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Abstract—Glass-ceramic materials, obtained through controlled 

crystallization of glasses, combine the advantageous properties of both 

glasses and crystals, making them useful for optical applications. 

Conventional thermal treatment technique is widely used to induce 
crystallization in glass. Laser-induced crystallization (LIC) provides a 

localized and controlled method to modify the glass structure and tailor 

its optical properties. This study investigates the structural and 
luminescent properties of Er³⁺-doped tellurite-germanate glass-ceramic 

obtained through CO₂ laser irradiation of the parent glass. The observed 

structural changes induced by laser irradiation led to the crystallization 
of BaF₂, enhancing the luminescent properties of the material. 
 

 

Rare-earth (RE)-doped glass-ceramic materials have 

been extensively studied due to their ability to combine 

the advantageous optical properties of glasses with the 

superior luminescent performance of embedded 

nanocrystals (NCs) [1]. These materials are particularly 

relevant for applications in optoelectronics, including 

sensors, amplifiers, and lasers. Among various non-silica 

glasses based on heavy metal oxides, tellurite-germanate 

glasses have drawn interest due to their lower phonon 

energy (~ 850 cm-1), high nonlinear optical properties, 

and transparency in the range of the visible to mid-

infrared (VIS-MIR). These features make them promising 

candidates for applications in optical amplifiers, lasers, 

and mid-infrared photonic devices [2]. Further 

enhancement of the luminescent properties of RE-doped 

glasses can be achieved by incorporating nanocrystals 

into the glass matrix, followed by the localization of 

active ions within nanocrystals characterized by low 

phonon energy. This effect has been demonstrated for 

BaF₂ nanocrystals, where their low phonon energy (~240 

cm⁻¹) enhances the emission efficiency of rare-earth ions 

by suppressing non-radiative relaxation processes [3]. 

Several methods can be employed to achieve 

crystallization in glass, with the most common being 

conventional heat-treatment of glass. Another technique 

involves the direct doping of nanocrystals into the glass 

matrix, enabling precise control over composition and 

phase distribution [4]. 
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Contrary to the above methods, laser-induced 

crystallization (LIC) has emerged as a promising 

technique, enabling the crystallization of glass by 

utilizing the localized energy deposition of a laser beam. 

This process concentrates thermal energy within a 

confined glass region, promoting nucleation and crystal 

growth exclusively in the irradiated area while preserving 

the surrounding amorphous matrix [5]. The CO₂ laser, 

operating at a wavelength of 10.6 µm, is particularly 

effective in oxide glasses crystallization, due to its 

absorption by the glass network [6]. Despite the 

advantages of CO₂-LIC, such as its capability to induce 

space-selective nucleation sites, control crystal growth, 

and enable microstructural patterning in glass-ceramic 

materials, the underlying crystallization mechanisms in 

tellurite-germanate glass remain poorly understood [6]. 

The interaction between CO₂ laser irradiation and the 

glass matrix, as well as its influence on structural 

reorganization, phase formation, and luminescence 

properties of glass-ceramic materials doped with rare-

earth ions, requires further investigation. This paper deals 

with understanding how CO₂ laser-induced crystallization 

influences the formation and distribution of BaF₂ 

nanocrystals in tellurite-germanate glass matrix, and their 

impact on Er³⁺ luminescence is essential for optimizing 

these materials for photonic applications.  

The glass sample in the 30TeO₂-23GeO₂-10Ga₂O₃-

20BaF₂-10ZnF₂-5Na₂O-2ErF₃ (mol%) system was 

prepared using the melt-quenching method, then cut into 

15 mm × 10 mm × 2 mm pieces and polished to achieve 

an optical quality surface. The glass was irradiated with a 

CO₂ laser at varying intensities from 4 to 16 W/cm2 to 

analyze crystallization tendency. For CO₂ LIC, an 

intensity of 14.98 W/cm² was selected as barium fluoride 

(BaF₂) crystals formed within the glass matrix, growing to 

micrometer-scale dimensions. Below this threshold, no 

crystalline phase formation was observed.  

In the experiment of CO₂, the laser-induced 

crystallization process was performed in dynamic mode 

under carefully controlled conditions: including laser 

intensity of 14.98 W/cm², a scanning speed of 1 mm/s, 

and a line length of 5 mm. The glass sample was 
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preheated on a hot plate at 300°C throughout the laser 

processing to mitigate thermal stress and prevent cracking 

due to rapid heating.  

The x-ray diffraction (XRD) pattern of the glass-

ceramic material (GC) obtained via CO₂ laser-induced 

crystallization is presented in Fig.1. The diffraction 

pattern exhibits characteristic peaks at approximately 25°, 

29°, 42°, 49°, 61° and 66° (2θ), which correspond to the 

crystalline phase of barium fluoride (BaF₂) [7]. The XRD 

pattern also reveals a typical amorphous halo in the 2θ 

range of 20°–35°, indicating the presence of residual 

glass.  

 
Fig. 1. X-ray diffraction (XRD) pattern of the glass-ceramic material, 

confirming the presence of crystalline phases.  

 

Figure 2 presents a scanning electron microscopy 

(SEM) image with point chemical composition analysis 

(EDS) performed at five different points of the glass-

ceramic material, demonstrating a uniform distribution of 

nanocrystals within the glass matrix. The average 

crystallite size was estimated to be approximately 40 nm, 

confirming nanoscale crystallization. The EDS analysis 

revealed an increased concentration of barium and 

fluorine in the brighter regions compared to the glass 

matrix, further confirming the formation of the BaF₂ 

nanocrystals. 

 

 
Fig. 2. SEM-EDS images of BaF₂ nanocrystals embedded in the glass 

matrix. 

 

The near-infrared luminescence spectra of the glass and 

glass-ceramic material in the 1400–1700 nm spectral 

range, recorded under an excitation wavelength of λₑₓc = 

976 nm, are presented in Fig. 3. 

 
Fig. 3. NIR emission spectra of glass and glass ceramics under 976nm 

LD excitation. The inset presents comparison of FWHM. 

 

The dominant emission band, centered around 1550 nm, 

corresponds to the ⁴I₁₃/₂ → ⁴I₁₅/₂ electronic transitions in 

Er³⁺ ions widely used in telecommunication [8]. A 

comparative spectral analysis revealed the increase in the 

intensity of the bands as well as full width at half 

maximum (FWHM) of the emission band from 78 nm in 

the glass to 97 nm in the glass-ceramic material (Fig. 3 

inset). This broadening is related with the change of the 

local environment of Er³⁺ ions. Moreover, it is probable 

that induced structural rearrangements were accompanied 

with the formation of a crystalline BaF₂ phase [9]. 

Additional evidence of local crystalline environmental 

(BaF2) of Er3+ ions is a Stark splitting clearly noticeable 

above 1550 nm wavelength [10].  

 

The Raman spectra, presented in Fig. 4 compare the 

vibrational characteristics of the glass and glass-ceramic 

material within the 370–1000 cm⁻¹ range. The broad 

Raman bands for both the glass and glass-ceramic 

materials comprises multiple overlapping vibrational 

components. These components were isolated by fitting a 

sum of Voigt functions. This approach enabled the 

identification of individual vibrational contributions, 

providing insight into the structural modifications 

associated with CO₂ laser-induced crystallization in glass. 

The fitting of Voigt profiles to the Raman spectra of the 

glass and glass-ceramic (GC) material reveals five bands 

centered around 455, 510, 690, 777, and 865 cm⁻¹, which 

can be assigned to the stretching vibrations of Te-O-Te 

bridges formed by shared corners of [TeO4]tbp, [TeO3+1], 

and [TeO3]tp units [11], symmetric stretching vibrations 

along the Ge-O-Ge chain [12], antisymmetric stretching 

vibration of Te-O bond in the [TeO4] bipyramid [13], 

stretching of Te-O− bonds in [TeO3]tp and [TeO3+1] units 

[14], and symmetric stretching of Ge-O− bonds in Ge(3) 

units [15], respectively.  
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Fig. 4. Fitted Voigt profiles to the Raman spectrum of the glass and 

glass-ceramic material. 

 

Based on the comparison of the integral intensities (Int.) 

of the component bands (Table 1), one can observe that 

the integral intensity of the band at 455 cm⁻¹ increased in 

the glass-ceramic material compared to the glass from 44 

to 49 arb. units.  This indicates an increase in Te-O-Te 

bridges in the glass matrix of GC material. Such a 

reorganization of the glass network facilitates the 

incorporation of Er³⁺ ions into the structure of BaF₂ 

nanocrystals, leading to the broadening of the emission 

band in the 1.5 µm range. As a result, controlled 

crystallization enhances the luminescent properties of the 

material, improving emission efficiency (Figure 3). 

 
Table 1. Integral intensities of the component bands in Glass and GC. 

Band 
position 

(cm-1) 

455 510 690 777 865 

Int. G 44 54 50 185 4 

Int. GC 49 53 50 186 3 

 

The results of this study demonstrate that CO₂ laser-

induced crystallization (LIC) can be successfully applied 

to initiate and grow of BaF₂ nanocrystals in the tellurite-

germanate glass. Partly, NCs are embedded with Er³⁺ 

ions, which is confirmed by broaden emission at 1.5 m. 

The following issues must be solved to assess the 

potential of this approach fully and move to  application 

in the development of functional glass-ceramic materials 

for photonic devices. Understanding the nucleation and 

growth mechanism of the BaF2 nanocrystals under CO₂ 

laser irradiation remains unclear. Analysis of the 

relationship between processing parameters and 

crystallization behavior should clarify the role of 

localized heating, thermal gradients, and structural 

rearrangements in crystallization. Systematic 

investigations, including an optimized range of laser 

power, scanning speeds, and preheating conditions are 

necessary to control crystal size and distribution. While 

the shape of the emission band was observed, a more 

detailed investigation of the relationship between the 

structural environment of Er³⁺ ions and their optical 

properties is required. Addressing these directions will be 

crucial for the understanding and practically applying 

laser-induced crystallization in rare-earth-doped 

oxyfluoride glasses. 
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