to light 
scattering [34]. The different transmission properties of Ag0 and Ag4 
can be explained by the different refractive indices of the glasses: the 
high optical transmission of the Ag4 is due to its low refractive index 
compared to Ag0. Surprisingly, no band related to the SPR of Ag can be 
seen in the 400–500 nm range (Fig. 7) although nucleation of silver in 
tellurite using thermal treatment has been demonstrated in various 
tellurite glasses [35–37] and was evidenced with the appearance of an 
absorption band at ~400 nm [24]. 

The presence of crystals in the volume of the heat-treated glasses was 
confirmed using optical microscopy. Crystals with a square shape and 
with an average size of 15 μm were seen in the volume of all the heat- 
treated glasses (Fig. 8a taken Ag4 sample as an example). Similar 

crystals were reported by Massera et al. in undoped tellurite glasses 
within similar glass system [18]. TEM was also used to image the sam
ples. As shown in Fig. 8b and c, dark dots of different sizes can be seen 
only in the TEM image of the Ag4 glass after 17 h at (Tg + 20 ◦C). Ac
cording to the composition analysis, these spots are suspected to be 
isolated Ag NPs. These NPs have various shapes and sizes ranging be
tween 25 and 42 nm. These Ag nanoparticles are expected to contribute 
to the light scattering and so to the losses in the transmittance properties 
seen in Fig. 5c. As compared to other studies focused on the precipitation 
of Ag NPs in tellurite glass [38,39], the resulting Ag NPs found in the 
investigated glasses are large and their spatial distribution poor. Similar 
observation was reported in Ag-containing tellurite glasses in TeO2–ZnO 
system [40]. 

NLO microscopy, a powerful nondestructive imaging technique to 

Fig. 5. Photographs of the glasses prior to and after heat treatment at (Tg + 20 ◦C) for 2–17 h (a) and transmission spectrum of the Ag0 (b) and Ag4 (c) glasses prior 
to and after heat treatment at (Tg + 20 ◦C) for 2–17 h (thickness of the glasses was 2.2 mm). 
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study a variety of nanostructures [41–43], was also used to study the 
GCs in this work. We first present the results of NLO microscopy of the 
Ag0 glass heat treated at (Tg + 20 ◦C) for 17 h. Shown in Fig. 9a is a 
crystal found inside the glass. As depicted in Fig. 9b–g, the nonlinear 
scattering signals inside the crystal are only found at the expected 

third-harmonic generation (Fig. 9c) and second-harmonic generation 
(Fig. 9f) wavelengths. These NLO signals are distinct from the back
ground and almost vanish (about 60 counts per second (cps)) when the 
same region of interest is scanned in combination with different band
pass filters. We associate these hotspots to possible defects and 

Fig. 6. XRD pattern of the Ag0 (a), Ag0.5 (b), Ag1 (c), Ag2 (d) and Ag4 (e) glasses prior to and after heat treatment at (Tg + 20 ◦C) for 2–17 h and the standard XRD 
pattern of the Bi4TeO8 crystal (ICDD 00-024-0157). 
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Fig. 7. Absorption spectra of the Ag0 (a) and Ag4 (b) glasses prior to and after heat treatment at (Tg + 20 ◦C) for 2 and 5 h.  

Fig. 8. Optical image of crystals found in glasses, taken the Ag4 glass heat treated at (Tg + 20 ◦C) for 17 h as example (10 × objective) (a), TEM images of the Ag4 (b) 
and Ag0 (c) glass heat treated at (Tg + 20 ◦C) for 17 h. 

Fig. 9. Brightfield microscopy image (a) of the crystals in the Ag0 glass heat treated at (Tg + 20 ◦C) for 17 h. Corresponding transversal xy NLO scanning maps (b–f) 
of the marked region in (a) taken with different bandpass filters: 320 ± 20 nm (b), 356 ± 15 nm (c), 385 ± 13 nm (d), 500 ± 7.5 nm (e), 532 ± 9 nm (f) and 560 ± 7 
nm (g). Comparative levels of the NLO signals are depicted in counts per seconds (cps). 
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inhomogeneities inside the crystal, which makes the third-harmonic 
generation and second-harmonic generation both electric-dipole 
allowed and detectable in the far-field. In contrast, the NLO scans of a 
region in the Ag4 sample heat treated at (Tg + 20 ◦C) for 17 h (Fig. 10a) 
show the presence of micron-sized hotspots that stand out from the 
background. Importantly, the hotspots look almost qualitatively similar 
and appear in many spectral bands (Fig. 10b–g) suggesting the presence 
of nonlinear luminescence from subwavelength-sized Ag NPs in the glass 
sample when excited by femtosecond laser pulses. Here, the strongly 
confined fields near the vicinity of the metal nanostructures (through 
SPR) play a major role in the efficiency of the nonlinear luminescence 
[44]. In addition, the NLO scans at the expected third-harmonic gener
ation (Fig. 10c) and second-harmonic generation (Fig. 10f) wavelengths 
exhibit NLO signals that are a little stronger than those detected away 
from the expected harmonic generation wavelengths. Inspection of the 
NLO data further showed that the THG signals from the Ag NPs are 
higher than their SHG signals by a factor of 7 as averaged from 10 NPs. 
The THG from plasmonic NPs originates mainly from bulk effects and at 
the vicinity of interfaces [45]. Although the SHG from the plasmonic 
NPs is well-known to exhibit a quadrupolar symmetry (i.e., 
non-radiative), the SHG from the NPs is expected to be boosted by the 
combined effects of symmetry breaking at surfaces, SPRs and local field 
asymmetries [46,47]. Altogether, these findings suggest that the SPR of 
the individual Ag NP is clearly influencing the local field distribution 
that drives the nonlinear response of the Ag NP [48]. In a similar 
context, our findings are in line and support previous observations of 
NLO enhancements in tellurite glasses [49] especially those imbued with 
NPs [50,51]. 

Although crystallization occurs with the precipitation of Ag NPs, no 
changes in the shape nor in the intensity of the absorption bands 
centered at 980 nm and 1.5 μm were measured after the heat treatment. 
The intensity and shape of the emission band centered at 1.5 μm remain 
also similar after heat treatment. While the shape of the (red and green) 
UC and MIR emissions remain unchanged after the heat treatment, the 
intensity of these emissions from the low Ag2O concentrated glasses (x 
< 1) increases slightly after more than 5 h at Tg + 20 ◦C (Fig. 4a and b), 
the increase in the MIR emission being smaller than the increase in the 
(green and red) UC emissions. It should be noted the Ag0.5 glass-ceramic 
has slightly lower UC emission than the Ag0 and Ag1 glass-ceramics for 
reason which is not fully understood. Considering the uncertainty of the 
measurement, we suspect the Ag0, Ag0.5 and Ag1 glass-ceramics to have 
similar intensity of (green and red) UC emissions. When x > 2, no 

changes in the intensity of the UC, NIR and MIR emissions were 
measured within 10%. Therefore, based on the spectroscopic properties 
of the GCs, the local electric field is thought to remain similar after heat 
treatment and so the sites of Er3+ ions. The Er3+ ions are suspected to 
remain in the amorphous part of the glass-ceramics. The amount of Ag 
NPs is probably too small to have an impact on the spectroscopic 
properties of the glasses. When excited at 980 nm, the Er3+ ions are 
excited to the 4I11/2 level. From this level, the ions can relax to 4I13/2 
level emitting the MIR fluorescence and then to 4I15/2 level emitting the 
NIR fluorescence. The generation of the visible emissions can be 
benefited from the 4I13/2 +

4I13/2 → 4I9/2 +
4I15/2 and 4I11/2 +

4I11/2 → 
4F7/2 +

4I15/2 process increasing the population of the upper 4I9/2 level 
which relaxes to4I11/2 level as suggested in Ref. [31]. As a consequence, 
the population of the first excited level is thus expected to be reduced as 
the 4I13/2 level is populated from 4I11/2 by non-radiative relaxation when 
using 980 nm pumping. Therefore, we suspect the increase in the UC and 
MIR emissions observed from the glasses with x < 1 after the thermal 
treatment to be related to the decrease in the Er–Er distances which can 
be induced by the precipitation of the Bi4TeO8 crystal. One should note 
that a decrease in the intensity of the NIR emission is expected as ETU 
between Er3+ ions is expected to reduce the population in the 4I13/2 level 
[31]. However, the decrease is probably too small to be detected. As no 
changes in the intensity of the UC, NIR and MIR emissions are seen from 
the glasses with x > 2, the crystallization has no impact on the Er–Er 
distances in these glasses. It is possible that the precipitation of the 
Bi4TeO8 crystal has no impact on the Er–Er distances in depolymerized 
network (glasses with x > 2) whereas it decreases the Er–Er distances in 
polymerized network (glasses with x < 2). 

4. Conclusion 

Er3+ doped glasses within the TeO2–ZnO–Bi2O3–Ag2O system were 
prepared using standard melting process. Although the introduction of 
Ag2O leads to the depolymerization of the tellurite network, it has no 
impact on the site of the Er3+ ions but it increases the Er–Er distances 
leading to a decrease in the intensity of the green and red UC emissions. 
It is shown here that a heat treatment of the glasses above Tg for a few 
hours is enough to grow Bi4TeO8 crystal in the volume of the glass as 
confirmed by XRD and an optical microscope. Although Ag nano
particles could be seen in the heat treated glass using TEM and NLO 
imaging, no SPR band of Ag could be seen in the absorption spectra of 
the glasses. From the spectroscopic properties of the glass, the crystals 

Fig. 10. Brightfield microscopy image (a) of the crystals in the Ag4 glass heat treated at (Tg + 20 ◦C) for 17 h. Corresponding transversal xy NLO scanning maps (b–f) 
of the marked region in (a) taken with different bandpass filters: 320 ± 20 nm (b), 356 ± 15 nm (c), 385 ± 13 nm (d), 500 ± 7.5 nm (e), 532 ± 9 nm (f) and 560 ± 7 
nm (g). Comparative levels of the NLO signals are depicted in cps. 
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appear to be Er3+ free. The precipitation of the Bi4TeO8 crystal in the 
low Ag2O concentrated glass allows to increase the intensity of the UC 
and MIR emissions indicating that the glass-ceramics prepared with <1 
mol% of Ag2O are promising materials. 
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