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Abstract. Miniaturization of photonic devices remains challenging, requiring fabrication meth-
ods that ensure high material purity and precise control over composition. Here, we present 
the containerless aerodynamic levitation (ADL) as a promising route for preparing composite 
materials composed of glasses with embedded crystals. Silica- and gallate-based composites 
were prepared containing up to 10 and 40 wt.% of CaWO4:Yb3+, Yb2Si2O7, LiNbO3:Yb3+, and 
YAG:Ce3+ crystals, respectively. From the spectroscopic, structural properties, XRD patterns, 
and SEM/EDS analyses of the composites, the embedded crystals were found to interact with 
the host glass during ADL despite being a fast process, leading to partial to nearly complete 
decomposition of the crystals depending on their composition and glass host. CaWO4:Yb3+-
based silica and gallate composites were found to be the most stable composites prepared via 
ADL. These results demonstrate that ADL can be considered as a viable route for adding crys-
tals in glass and developing advanced photonic materials. 
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1. Introduction

The continued drive toward developing miniaturized optical materials for lasers, amplifiers, and 
next-generation photonic devices requires development of new approaches to active gain me-
dia. Rare-earth (RE) doped glass materials are widely used in lasers and optical fiber amplifiers 
[1], [2], but their performance is often limited due to clustering of the RE ions, which leads to 
concentration quenching [3], [4], [5]. Doping RE ions into crystalline phases and subsequently 
embedding these phases within a glass matrix to form crystal-in-glass composites has been 
shown to enhance luminescence efficiency [6], [7], [8], [9], [10]. Crystal-in-glass composites 
have attracted considerable interest because they combine the structural versatility of glass 
matrices with the unique properties of crystalline phases [10], [11], [12]. Research has been 
focused on developing fabrication methods and optimizing doping techniques such as direct 
doping of the crystals into the glass melt [7], [12], [13], remelting the crystals with glass pow-
ders [7], [14], [15], as well as the frozen sorbet technique [16]. The functional behavior of crys-
tal-glass composite materials is strongly influenced by the amount, distribution, and stability of 
the embedded crystals, all of which depend sensitively on processing conditions [10]. During 
fabrication, crystalline phases may partially dissolve, transform, or react with the surrounding 
glass matrix, leading to significant changes in the final microstructure. Therefore, understand-
ing the mechanisms of crystal survival and phase evolution during processing is essential for 
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the rational design of crystal-in-glass composites. Even when substantial modification of the 
initial crystalline phase occurs, investigations of these processes provide valuable insight into 
the formation of composite microstructures and the factors governing crystalline phase reten-
tion. 

The choice of levitation process is motivated by its specific advantages: it eliminates con-
tainer contact, thereby reducing contamination [17]. In aerodynamic levitation process (ADL), 
the sample is supported by stream of gas and typically heated with a laser. Therefore, the 
melting and quenching processes occur without touching the container [17], [18]. Eliminating 
contact with the container promotes deeper undercooling and increases the likelihood of form-
ing glass in high-melting or strongly crystallizing compositions. Consequently, glasses with low 
glass-former content or unconventional compositions can be successfully prepared [19]. The 
rapid melt–quench enables fast composition screening and early assessment of crystal/glass 
compatibility for the development of new composites before scale-up. 

Silica and gallate glasses provide two contrasting yet complementary glass networks for 
the development of new composites. Silica glass offers high thermal and chemical stability, 
broad optical transparency, and well-established processing routes [20], making it a robust 
matrix for embedding crystalline phases [21], [22], [23]. Gallate glasses, containing Ga2O3 as 
a network former, introduce lower phonon energy, wider infrared transmission, and higher sol-
ubility for RE dopants than silica [24], [25]. The lower melting temperatures of gallate glasses 
improve the likelihood that crystalline phases remain intact during glass preparation [26], [27]. 

In this study, composites composed of silica or gallate glasses with embedded RE-doped 
crystals were prepared using ADL method. The work focuses on evaluating the compatibility 
of these crystals with oxide melts under containerless high-temperature melting. The structural 
and spectroscopic analyses were used to assess the stability and possible dissolution of the 
crystalline phases during the composite preparation. The results provide insight into which 
glass-crystal combinations remain stable during the melting by the ADL and can serve as po-
tential candidates for future miniaturized laser active elements. 

2. Materials and methods 

Yb3+ doped powders were synthesized in alumina crucible using solid-state reaction. The syn-
thesis was held in ambient atmosphere with a heating rate of 3 °C/min. Yb2Si2O7 crystals were 
prepared at 1600 °C for 5 hours using SiO2 (Umicore, 99.99%) and Yb2O3 (REacton, 99.99%) 
as raw materials [28]. Li0.975Yb0.025NbO3 crystals were synthesized at 1200 °C for 6 hours (ab-
breviated as LiNbO3:Yb3+) using Nb2O5 (Thermo Fisher, 99.99%), Li2CO3 (Sigma-Aldrich, 
99%), Yb2O3 (REacton, 99.99%) as precursors [10]. Ca0.7Na0.15Yb0.15WO4 crystals (abbrevi-
ated as CaWO4:Yb3+) were prepared at 1200 °C for 4 hours using WO3 (Honeywell-Fluka, 
99%), CaCO3 (Alfa Aesar, 99%), Yb2O3 (REacton, 99.99%), Na2CO3 (Alfa Aesar, 99.5%) [29]. 
Charge balance was achieved by substituting trivalent Yb3+ for divalent Ca2+ and compensating 
with an equivalent amount of monovalent Na+, following the approach of Nassau and Loiacono 
[30]. Full description of crystals synthesis can be found in [10]. YAG:Ce3+ crystals with a com-
position Y2.94Ce0.06Al5O12 are commercials from Baikowski. 

The gallate glass (labelled as Ca-Ga) with the composition 60 CaO – 40 Ga2O3 (mol%) 
and pure SiO2 glass (labelled as Si) were used as the base matrices. The raw materials were 
CaCO3 (STREM Chemicals 99.95%), Ga2O3 (STREM Chemicals 99.998%), and SiO2 (STREM 
Chemicals 99.999%). Composites were prepared by adding 5, 10, and 40 wt.% of pre-synthe-
sized crystals (CaWO4:Yb3+, Yb2Si2O7, LiNbO3:Yb3+, and YAG:Ce3+) in the glass batches. The 
molar percentages of the crystals loading in the glasses are also shown in Table 1. The glass 
precursor powders, weighed according to the desired glass stoichiometry, were mixed with the 
crystals and pressed into pellets. Fragments of these pellets were then placed in a copper 
nozzle with a 1 mm aperture within the ADL setup. The samples were levitated on a controlled 
gas flow and melted using two CO2 lasers (10.6 µm, 150 W). 
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Table 1. Molar concentration of the embedded crystals (in mol%, ±10%). 

 Ca0.7Na0.15Yb0.15WO4 Yb2Si2O7 Li0.975Yb0.025NbO3 Y2.94Ce0.06Al5O12 
Si composite (doped with 5 
wt.% of:) 1.0 0.6 2.0 0.5 

Si composite (doped with 
10 wt.% of:) 2.1 1.3 4.2 - 

Ca-Ga composite (doped 
with 5 wt.% of:) 1.8 1.1 3.6 0.9 

Ca-Ga composite (doped 
with 40 wt.% of:) 19.1 12.3 26.3 - 

For the silica composites, levitation was carried out in an atmosphere of 70% O2 and 30% 
Ar, using a laser heating of 15% laser power (upper laser) and 20% (lower laser) for 1 min. For 
the gallate composites, levitation was performed in 70% Ar, using a lower laser power (10% 
upper, 15% lower) and a shorter melting time of ~30 s. After melting, the droplets were rapidly 
quenched by turning off the laser beams, forming spherical beads of the final composite 
glasses. 

The powder X-ray diffraction patterns of every sample were recorded at ambient temper-
ature over a 2θ range of 12°–40° range with a step size of 0.03° and a counting time of 1 s per 
step, using a diffractometer (Bruker D8 Advance, Cu Kα radiation 30 mA – 40 kV, LynxEye 
detector) in Bragg-Brentano θ-θ geometry. These conditions were optimized to find a few wt% 
of crystals within a glass matrix and identify the crystalline peaks. The beads were finely ground 
into powder and deposited on silicon wafer. 

The emission spectra of the Yb3+ doped composites were recorded at room temperature 
in the 950–1200 nm range using a spectrometer (iHR320, Jobin Yvon, Horiba Ltd., Kyoto, 
Japan) equipped with a detector (P4631-02, Hamamatsu Photonics K.K., Hamamatsu City, 
Japan) from the surface of the composite samples. A 915 nm laser diode (model K915FA3RN) 
served as the excitation source. 

The emission spectra of YAG:Ce3+ doped composites, crushed into powder, were meas-
ured using Edinburgh FLS1000 photoluminescence spectrometer equipped with a xenon lamp 
as an excitation source and PMT-900 detector. The emission spectra were recorded under 
excitation with 460 nm, whereas the excitation spectra were obtained at 600 nm. The emission 
and excitation spectra were obtained with 1 nm bandwidths.  

The micro-Raman and micro-luminescence spectra were measured using a Raman  mi-
croscope (InVia Qontor, Renishaw plc., Wotton-under-Edge, UK). The instrument utilized a 
532 and 785 nm excitation laser, a 1200 and 2400 lines/mm grating, and objectives with 10x 
and 50x magnification.  

Images and composition analysis of the composites were performed using a Scanning 
Electron Microscope (SEM) (Crossbeam 540, Carl Zeiss, Oberkochen, Germany) equipped 
with an Energy Dispersive Spectroscopy (EDS) detector (X-MaxN 80, Oxford Instruments, Ab-
ingdon-on-Thames, UK). To reduce charging effects, the samples were coated with a conduc-
tive carbon layer. The accuracy of the elemental analysis was ± 1.5 mol%. 

3. Results and discussion  

Composites were prepared using ADL by mixing crystals in the CaO-Ga2O3 and SiO2 batches 
for the preparation of the pellets. The crystal loading in Si- and Ca-Ga-based composites was 
investigated up to 10 and 40 wt.%, respectively, in order to evaluate the effect of increasing 
crystal fraction on transparency and phase stability. It is clearly visible from Figure 1 that as 
the amount of crystals in the composites increases, their transparency is reduced, which is 
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expected due to the increased number of scattering boundaries between the crystals and the 
glass matrix. The Si composites appear more opaque/translucent than the Ca-Ga composites. 
The decrease in transparency with introducing the crystals might be caused by the refractive 
index mismatch between the crystals and the glasses [31]: the refractive indices at 632 nm of 
the SiO2 and gallate glasses are 1.46 [32] and between 1.7 and 2.4 [33], whereas the refractive 
indices of the YAG:Ce3+, LiNbO3:Yb3+, Yb2Si2O7, and CaWO4:Yb3+ are 1.83, 2.28, 1.84, and 
1.92, respectively [34], [35], [36], [37]. However, the Ca-Ga composite prepared with 40 wt.% 
of Yb2Si2O7 remains transparent, which suggests that the crystals have dissolved into the glass 
during the preparation process.  

Figure 1 presents the XRD patterns of the Si and Ca-Ga composites. For the Si compo-
sites containing 5 and 10 wt.% CaWO4:Yb3+, sharp diffraction peaks corresponding to the 
CaWO4:Yb3+ phase were observed, confirming that the crystalline phase largely survives the 
ADL process at this high loading. In the Ca–Ga composites, peaks associated with 
CaWO4:Yb3+ are also detected, however, additional diffraction peaks are present, indicating 
the formation of a secondary phase, which can be assigned to CaGa2O3 phase (ICDD 96–200-
2271). This suggests partial interaction between the CaWO4:Yb3+ crystals and the gallate melt 
during processing. Therefore, while the primary crystalline phase is retained to some extent, 
its stability in the Ca–Ga matrix appears to be lower compared to silica. It is worth noting that 
there is a slight shift of the CaWO4:Yb3+ XRD peaks toward lower 2θ values when incorporated 
in the Ca-Ga glass. This may arise from glass matrix stress and/or minor compositional or 
structural changes in the CaWO4:Yb3+ crystals during the ADL as expected from SEM/EDS 
and micro-Raman spectra (Figure 3 and 4). The XRD pattern of the Si composite containing 
10 wt.% of Yb2Si2O7 crystals appear with very low intensities, indicating that a small fraction of 
these crystals survives the ADL process. On the other hand, Ca-Ga composite prepared with 
Yb2Si2O7 crystals did not show any XRD pattern, suggesting a nearly complete decomposition 
of the Yb2Si2O7 crystals in the matrix. Si composite prepared with LiNbO3:Yb3+ did not depict 
any XRD peaks either, probably due to the decomposition of the crystals during the ADL pro-
cess, the XRD pattern of the Ca-Ga composite containing 40 wt.% of LiNbO3:Yb3+ exhibit 
peaks which don’t correspond to those of the crystals suggesting the formation of secondary 
crystalline phases as a result of interactions between the crystals and the host matrix. These 
phases can be attributed to Ca3Nb1.5Ga3.5O12 (ICDD 01-092-6186), CaNbO3 (ICDD 01-089-
0718), LiGaO2 (ICDD 00-021-0494), and CaGa4O7 (ICDD 01-086-8669). In those samples, the 
relatively high concentration of crystalline inclusions increased light scattering, which led to the 
opaque appearance of the composites (see insets in Figure 1). For the composites prepared 
with YAG:Ce3+ crystals, no distinct diffraction peaks were detected, implying partial to complete 
dissolution of the crystals into the glass matrix. 
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Figure 1. XRD of (a) Si and (b) Ca-Ga composites prepared with CaWO4:Yb3+, Yb2Si2O7, 
LiNbO3:Yb3+, YAG:Ce3+ crystals with corresponding XRD patterns of the as-prepared crystals. Peaks 
marked with (*) are attributed to the CaGa2O3 phase (ICDD 96–200-2271), (×) is for Ca3Nb1.5Ga3.5O12 
(ICDD 01-092-6186), (↓) is for CaNbO3 (ICDD 01-089-0718), (▪) is for LiGaO2 (ICDD 00-021-0494), 
and (+) is for CaGa4O7 (ICDD 01-086-8669). Insets are photographs of Si and Ca-Ga composites 

doped with CaWO4:Yb3+, Yb2Si2O7, LiNbO3:Yb3+, YAG:Ce3+ crystals. Squares dimensions are 2 mm. 
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The emission spectra of the Si and Ga-Ca composites are shown in Figure 2. The emis-
sion spectra of the blank Si- and Ca-Ga glasses are shown in Figure S1 (Supplementary data). 
The spectra of the composites are compared with those of the as-prepared crystalline powders 
under identical excitation conditions. The composites prepared with CaWO4:Yb3+, Yb2Si2O7, 
and LiNbO3:Yb3+ exhibit the characteristic Yb3+ emission originating from 2F5/2 → 2F7/2 transi-
tion. In all composites, the emission profile is modified after ADL process, indicating changes 
in the local crystal-field environment of the Yb3+ ions due to crystal dissolution and/or the for-
mation of secondary phases. In particular, the emission bands differ markedly from those of 
the as-prepared crystals and become broader, resembling the typical emission of Yb3+ ions in 
a glass host. This suggests that a considerable fraction of the crystals decompose during pro-
cessing, resulting in the incorporation of Yb3+ ions into the amorphous matrix. Si composites 
prepared with 5 and 10 wt.% of CaWO4:Yb3+ exhibit emission profiles that differ slightly from 
those of the as-prepared crystals, indicating that the local environment of the Yb3+ ions is par-
tially modified. On the other hand, Ca-Ga composites containing 5 and 40 wt.% of CaWO4:Yb3+ 
show emission profile very similar to that of the as-prepared crystal, confirming its superior 
stability during ADL. This observation is consistent with the XRD (Figure 1) and Raman (Figure 
4) results, which identify CaWO4:Yb3+ as the most stable crystalline phase among the investi-
gated systems despite the presence of secondary crystalline phases. Si- and Ca-Ga compo-
sites prepared with Yb2Si2O7 show only minor changes in the relative intensities of the Stark 
components. Although a significant amount of Yb2Si2O7 crystals is expected to dissolve during 
ADL process, as evidenced by the absence of XRD pattern, Yb3+ emission features are pre-
served. In contrast, the LiNbO3:Yb3+ Si- and Ca-Ga composites exhibit the largest spectral 
changes, with the emission peaks evolving into broader bands as the crystal loading increases. 
These observations are in agreement with the melting temperatures of the components ob-
tained from the phase equilibria diagrams (Ca-Ga glass - 1500°C, SiO2 - 1713°C, CaWO4:Yb3+ 
1620°C, Yb2Si2O7 - 1950°C, LiNbO3:Yb3+ - 1270°C, and YAG:Ce3+ - 1940°C). 

The broadband white emission of the as-received YAG:Ce3+ crystals, arising from the Ce3+ 
ion electronic transitions 5d (2A1g) → 4f (2F7/2, 2F5/2) [38], undergoes a noticeable change in 
spectral shape after embedding the crystals into the glass matrices. Both the Si and Ca-Ga 
composites exhibit modified emission profiles, confirming the decomposition of the crystals 
and a corresponding alteration of the local environment of the Ce3+ ions as suggested from the 
XRD pattern (Figure 1). Overall, the improved retention of the emission characteristics in the 
Ca–Ga composites is likely related to the lower processing temperature compared with the Si 
system, which reduces the thermal degradation of the embedded particles during processing. 
Similar behavior has been reported in previous studies when crystals were introduced to the 
glass matrices prior to the quenching process [10], [39]. 

Previous studies [10], [40] have shown that crystal survival in glass matrices strongly de-
pends on processing conditions, particularly on the duration of contact with the melt. In these 
studies, CaWO4:Yb3+, Yb2Si2O7, LiNbO3:Yb3+ and YAG:Ce3+ crystals were incorporated into 
glass matrices by remelting the glass powder together with the crystals or introducing the crys-
tals directly into the glass melt prior to quenching. In these conventional melting approaches, 
prolonged exposure often led to partial or complete dissolution of crystals. Furthermore, the 
reported composites were prepared with crystal concentrations up to approximately 5 wt.% or 
lower. In the present work, ADL processing was carried out with rapid melting and quenching. 
Under these conditions, composites were prepared with crystal contents up to 10 wt.% in silica 
and up to 40 wt.% in Ca–Ga glass. demonstrating that ADL enables both higher crystal load-
ings and improved retention of crystal integrity compared with conventional methods studied 
in [10]. 
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Figure 2. Normalized emission spectra of (a) Si and (b) Ca-Ga composites prepared with 
CaWO4:Yb3+, Yb2Si2O7, LiNbO3:Yb3+ crystals under 915 nm excitation and YAG:Ce3+ under 460 nm 

excitation. 

The SEM imaging combined with EDS line-scan analysis across crystals found at the sur-
face of the Si and Ca-Ga composites are shown in Figure 3. CaWO4:Yb3+ crystals were iden-
tified on the surface of the Si and Ca-Ga composites. Slight change in the glass composition 
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is expected during the ADL processing. Compositional analysis indicates that the crystals 
largely retain their original composition in the center. However, at the crystal-glass interface 
this ratio deviates from the stoichiometric value, revealing diffusion of constituent elements into 
the surrounding glass matrix. This interfacial elemental diffusion demonstrates that the crystals 
undergo partial decomposition and dissolution in Si and Ca-Ga composites rather than com-
plete degradation. In the Si composite prepared with Yb2Si2O7, no clear diffusion of Yb into the 
Si matrix was observed. For the Si composite prepared with LiNbO3:Yb3+ and the Ca–Ga com-
posite prepared with YAG:Ce3+, SEM/EDS analysis revealed only areas enriched with ele-
ments originating from the crystalline phases, which may correspond either to localized de-
composition or to crystals situated just beneath the polished surface. Similar behavior was 
observed in [40].  

 

Figure 3. SEM image and EDS line scan of the Si composites prepared with (a) CaWO4:Yb3+, (b) 
Yb2Si2O7 (c) LiNbO3:Yb3+ and of Ca-Ga composites prepared with (d) CaWO4:Yb3+, and (e) YAG:Ce3+. 

To verify whether the structure of the embedded crystals was preserved after being em-
bedded into the glass matrices, micro-Raman analysis was carried out on the crystals found 
on the surface of the composites (Figure 4). Full attribution of the Raman peaks of the as-
prepared crystals can be found in [10]. Among the composites, the Ca-Ga composite prepared 
with LiNbO3:Yb3+ shows the Raman peaks of the as-prepared crystals and also new Raman 
peaks, which is consistent with the additional diffraction peaks observed by XRD (Figure 1). 
The spectra collected from the Ca-Ga composite prepared with LiNbO3:Yb3+ crystals exhibit 
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several peaks which cannot be attributed to the original crystalline phases of the as-prepared 
crystals suggesting the formation of new crystalline compounds as a result of interfacial reac-
tions and partial decomposition of the initial particles. The observed crystal survival and phase 
evolution are expected to depend on the phase relationships and thermodynamic compatibility 
between the glass matrix and the incorporated crystals. These interactions may affect crystal 
dissolution, interfacial reactions, and the possible formation of secondary phases during melt-
ing and cooling. To the best of our knowledge, detailed phase diagrams are not available for 
the multicomponent systems investigated here. Nevertheless, the composition of the glass 
matrix can be tailored to improve the stability of the crystals and to minimize the refractive 
index mismatch between the crystals and the glass, thereby enabling the fabrication of trans-
parent glass-crystal composites for photonic and optoelectronic device applications. 

 

Figure 4. Raman spectra of the (a) Si composite prepared with CaWO4:Yb3+ (b) Ca-Ga composite pre-
pared with CaWO4:Yb3+ and (c) Ca-Ga composite prepared with LiNbO3:Yb3+ crystals. 

4. Conclusion 

In summary, silica- and gallate-based composites containing high concentrations of 
CaWO4:Yb3+, Yb2Si2O7, LiNbO3:Yb3+, YAG:Ce3+ crystals were successfully fabricated using 
ADL melting. This containerless approach enabled the introduction of large quantities of doped 
crystals while minimizing contamination and avoiding heterogeneous nucleation typically as-
sociated with conventional melting techniques. From the XRD pattern of the composites, a 
significant fraction of the crystals is expected to decompose during the ADL process leading 
to changes in the site of the RE ions. This decomposition, along with the formation of second-
ary phases, was further confirmed by Raman spectroscopy and SEM/EDS analysis. It was 
found that CaWO4:Yb3+ crystals tend to remain intact in the Si and Ca-Ga composites as evi-
denced from the XRD and Raman spectra, whereas LiNbO3:Yb3+ and YAG:Ce3+ crystals seem 
to be the least stable. Overall, ADL proves to be a promising route for producing highly RE-
doped glass–crystal composites, offering a pathway toward materials with tailored lumines-
cence and high active-ion concentrations for miniaturized photonic devices. Future work will 
focus on controlling interfacial reactions and optimizing processing parameters as well as the 
refractive index of the glass matrix to enhance composite transparency and reduce the glass-
crystal interface for improved optical performance. 
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