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Abstract 
 

In this study, we have investigated the use of silver cation as nucleating agent in germanotellurite glass matrix of 

compositions (100−x) [70TeO2–10GeO2–10Nb2O5–10K2O]–xAg2O (x=0-6 mol%), in order to promote bulk crystallization. 

Density measurements, differential scanning calorimetry, X-ray diffraction, UV-Vis, and Raman spectroscopies have 

been performed to study the crystallization process. We have observed bulk crystallization of a unique 

noncentrosymmetric phase, K[Nb1/3Te2/3]2O4.8, which has been investigated for its second-order optical activity. 

Transparent to translucent glass-ceramics have been successfully tailored under thermal treatment and second 

harmonic generation signals were recorded on the glass-ceramic samples as a function of their synthesis procedure. It is 

suggested that the second-order optical properties observed are strongly related to the organization of crystallites 

within phase-separated domains. 

 

 

1 Introduction 
 

For the last two decades, optical nonlinearity, especially second-order nonlinearity (SON), has become a key property 

for many applications in the domain of photonics, notably for electro-optical effects and frequency conversion. 

Noncentrosymmetric crystals are well-known materials for these applications. However, they are complex to 

manufacture and their optical properties are strongly dependant on crystal orientation. One way to circumvent this 

problem is to replace the single crystals with new materials like glass-ceramics which can present a favorable 

combination of ferroelectric crystals and glass matrix where SON does not exist due to centrosymmetric organization.[1, 

2] Several glass-ceramic materials presenting second harmonic generation (SHG) arising from LaBGeO5, LiNbO3, and 

KNbO3 crystals have been reported[3-5] but their low transparency still limits commercial applications. 

Optical glass-ceramics require high transparency and high SON.[2, 6] To ensure the quality of the transmission in glass-

ceramics, two common solutions are envisaged: size restriction of crystals and/or reduction of the refractive index 

difference between the glass and the crystallized parts.[7-9] The latter requirement can be fulfilled by a careful choice of 

glass matrix and crystal phase, while the former requires controlled heat treatment conditions. Regarding the host-glass 

compositions, tellurite compositions remain one of the most promising glass formers because of their low melting 

temperature and the fact that the refractive indices of those glasses and many ferroelectric crystals are quite 

similar.[10] This means that low scattering losses at the interface between glass and crystals can be obtained and 

therefore high transparency might be achieved. Another possibility is to control the time and temperature of annealing 

to obtain small crystals of sub-micron size and thus reduce the scattering of light.[2] However, in order to control the 

crystal growth in the bulk, it is necessary to avoid dominant surface crystallization and promote bulk crystallization.[11, 

12] Only few reported works show elaboration and optical properties characterizations of transparent tellurite glass-
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ceramics containing a high crystal volume fraction.[2, 13] This can be attributed to preferential surface crystallization in 

tellurite-based glasses.[2, 12] 

Monteiro et al. have studied the TeO2–GeO2–Nb2O5–K2O germanotellurite system,[14, 15] where the combination of the 

TeO2 and GeO2 glass-forming constituents results in highly stable glasses, especially for high germanate and high 

tellurite compositions. The high tellurite content compositions presented higher refractive index and among these, the 

70TeO2–10GeO2–10Nb2O5–10K2O composition presented the highest stability with a Tx-Tg difference of ~137°C[14] (Tx is 

the onset crystallization temperature and Tg is the glass transition temperature) and was chosen for further studies. On 

the other hand, the major crystalline phase obtained (K[Nb1/3·Te2/3]2O4.8) is known to present second harmonic 

generation properties. However, crystallization studies revealed that these compositions present strong surface 

crystallization; therefore, we have added a silver compound, in order to promote bulk crystallization and to obtain 

homogeneous glass-ceramics with second order optical properties. Silver introduction in the glass composition is a well-

known method of promoting crystallization and usually, 0.5 to 1 mol% Ag2O have a strong effect on the crystallization 

rate.[16, 17] However, in this work, doping levels of 0.5 to 1 mol% did not present a striking effect on crystallization and 

higher amounts of silver nitrate were tested. 

 

2 Experimental Procedure 
 

Germanotellurite glasses with compositions (100−x) [70TeO2–10GeO2–10Nb2O5–10K2O]–xAg2O (mol%) for x=0, 2, 4, 6 

mol% (labeled 7T1G, 7T1G2Ag, 7T1G4Ag, and 7T1G6Ag, respectively) were prepared by traditional melt-quenching 

method. Silver was introduced as silver nitrate (AgNO3, 99.995%, Alfa Aesar, Karlsruhe, Germany) and the ~8 g batches 

were melted in platinum crucibles at 900°C for 30 minutes and annealed at 300°C for 6 hours. Further details are 

presented elsewhere.[14] 

Density of the glasses was measured using the Archimedes principle by calculating the difference of a sample mass 

measured in air and then immersed in toluene, ρ=0.870 g/cm3. 

Differential Scanning Calorimetry (DSC) was performed to determine their thermal characteristics, namely the glass 

transition temperature Tg and the onset crystallization temperature Tx. Glass samples were crushed into small pieces (1-

2 mm) or grinded into fine powders (~80 μm) to analyze the behavior of surface and bulk crystallization, which is related 

to the surface area. The sample weight ranged from 30-40 mg. The heating rate was 20°C/min. The accuracy is ±2°C. 

Thermal characteristics and density are summarized in Table 1. 

 

Glass-ceramics were elaborated, from the 7T1G6Ag-based glass, using two different heat treatment methods: a 1-step 

heat treatment, performed at a single temperature and a two-step heat treatment with a nucleation step and a crystal 

growth step. For the one-step heat treatment, various heat treatment temperatures and durations were tested and 

440°C (>Tx1, see Table 1) was the temperature chosen since lower or higher temperatures required either too long or 

too short heat treatment times, respectively, before crystallization was achieved. Similarly, for the two-step heat 
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treatment, the crystal growth temperature chosen for this composition was 400°C, while the nucleation temperature for 

the 7T1G6Ag glass composition was determined (Figure 1) as 340°C by the Marotta's method.[18] 

 

 

Figure 1. - Crystallization peak obtained for a 15 min thermal hold at different nucleation temperatures of the 7T1G6Ag 

glass sample. 

 

The two most representative series of glass-ceramic samples obtained from the 7T1G6Ag glass composition are labeled: 

(i) 1S05, 1S15, and 1S30 prepared by a one-step heat treatment at 440°C during 5, 15, 30, and 45 minutes, respectively, 

and (ii) samples 2S15 and 2S30 based on two-step treatment consisting of a first step at 340°C during 3 hours to 

promote the nucleation, followed by a growth step, at 400°C, during 15 minutes and 30 minutes, respectively. All glass-

ceramic samples were finally polished again on both sides to remove possible surface crystallization (Figure 2). A highly 

crystallized sample-2S8 h (3 hours at 340°C for nucleation and 8 hours at 400°C for crystal growth) was also prepared. 

http://onlinelibrary.wiley.com/doi/10.1111/jace.14745/full#jace14745-fig-0002
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0001
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Figure 2. - 7T1GxAg glasses (x=0, 2, 4, and 6; top) and glass-ceramic (bottom) samples based on 7T1G6Ag with different 

heat treatments. 

 

Optical transmittance spectra (UV-Vis) were recorded on optically polished 1 mm-thick samples at room temperature 

using a double-beam spectrophotometer CARY (UV-Vis-NIR) in the wavelength range 200-800 nm. Local structure 

analysis of glasses was accomplished by Raman spectroscopy. The Raman system, a LabRAM HR 800 Evolution from 

HORIBA Jobin Yvon SAS (Villeneuve d'Ascq, France), consists of a diode laser (Ventus) working at 532 nm and a Peltier-

cooled (−70°) Horiba Symphony II CCD detector with 1024 × 256 pixels. The Raman spectra of those glasses with 

different amount of silver oxide were collected from 300 to 1000 cm−1. Crystalline phase characterization was obtained 

from X-ray diffraction (XRD). The XRD was performed using a Phillips Panalytical (Almelo, the Netherlands) X'Pert X-ray 

diffractometer to analyze the crystalline phases of the heat-treated glass samples, using CuKα radiation at room 

temperature. The step angle was fixed to 0.017° with a time per step of 59 seconds for a standard scan and 699 seconds 

for a long acquisition scan. Instrumental broadening was determined by using a NIST standard (Si powder with 1 μm 

diameter) and was taken into account in the results. Ceramized areas were observed on a Leica (Wetzlar, Germany) 

DMI3000M optical microscope using a 50× magnification. Transmission electron microscopy (TEM) data were collected 

on a Philips CM20 microscope fitted with an Oxford energy dispersive spectrometry (EDS) analyzer. To avoid any 

evolution of the sample under the electron beam, the experiments were performed at 80 keV. 

Macroscopic SHG measurements were done in the transmission mode. The measurements consist of continuous 

polarization scans of the input beam at a fixed incidence angle. The incident beam, initially polarized out of the plane of 

incidence, is passed through a combination of a rotating half wave plate (Ψ/2) and a fixed quarter wave plate (vertical 

fast axis) to address all possible polarizations, from linear to elliptical and to circular polarization. The incident beam is 

focused on the sample with a spot size of 100 μm and the transmitted second harmonic light is resolved into the parallel 

(p) and perpendicular (s) to the horizontal plane of incidence, polarized components. These analyses were performed 

using a Spectra Physics Nd:YAG laser 1064 nm, 20 Hz, 20 ns pulses with a typical energy of 250 μJ. More details can be 

found elsewhere.[6, 19] 

The set-up for micro-SHG measurement is a modified micro-Raman (HR 800, HORIBA Jobin Yvon SAS) instrument 

equipped with a picosecond laser at 1064 nm for SHG measurement. The confocal microscope and motorized stages (X, 

Y, Z) allow SHG measurements in the bulk of the samples.[6] 

 

 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0002
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3 Results 
 

3.1 Glass samples 
Characteristic temperatures (Tg, Tx1 and Tx2) of all glasses are listed in Table 1 and DSC curves of glasses heated at 20 

K/min are shown in Figure 3. Glass transition temperature decreases from 377°C to 339°C with the progressive insertion 

of silver oxide. Besides that, a second crystallization peak appears with increasing silver oxide addition and the gap 

between Tx1 and Tx2 rises when the silver oxide content increases. Comparing bulk and powder analysis, it can be 

observed that the crystallization peak increases in intensity for the powder samples, i.e., with lower particle size as 

observed in Figure 3A-C. According to Marotta et al.,[18] this might be due to preferential surface crystallization with 

the increase in the peak intensity being due to the increase number of nucleation sites with increasing surface area. On 

the other hand, the peak intensities of Figure 3D (7T1G6Ag composition), remain the same for bulk and powder forms, 

thus indicating both superficial and bulk crystallization (see Tx comparisons in Table 1). 

 

 

Figure 3. - DSC curves of 7T1GxAg (x=0, 2, 4, and 6) glasses. Red and blue curves correspond to powder and bulk scans, 

respectively. Tg and Tx are indicated in the onset of each peak. 

 

To investigate the crystal phases precipitating in each glass composition, heat treatments were performed near the 

onset of the different crystallization peaks for each composition. The glasses were crushed, heated during 12 hour and 

characterized by XRD diffraction. As observed in Figure 4, the main crystalline phase appearing in the 7T1G composition 

is δ-TeO2. With increasing Ag2O content, this phase reduces in preponderance and other phases rise, such as the 

crystalline phase K[Nb1/3Te2/3]2O4.8. In fact, for 6 mol% Ag2O addition, heat treatment at 400°C (~Tx1) evidences the 

crystallization of only this phase (Figure 4), while for the heat treatment at 550°C (~Tx2) other phases appear, one of 

them could be assigned to γ-TeO2. 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0003
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Figure 4. - XRD patterns of heat-treated7T1GxAg compositions. The heat treatment temperature was chosen, for each 

composition, to meet the condition (T>Tx1). In the figure, # is K[Nb1/3Te2/3]2O4.8, δ is δ-TeO2, and * γ-TeO2. 

 

To illustrate the structural modification of glass samples in respect to silver oxide content, normalized Raman spectra of 

all glass samples are presented in Figure 5. All spectra exhibit two broad intense features which are similar to previous 

studies of tellurite glasses.[14, 20-23] The region at 400-550 cm−1 has been attributed to the bending vibrations of the 

Te-O-Te linkages, while the high-frequency region, which consists of a broad peak at 650-670 cm−1 and two shoulders at 

720-750 cm−1 and 850-900 cm−1, is ascribed to the stretching mode of the TeO4 trigonal bipyramid (tbp) and TeO3+1 or 

TeO3 trigonal pyramid (tp), respectively, whereas the last one belongs to the stretching mode of Nb-O bonds.[14, 24] 

 

 

Figure 5. - Normalized Raman spectra of germanotellurite glasses with different amounts of silver oxide. 

 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0004
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0005
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Raman spectra of germanotellurite glasses with 10 mol% of GeO2 mainly present specific features of tellurite-based 

glasses, in which the glass network is built of TeO4 tbp and TeO3+1/TeO3 tp entities.[25-27] In such TeO2-rich glasses, the 

vibration bands attributed to GeOx entities could be overlapped by strong bands of TeOx entities, though Ge-O-X (X=Te, 

Ge) bridging bond vibration cannot be excluded in the region 400-550 cm−1 as a maximum is observed at 420 cm−1 in the 

GeO2 glass spectrum attributed to Ge-O-Ge symmetric stretching vibration.[14] By adding silver oxide, an intensity 

increase of the shoulder (at 770 cm−1), attributed to TeO3+1/TeO3 tp vibrations, is observed. This indicates that the 

interaction of Ag ions with the network leads to the disruption of TeO4 tbp units and their conversion to TeO3+1/TeO3 tp 

units. This effect is also consistent with previous studies.[25, 28] 

The transmittance spectra in the Ultra Violet-Visible (UV-Vis) region are presented in Figure 6A for all glass 

compositions. As other tellurite-based glasses, germanotellurite glasses also have high refractive indices[14] which lead 

to high reflection losses around 20% (estimated by the Fresnel formula), which is close to the experimental results 

observed in Figure 6A. 

 

Figure 6. - (A) Transmittance curves and (B) emission spectra (excitation @485 nm) of all glass samples with compositions 

(100−x)[70TeO2-10GeO2-10K2O-10Nb2O5]-xAg2O, where x=0-6 mol%. 

 

The cut-off on the UV side is observed at around 400 nm and all glasses present a light yellowish color. The cut-off 

shows a red-shift with respect to the pristine glass as a sequence of silver oxide incorporation. The formation of silver 

clusters observed previously in literature[29, 30] could also be at the origin of the band-gap reduction. To further 

investigate the origin of such additional absorption, a photoluminescence (PL) experiment was carried out for the 

glasses under investigation. The PL experiments were performed by using a 485 nm laser excitation which is at the 

http://onlinelibrary.wiley.com/doi/10.1111/jace.14745/full#jace14745-bib-0029
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0006
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wavelength cut-off of the transmission window of 7T1GxAg glass samples and the emission signals were detected in the 

range 500-800 nm (Figure 6B). A broad band can be observed between 500 and 800 nm, with maximum at ~650 nm only 

for the silver rich glasses 7T1G4Ag and 7T1G6Ag. By comparing these results to previous studies reported on silver ion-

doped soda-lime silicate glasses[31-33] or phosphate glasses containing large concentrations of silver ions,[34] one may 

expect an emission band observed between 300 and 450 nm for excitation at 280 nm attributed to isolated Ag+ ions and 

an additional broad band in the 450-800 nm range for excitation at 350 nm attributed to the formation of Ag+-Ag+ 

dimers or small silver ions clusters. Considering our case, where excitation below 480 nm cannot be performed because 

of the cut-off wavelength of the glass matrix, one can only suggest that the presence of silver ions clusters increases for 

the higher content of Ag2O (4-6%). 

Transmission electron microscopy observations of the glass samples reveal the presence of circular-shape droplets on 

the scale of 2-5 nm, indicating the existence of nanoscopic phase separation in the glass of 7T1G6Ag and 7T1G 

compositions (Figure 7A,B). This phase separation was also observed for fast quenching in which the crucible with the 

melt was put directly in cold water. 

 

Figure 7. - Transmission electron microscopy image of (A) 7T1G6Ag and (B) 7T1G glasses showing phase separation. 

 

3.2 Glass-ceramic samples 
 

Heat treatment of glass samples has yielded different results, depending on the heat treatment procedure, as observed 

in Figure 8 for the 1S15, 1S30, 2S15, and 2S30 samples, where different microscopic size domains can be observed. For 

the one-step heat treated samples, they have the shape of 6-pointed (inset of Figure 8) or 8-pointed star-like polygons 

and their size increases from less than 1 μm in diameter (1S05) to around 8 μm (1S30). On the other hand, the two-step 

heat-treated samples, where nucleation was promoted, appear textured in their entire volume. This texture, too small 

to be determined by optical microscopy, causes a drastic loss of transparency as observed in Figure 9, where the UV-Vis 

spectra of the 7T1G6Ag glass and glass-ceramics obtained are shown. This transmittance reduction is observed in both 

http://onlinelibrary.wiley.com/doi/10.1111/jace.14745/full#jace14745-fig-0006
http://onlinelibrary.wiley.com/doi/10.1111/jace.14745/full#jace14745-bib-0031
http://onlinelibrary.wiley.com/doi/10.1111/jace.14745/full#jace14745-bib-0034
http://onlinelibrary.wiley.com/doi/10.1111/jace.14745/full#jace14745-fig-0007
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0007
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thermal processes. For the one-step sample series, scattering losses seem to be related to the size of the star-like 

domains, as it coincides with the decrease of transmittance from 71.5% to 15.2% at 800 nm from 1S05 to 1S30. For the 

two-step heat-treated samples, the reduction rate is even more drastic. Due to the combination of two heat treatment 

steps (nucleation and crystal growth), the glass-ceramics become translucent (2S15, 17.6%, 800 nm) and even opaque 

(2S30, <1%, 800 nm). 

 

Figure 8. - Optical microscopy images of (A) 1S15, (B) 1S30, (C) 2S15, and (D) 2S30 glass-ceramics. The inset illustrates a 

typical star-like domain from 1S30. 

 

 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0008
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Figure 9. - (A) and (B) are transmittance spectra of glass-ceramics elaborated via one-step and two-step thermal 

treatments, respectivel. 

 

X-ray diffraction analysis of the 1S05, 1S15, 1S30, 2S15, 2S30, and 2S8 h samples was performed and the corresponding 

XRD data are presented in Figure 10. The 2S8 h sample shows the presence of a unique crystalline phase with clear XRD 

pattern that have been assigned to the crystalline phase K[Nb1/3Te2/3]2O4.8.[35] The most intense peaks characterizing 

this crystal phase are observed on the glass-ceramic XRD patterns and increase with the growing treatment durations. 

 

Figure 10. - XRD powder patterns of heat treated samples plus the highly crystallized 2S8 h, for a clear observation of the 

obtained crystalline phase-K[Nb1/3Te2/3]2O4.8. 

 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0009
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0010
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Macroscopic SHG studies of 1S05, 1S15, 1S30, 2S15, and 2S30 were made and some of them are illustrated in Figure 11. 

For each sample, polarization scans of the incident beam (Ψ scan) were performed. One should first notice that the SHG 

signal is independent to the sample orientation which is in accordance with an isotropic SHG response as previously 

reported in LiNbO3 and LaBGeO5 glass-ceramics systems.[36] In such system, the global SHG response results from the 

sum of diluted SHG active center, i.e., individual crystallite or assembly of crystallites. The polarization dependence of 

the SHG signal informs about the symmetry of the SHG emitters and the global intensity about their concentration or 

sizes. The SHG Ψ scans, measured on all the 7T1G6Ag glass-ceramics, show a maximum of intensity when the incident 

polarization correspond to the analyzed SHG polarization (i.e., Ψ=90° for Ψp measurement). Such behavior denotes, in a 

first approximation, the dipolar nature of the SHG response. The SHG intensity for both 1-step and 2-step samples 

evolves with heat treatment duration. However, results are quite different, since the 1S- series always show much 

stronger intensity than the 2S- ones. The SHG intensity of the 1S30 sample, for instance, is one order of magnitude 

higher than the 2S30 sample's. For the two-step heat-treated samples, an increase of the signal is also observed (Figure 

11B). This indicates that the nonlinear optical (NLO) signal increases with crystal growth thermal treatment duration. 

 

Figure 11. - Macroscopic NLO signal (Ψp) of one-step (A) and two-step (B) treated glass-ceramics materials for different 

treatment durations. The horizontal axis (Ψ) illustrates the polarization angle of electric field. 

 

4 Discussion 
 

Heat-treated compositions without silver presented mostly surface crystallization, since after polishing the surfaces a 

glassy transparent sample was obtained as observed in Figure 2. On the other hand, the silver-doped heat-treated 

compositions present some loss of transparency as observed in Figure 2 and by the decrease in the UV-Vis transmission 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0011
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spectra (Figure 9) even after surface polishing. This indicates that bulk crystallization is promoted with the incorporation 

of silver. The thermal analysis results have also confirmed the key role of silver, since the onset crystallization of powder 

DSC scan starts at lower temperature when compared to the bulk sample, indicating that the 7T1G glass crystallizes 

firstly on the surface. With increasing silver content, a decrease in Tg is observed and the DSC results show a separation 

of the shoulder present at the lower hand of the crystallization peak, and in fact, for 7T1G4Ag and 7T1G6Ag 

compositions, we now have two distinct crystallization peaks (Tx1 and Tx2 as seen in Figure 3 and described in Table 1). 

Nevertheless, for the glass composition under study, silver cannot be considered as a classical nucleating agent: first, 

because of the high concentration needed to observe preferential bulk crystallization (6 mol% of Ag2O) and second, 

because of its tendency to agglomerate into clusters as deduced from the photoluminescence measurements (Figure 

6B). In addition, upon heat treatment around Tg, the reduction of silver clusters can lead to the formation of metallic 

particles. In order to investigate such possibility in our glass system, UV-Vis transmission spectra have been carried out 

on a 7T1G6Ag glass sample heat treated at the nucleation temperature (340°C) for different duration (Figure 12). A 

hump occurs on the transmission curve at 490 nm for the 30 minute treated sample. This hump decreases significantly 

for longer treatment times. Such absorption could be assigned to the plasmon band due to the presence of metallic 

silver nanoparticles. The plasmonic effect of metallic nanoparticles depends on the size and shape of the particles as 

well as the refractive index of the medium.[37-39] Some studies[40, 41] announced that the plasmonic wavelength for 

silver particles ranges from 400 to 500 nm, a red shift being expected in high refractive index medium. The observation 

of a band at 490 nm in such a high refractive index glass suggests the reduction of silver clusters at the first stages of the 

nucleation step. The disappearance of the plasmonic hump for longer heat treatment durations might be due to 

reoxidation and dissolution of the clusters, activated by development of the phase separation and the glass matrix 

structural rearrangement. Finally, the bulk crystallization achieved seems to involve the coexistence of mechanisms 

linked to (i) silver ions aggregation/dissolution (ii) phase separation of the glass matrix, and (iii) crystallization within the 

phase separated domains. 

 

Figure 12. - Uv-Vis Transmission spectra of 7T1G6Ag glass heat treated at 340°C (nucleation temperature) for different 

duration. 

 

The key advantage of this kind of glass-ceramics concerns the nonlinear optical properties of the crystalline phase 

formed at the first stage of the crystallization treatments. One should notice that in heat-treated silver free samples 

(7T1G glass) the main crystalline phase appearing is δ-TeO2, which presents no second-order optical properties, since 

the two crystallization peaks are highly overlapped, making it difficult to obtain the second phase. On the other hand, 

for 7T1GxAg (x≠0), we have two separated crystallization peaks where the crystalline phase K[Nb1/3Te2/3]2O4.8, a phase 

showing SHG activity, can be obtained. In fact, it was the unique phase appearing for the 6 mol% silver-containing glass-

ceramic with a 400°C heat treatment (Figure 4). This phase has already been reported in previous studies of tellurite 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0012
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glass systems.[12, 42] The lattice constant was estimated as a=5.47 Å and is comparable with previous results in the 

tellurite glass system.[43] The K[Nb1/3Te2/3]2O4.8 crystalline phase is centrosymmetric and is theoretically not SHG active. 

Nevertheless, it presents NLO activity and some authors[12, 42] proposed that a slight distortion in the structure could 

be at the origin of the NLO signals, but the explanation on the cause of distortion is still unclear. Kim et al.[42] studied 

the 15K2O–15Nb2O5–70TeO2 glass-ceramics and assumed that the structure of the cubic phase is a fluorite-type 

structure and oxygen vacancies, present in the crystalline phase, could be responsible for the SHG signal. Jeong et al.[44] 

studied the xK2O–(14−x)Na2O–14Nb2O5–72TeO2 system, where a cubic crystalline phase Na[Nb1/3Te2/3]2O4.8 

corresponding to x=0 was reported to occur but does not present any SHG signal. Hence, the authors suggested that the 

SHG signal is due to the slight distortion from the fluorite-type structure when K+ replaces Na+, due to the higher atomic 

size of potassium. 

Optical images from Figure 8 show several separated domains within the volume. The dependence of the number and 

size of the domains in the transparency and the optical nonlinearity of glass-ceramics can be deduced from the results 

depicted in Figures 9 and 11. In fact, the phase separation is already present in the as-quenched glasses and is observed 

by TEM (Figure 7A,B) as nanometer scale droplets. Some assumptions in the literature in comparable glass systems 

assigned them to TeO2, GeO2, and/or NbO6-enriched regions.[14, 45, 46] The presence of phase separation observed by 

optical microscopy in these glass-ceramics (Figure 8) should be considered to explain the loss of transparency and 

evolution of SHG signal. Furthermore, although the intensity of the corresponding XRD peaks is observed to increase 

with the duration of the growth step (Figure 10), it remains small in comparison to the amorphous background revealing 

a low crystallization rate. Based on the full width at half maximum (FWHM) of the XRD peaks and taking into account 

the instrumental broadening, the size of crystallites have been estimated by the Scherrer formula to be around 20 and 

75 nm for the 1S30 and 2S30 h samples, respectively. This result is quite unexpected since Figure 8 clearly shows 

micron-sized domains. From these results, it follows that the micron sized features are essentially amorphous and could 

be related to phase separation. 

In order to investigate the position of the nanometric crystallites in the glass-ceramic, micro-SHG mapping was 

performed in the vicinity of a microscopic phase separated domains within the 1S30 sample. Figure 13 shows the micro-

SHG map of a star-like domain within the 1S30 glass-ceramics (~8 μm in size). The map clearly indicates that the SHG 

signal is only observed within the star-like domain which indirectly confirmed the size and location of the crystallites. 

 

Figure 13. - Microscopic SHG map of a phase separated star-like domain within the 1S30 glass-ceramic. 

 

To correlate the origin of the SHG signal with the size and distribution of the domains, the 1S30 and the 2S15 glass-

ceramic materials were chosen for further studies. They both exhibit similar UV-Vis transmission spectra (i.e., 

comparable transparency as shown in Figure 14A) and similar XRD patterns as depicted in the inset of Figure 14A. 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0013
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However, their SHG intensities are drastically different (Figure 14B). The 1S30 sample shows a signal two-order of 

magnitude stronger when compared to the 2S15 sample. Finally, as transmittance spectra and XRD pattern of these two 

samples are similar, it is obvious that both the scattering losses and the crystal fraction volume are not at the origin of 

the large SHG intensity difference observed. 

 

Figure 14. - (A) UV/Vis results for the 1S30 and 2S15 glass-ceramics and respective XRD patterns (inset);(B) Ψp scans of 

1S30 and 2S15 samples. The one-step sample shows a SHG signal two-order of magnitude stronger than the two-step one, 

even with higher dispersed concentration of phase separation domains. 

 

To explain such difference one should first recall the origin of the SHG signal in such glass-ceramics which results from 

the sum of diluted SHG active centers. In this case, one SHG-emitter can be considered as a phase separated domain in 

which SHG-active crystals have grown. From the XRD data, these crystals are in the 20-60 nm range, hence, the high 

intensity contrast observed between the two samples could originate from: (i) the size of the phase separated domains; 

and (ii) the crystallite organization inside these domains. The influence of crystallite organization within spherulite type 

domains was recently study in LiNbO3 silicate and LaBGeO5 germanate glass-ceramics.[6, 36] In these two cases, 

crystallites have grown with a radial distribution forming the spherulite shape of the crystallized domains. In a first 

approach, such a radial distribution can be considered as a centrosymmetric arrangement. Nevertheless, strong SHG 

response was observed in both glass-ceramic systems and attributed to the large size of the spherulite domain (10-30 

μm) as compared to both the wavelength and the coherence length. In this work, the synthesized tellurite glass-

ceramics have shown two distinct cases: (i) the two-step series forming domains with sizes below visible wavelengths 

and (ii) the one step series with domains sizes up to 15 μm. Moreover, for the glass-ceramic samples prepared, the main 

SHG response was found to be of a dipolar nature. Finally, the low SHG response observed for the two-step series glass-

ceramics might be linked to canceling effects due to the local organization of crystallites having a dipolar SHG response 

in domains with sub-wavelength sizes. Such cancelling effects impose a global centrosymmetric system and thus a low 

SHG activity. On the other hand, within the star like domains observed for the one-step series samples, one could expect 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/jace.14745#figure-viewer-jace14745-fig-0014
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a collective organization of the crystallites over distances which could be greater than the wavelength. Thus, a SHG 

emitter inside the glass-ceramic should be considered as a crystallized volume having a sufficient size and a global 

noncentrosymmetric organization of the crystallites. As observed by micro-SHG in Figure 13, such collective organization 

might be observed within each branch of a star-like domain. 

5 Conclusions 
 

In this study, we have obtained tellurite transparent glass-ceramics with second harmonic generation responses. 

Addition of silver oxide promotes bulk crystallization and, for the 6 mol% Ag2O composition, the crystalline phase 

induced by heat treatment in those samples is K[Nb1/3Te2/3]2O4.8, which presents second order optical properties. 

Although a two-step heat treatment, with a nucleation and a crystal growth step, can improve the nucleation rate, it 

also enhances phase separation and quickly reduces the transparency of the glass-ceramics. On the other hand, the one-

step heat treatment promotes star-like phase separated domains, in which K[Nb1/3Te2/3]2O4.8 crystallites nuclei. 

Furthermore, the SHG intensity is strongly enhanced in the one-step heat treatment. This enhancement is related to the 

organization of crystallites within the star-like domains. 
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