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Synthesis and characterization of oxynitride glass films to develop a host for the divalent-europium-centres
Xun Liu,a,b Takeo Ohsawa,a Jian Xu,a Masatoshi Yanagida,a Kohsei Takahashi,a Takashi Takeda,a Tetsuo Kishi,c Tetsuji Yano,c Hiroyo Segawa,a,c,*, Naoki Ohashia,b,d
This study investigates the synthesis and characterization of europium-doped strontium-aluminium-silicon-oxynitride glass films. These films were prepared using the sol-gel method, followed by ammonolysis at 1000 °C. Extending the ammonolysis duration proved critical for enhancing luminescence efficiency, with a peak internal quantum efficiency of 37% achieved after 24 h. Infrared absorption, X-ray photoemission, and thermal desorption analyses suggest that nitrogen incorporation occurs early in ammonolysis. The formation of a stable glass structure involving Si-N-Si and Si-O-Si bonds was identified as the rate-limiting step in oxynitride glass development. Additionally, the fabricated film was integrated into a halide perovskite solar cell to assess its ultraviolet-to-visible conversion performance.
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1. Introduction
Solar cell technologies have garnered significant attention owing to the increasing demand for renewable energy in the sustainable development of human society. Maximizing solar cell efficiency requires harnessing a broader range of the solar spectrum for power generation. According to the Shockley-Queisser limit,1 conventional solar cells use semiconductors with energy bandgaps in the near-infrared (NIR) range, limiting the effective use of shorter-wavelength photons, such as ultraviolet (UV) light. While applying window layers2 has improved efficiency in the shorter wavelength range,3–5 excess photon energy from this wavelength remains a significant challenge for solar cells. This excess energy results in thermalization, reducing overall efficiency.6,7 Furthermore, high-energy photons excite elements within the solar cell stack, such as the cover glass and transparent electrodes, causing degradation and reducing cell lifetime.7,8 Addressing these engineering challenges is essential for advancing solar cell technology.
Extensive research and development have focused on improving solar cell efficiency by fabricating multi-junction and tandem cells9–13 and mitigating light scattering and reflection.14,15 Among these approaches, wavelength conversion from UV to visible (VIS) or near-infrared (NIR) is a promising approach for harnessing short-wavelength light.16–18 This process involves absorbing short-wavelength photons and re-emitting them at longer wavelengths. The Stokes shift allows excess energy to remain within the luminescent layer, reducing heat generation at semiconductor junctions. Wavelength conversion from UV to NIR appropriate for generation particularly benefits solar cells in outer space, where they are exposed to unfiltered solar radiation. The integration of optical structures, such as wave-guides, and luminescent material is also considered as the luminescent solar concentrators.19–22 Hence, solar cell technology needs luminescent layers exhibiting high efficiency and durability.    
Typically, luminescent layers for solar cells applications (LLSCs) consist of a matrix17 embedded with luminescent materials such as quantum dots,23–26 organic molecules,27–29 or rare-earth ions/complexes.18,30–37 Matrix materials must exhibit high transmittance, especially in the wavelength range where solar cells achieve optimal efficiency. This requires high transparency and a low refractive index in the NIR. Consequently, organic polymers like polymethyl methacrylate27,38 or polyvinyl acetate33 are considered suitable matrices for dispersing luminescent materials. However, these polymers degrade over time due to radical reactions induced by short-wavelength light, particularly UV light.39 Considering device longevity and durability, using inorganic materials like crystals16,30,32,37,40 or glasses25,34–36 as matrices for LLSCs is worth exploring.
In addition to reliability and durability, achieving high quantum efficiency (QE) of luminescence and a high optical absorption coefficient for short-wavelength light are critical requirements. Rare-earth ions are conventionally employed as luminescence centres to improve QE.30,32,41 However, their low absorption coefficients pose a disadvantage in LLSCs.41 Efforts to address this drawback include using certain organic complexes that transfer energy from organic ligands with high absorption coefficients to rare-earth ions.33
A promising luminescence centre for LLSCs is divalent europium ions (Eu2+), which exhibit high absorbance for short-wavelength light and strong broad-band emission in the VIS range due to 4f-5d electronic transitions.42–47 While many luminescent materials use oxides as hosts, they are unsuitable for activating the bright luminescence of Eu2+ centers.37,48 Conversely, oxynitrides have been identified as advantageous hosts, owing to the strong nephelauxetic effect of nitrogen ligands and crystal field splitting of the 4f and 5d states of Eu2+, which enhance luminescence efficiency.37 Notably, Eu2+-doped oxynitride phosphors such as α-SiAlON (yellow phosphor), β-SiAlON (green phosphor), and CaAlSiN3 (red phosphor) are well known for their high QE.48 However, these crystalline oxynitride phosphors require high-temperature synthesis to achieve high crystallinity, and a large grain size, like 10 μm, is preferred to maximize QE.49 However, phosphor size should be less than 100 nm for luminescent films suitable for LLSCs to reduce light scattering.50 Thus, dispersing crystalline oxynitride phosphor grains in a transparent matrix may not be ideal, necessitating new methods to synthesize monolithic oxynitride films as hosts for Eu2+ centres.
This study aims to develop transparent oxynitride glass films as hosts for Eu2+ centres. However, synthesizing transparent oxynitride glasses with a high nitrogen content is challenging. This is because traditional melting methods carried out under a low oxygen partial pressure result in a decrease in transparency and a change in colour to black, due to the formation of silicide particles.51,52 The sol-gel process is a promising alternative method of fabricating oxynitride glasses because it allows glass to be prepared directly from liquid solutions, eliminating the need for high-temperature melting.53 Silica gels produced using the sol-gel method can be sintered at around 1000°C in an ammonia atmosphere to facilitate nitrogen incorporation into the glass network.54,55 This demonstrates the potential of the sol-gel method for achieving precise compositional control and enhanced nitrogen incorporation in silicon oxynitride glasses. In our group, we have successfully used this method to produce luminescent oxynitride glass powder doped with Eu²⁺ via sol-gel synthesis and ammonolysis.56 The sol-gel method also has the advantage that large-area deposition can be achieved at low cost, which is advantageous in LLSC applications.
In this study, we synthesized Eu-doped Sr-Si-Al-O-N glass films using our technique—sol-gel synthesis and ammonolysis. In addition, we investigated the influence of ammonolysis on glass composition, valence state of Eu ions, and surface morphology to enhance luminescence efficiency and transparency. Furthermore, we demonstrated the performance of the obtained films by applying them to lead halide perovskite solar cells.
2. Experimental Section
2.1.	  Sample preparation
The films were synthesized using the sol-gel method. All chemical reagents were purchased from FUJIFILM Wako Pure Chemical Corporation. Tetraethoxysilane (TEOS, > 95%) was hydrolysed with distilled water and nitric acid (TEOS: H2O: HNO3 = 1:4.7:0.001, molar ratio) to form silica sols. The silica sol was stirred for 1 h before a solution containing ethanol (> 99.5%) and N,N-dimethylformamide (DMF, > 99.5%)—into which Al(NO3)3･9H2O (99.9%) and Eu(NO3)3･6H2O (99.9%) were dissolved—was added to the silica sol and stirred for 15 min. Subsequently, an aqueous solution of Sr(NO3)2 (> 98%, Wako) was added to the mixture and stirred for another 15 min. The nominal cation ratio in the resultant sol was Si:Al:Sr:Eu = 85:15:10:5 (molar ratio), and the nominal ratio between sources and solvents in the obtained sol was TEOS: EtOH: DMF: H2O = 1:4.7:4.7:14.1 (molar ratio). The obtained sol was spin-coated onto a silica glass substrate (0.5 mm thick) at 3000 rpm for 30 s and dried at 150 °C for 10 min. The coating process was repeated twice to achieve the desired film thickness.
Nitridation of the obtained films was performed through ammonolysis using a tube furnace by flowing NH3 gas (99.999%, Showa Denko K.K.) at a 500 mL/min rate. The furnace temperature was increased to 1000 °C at a ramp rate of 330 °C/h and maintained at 1000 °C. To assess the influence of ammonolysis duration (tn), four different durations were examined: 0, 6, 12, and 24 h. Films corresponding to these durations are identified as N‑0, N‑6, N‑12, and N‑24, respectively. The film identified as N‑0, corresponding to tn = 0, was prepared by cooling it to room temperature immediately after the furnace reached 1000 °C.
In addition to films prepared by ammonolysis, two reference samples were prepared to compare the valence states of Eu ions (Eu2+ or Eu3+). One reference sample (O‑6) was heated at 1000 °C for 6 h in air, achieving an oxide glass film containing a higher valence state Eu (Eu3+). Conversely, the second reference sample (H‑6) was prepared to obtain an oxide glass film containing Eu ions with lower valency (Eu2+). This film underwent two-step heat treatment: first, the gel film was heated at 800 °C for 6 h in air to oxidize and remove organic components, followed by heating at 1000 °C for 6 h in an H2/Ar gas mixture (H2/Ar = 4/96 by volume).

2.2.	Analyses and characterization
The absence of crystalline phases in the obtained films was evaluated using X-ray diffraction (XRD) with a conventional diffractometer (Smart Lab, Rigaku) employing Cu Kα radiation. The XRD data were collected 2θ range of 10–80° at a step size of 0.020°. The film morphology and thickness were investigated using a field-emission scanning electron microscope (FE-SEM; S-4800, Hitachi). The surfaces were coated with carbon and observed by 10 kV of accelerating voltage. Surface roughness was characterized with an atomic force microscope (AFM; AFM5000II, Hitachi High-Tech Science Corp., Tokyo, Japan).
Chemical bond characteristics and composition in the films were analysed using an X-ray photoelectron spectrometer (XPS) (PHI-Quantes, ULVAC-PHI, Inc., Tokyo, Japan) with a monochromatic Al Kα X-ray source. The pressure in the XPS chamber was maintained at 1×10-8 Torr during measurements. Ar+ ion sputtering at an acceleration voltage of 1 kV was performed for about 30 min to remove surface contamination like adsorbed water molecules. A surface charge neutralizer, or "flood gun," was used to enable measurements for insulating films. Alongside XPS, chemical state analyses were conducted using Fourier-transform infrared (FT IR) spectroscopy (NICOLET iS50 FT IR, Thermo Fisher Scientific Inc., Yokohama, Japan), adopting an attenuated total reflectance (ATR) geometry with a Ge prism. The spectra were collected in the range of 650–1500 cm−1 with a resolution of 1.928 cm−1. 
The valence state of Eu ions in the films was assessed using Eu-LIII X-ray absorption near edge structure (XANES). XANES spectra were collected using the fluorescence method in the 6600–7600 eV energy range at the synchrotron facility (BL-9A and BL-12C, Photon Factory of KEK, Tsukuba, Japan). Reference XANES spectra for crystalline Eu2O3 and EuS were also recorded. The obtained spectra were analysed using the Demeter Athena software package.57 Figure 1.   Microstructures of the films after ammonolysis observed with the FE-SEM (left) and the AFM (right): (a)-(d) for 0, 6, 12 and 24 h, respectively. The dot lines in the cross-sectional SEM images indicate film/substrate interfaces. AFM line prefile represent relative height profile in a line parallel to the x-axis at the centre position of the AFM image.

Thermal desorption spectra (TDS) were measured using an EMD-WA1000S system (ESCO, Tokyo, Japan) to explore relationships between chemical composition and spectroscopic features. The base pressure in the analytical chamber was maintained at 10-7 Pa or lower. Desorbed fragments from the sample during heating were analysed using a quadrupole mass spectrometer. The TDS measurement protocol involved heating to 1000 °C at a ramp rate of 3 °C/min, holding at 1000 °C for 3 h, and subsequently cooling to room temperature. This heating cycle was repeated twice to ensure complete desorption.

2.3.	Characterization of LLSC's performance
Optical transmittance spectra in the UV and VIS range were measured using a spectrophotometer (SolidSpec-3700, Shimadzu) across a 200–700 nm range at 0.5 nm intervals. An integrating sphere composed of BaSO4 was employed during these measurements to eliminate the influence of scattering on the resultant spectra. Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were obtained using a fluorescence spectrophotometer (F-7100, Hitachi High-Tech Corp., Tokyo, Japan) at approximately 25 °C. The PL spectra were excited by UV light at λ = 280 nm, measured in the range 400-700 nm and PLE spectra were monitored at the wavelength of maximum emission intensity in a range 220-460 nm in 1 nm intervals.
In addition to conventional measurements, the QE of luminescence was measured using a double-integrating hemisphere system (QE-2100, Otsuka Electronics, Hirakata, Japan) at room temperature (see Figure S1) and QE values were calculated referring to a literature.58  Subsequently, the films possessing higher QE was integrated into a homemade perovskite solar cell59 without any specific optical coatings on the surface exposed to the incident light using a solar simulator (SM250IQE, Bunkoukeiki Co., Ltd., Tokyo, Japan) .The data was collected in the range 300-900 nm in 5 nm intervals.Figure 2. Film thickness before and after thermal treatment as a function of the heating time at 1000 °C.


[bookmark: _Hlk202445198]3.	Results and Discussion
3.1.	Surface morphology of films
All films obtained via ammonolysis exhibited only a halo in their XRD patterns, confirming their amorphous nature (Figure S2). Similarly, XRD results identified the films heated in air (O‑6) as amorphous. Conversely, β-cristobalite and α-quartz crystallized in the H‑6 film, which was heated in a hydrogen-containing atmosphere.
SEM images and AFM images of the films after ammonolysis treatment are shown in Figure 1. The FE-SEM images of the surface and the cross-sectional images of the film after thermal treatment are shown in the left panels. High-magnification SEM images in the insets revealed that the grain size was consistently around 5-10 nm across different heating conditions, likely reflecting the initial grain size of the gel. Low-magnification SEM images represent the surface of the films has few uneven. On the other hand, the AFM images show height variations within a range of a few tens of nanometres. The surface undulation depended on the ammonolysis time. The N-24 appears as an uneven shape with a height of about 20 nm in cycles of about 1 mm. A comparison between the SEM and AFM images reveals that the contrast observed in the SEM images is attributed to surface roughness post ammonolysis.
Cross-sectional SEM images of the film/substrate interfaces of the samples after ammonolysis are shown in Figure 1. These images indicate shrinkage in film thickness due to thermal treatment and good adhesion between the film and substrate post-heat treatment. Notably, the film/substrate interface was not easily discernible, as no voids or cracks were observed. The interface could be identified by a slight contrast difference between the film and substrate. Film thickness and the changes induced by heat treatments were measured and summarized in Figure 2 and Table S1. The thickness of the gel film became thinner with increased heating time. The thickness was approximately 80% of the original thickness for the N‑0 film and around 65% for the N‑24 film. The films heated in air or Ar/H2 gas streams were shrank by approximately 50 % of their original thickness, making them much thinner than those after ammonolysis. This reduction is attributed to densification, a common effect of heating silica-based gel films. Thermal treatment is a common method of increasing the transparency of such films.53 Thermal temperature at 1000°C—near the glass transition temperature of these oxide glasses—enhanced mass transport, likely inducing densification. SEM images of H‑6 and O‑6 indicated densification (Fig. S3), with no pores observed. The AFM images also show that O‑6 and H‑6 have higher flatness than the films after ammonolysis. Although crystallization occurred slightly in the H‑6 films, a substantial glass phase remained, acting as a sintering agent for densification, as Figure S2 suggests.
Conversely, films undergoing ammonolysis were expected to undergo further volume shrinkage post-nitridation as the number of atoms in the formula unit decreased, as shown in Eq. (1). 
	(1)
Here, three oxide ions are replaced by two nitride ions to maintain charge neutrality: that may lead to reduction of the film volume. However, the thickness of films post ammonolysis exceeded that of H‑6 and O‑6, probably because of their surface undulations. The precise reason for this surface undulation remains unclear, but it is plausible that fine grains slowly agglomerate during thermal treatment. As can be inferred from the fact that dense bodies could not be formed when silica gel bulks were sintered in ammonia,60 the particle coalescence rate in ammonia atmosphere is likely slow enough to prevent densification at 1000 °C. Thus, the film surface may densify partially, resulting in an undulating surface structure forming.
Formation of such undulating surface may be effective in avoiding cracking and delamination, since the formation of monolithic oxynitride film with 100% relative density on a silica substrate must result in cracking due to internal stress from volume shrinkage and thermal expansion coefficient mismatch. The filling density of particles in hexagonal and cubic close packing is approximately 74%. Although density of the oxynitride glass has not been evaluated accurately, comparison of the thickness of the films after nitridation and oxidation indicates the sol-gel synthesis followed by ammonolysis achieved not obvious densification (sintering) but efficient packing of grains. Thus, obtained undulating surface structures enables the production of homogeneous films without cracking and peeling. The prepared oxide films exhibited exceptionally smooth, pore-free surfaces, making them suitable for LLSC applications in minimizing light scattering. Conversely, post-ammonolysis films displayed a granular structure composed of nano-sized fine grains with insignificant surface roughness. As the surface roughness and grain sizes are much smaller than the visible wavelength range (λ = 380-780 nm), light scattering due to the microstructure of the films is negligible. These results suggest that this film formation process is suitable for fabrication of LLSCs, as it minimizes light scattering.Figure 3  XPS spectra of the films after thermal treatment. The electron binding energies were normalized by the peak maximum of O1s core-level peak.


3.2.	Chemical states of the glass matrix
The XPS measurement results are presented in Figure 3. As a charge neutralizer was used during XPS measurement, normalizing the electron binding energy (Eb) was necessary. In Figure 3(a), the C1s core-level spectral profile was broad and asymmetric, with residual organic components remaining in the films even after thermal treatment, resulting in a complex C1s peak profile. Additionally, the C1s peak intensity was too weak for some films after sputtering to be used for referencing. Therefore, O1s peaks, which exhibited a clearer shape, were used for Eb normalization.
We first examined the spectra in the N1s core-level region, shown in Figure 3(b), before evaluating the nitrogen concentration in the films. Peaks corresponding to the N1s core level were always found in the spectra of the films post ammonolysis, with the Eb at the peak maximum nearly identical for all films. The main peak is attributed to the nitrogen that is covalently bonded to silicon. Variations in the N1s profile indicate that the chemical state of nitrogen varies as nitridation progresses. A shoulder, N‑I, was also visible in the N1s region. The increasing intensity of N‑I with tn suggests that the chemical component relating to the N‑I feature is likely associated with the formation of oxynitride glass. Within the main band, the N1s level of HN(-Si)2 or H2N-Si, which may form during the ammonolysis, is known to shift slightly to -0.1 or -0.2 eV, respectively, compared to N(-Si)3.61-63 This indicates that the main band contains these species. Deconvolution of the main band may provide an estimate of the abundance ratio of these species. However, the deconvolution of the broad band is difficult to achieve at this stage without any information on the abundance ratio. A distinct spectral tail in the N1s region, denoted as N‑II in the figure, was only present in the N‑12 spectra. Considered from previous studies,58–60 the broader tail N‑II might be assigned to negative states such as N3-, which were formed as intermediate products during ammonolysis. From the spectra, the formation of the negative nitrogen species such as N3- occurred when tn is from 6 to 12 hours. The lack of proportionality between the relative intensities of N‑I and N‑II to tn suggests that reactions during ammonolysis are not limited to simple nitrogen-for-oxygen substitution.
In contrast to the C1s and N1s regions, the spectra in the O1s core-level region (Figure 3 (c)) appeared less sensitive to thermal treatment conditions. As shown in the inset of Figure 3 (c), the relative intensity of the spectral tail varies with these conditions, indicating that ammonolysis alters the chemical state of oxygen. However, the overall chemical state of oxygen in the films closely resembles that of ordinary oxide ions (O2-). Hence, the integrated spectral intensity in this O1s range reflects the oxygen concentration in the films.
Figure 4 presents the estimated effective nitrogen concentrations (Neff) as a function of tn, the definition of Neff is given in the supporting information. This result reveals that the Neff in the films is higher at shorter tn and that it decreases as the tn increases. This trend suggests that the chemical state of nitrogen changes as nitridation progresses, forming nitride ions from 6 to 12 hours. These findings imply that nitridation proceeds through intermediate structures.Figure 5  FT IR spectra of the films after thermal treatment. The spectra were numerically treated to avoid the deformation of the spectral profile due to the application of the ATR method.  
Figure 4  Nitrogen concentration (Neff) of the films as a function of the holding time at 1000 °C during ammonolysis. Black and red symbols represent Neff of the films after ammonolysis and thermal desorption (TDS) measurement, respectively.

As aforementioned, the spectral features in the N1s region, such as the relative intensity of the N‑II feature, did not systematically change with tn. Conversely, the spectral profile of the Al2p core level showed more systematic changes in response to tn or Neff. A shoulder component at higher Eb (Figure 3(e)) became more pronounced with increasing tn. The spectral tail in the Al2p region was most evident in the N‑24 film, indicating that the intensity of the spectral shoulder in the Al2p region was not directly proportional to Neff but rather to tn. The Sr3p spectra (Figure 3(a)) displayed similarities with Al2p. Owing to the overlapping spectral tails of C1s and Sr3p, detailed analysis of the Sr3p higher-Eb tail was challenging. However, the Sr3p peak shifted to higher Eb after ammonolysis, mirroring the spectra behaviour of the Al2p profile.
The Si2p core-level spectra also depended on tn (Figure 3(d)). However, the behaviour of Si2p differed slightly from that of Al2p. With ammonolysis, the Si2p peak maximum shifted to higher Eb. Specifically, the peak for N‑0 appeared at the lowest Eb, while the peak for N‑24 was similar to that of O‑6. This trend suggests that the magnitude of the Si2p shift corresponds to Neff, indicating that the chemical state of silicon is more sensitive to Neff than that of aluminium. Notably, the spectra tail behaviour in the O1s peak resembled that of Si2p. The spectral tail was less pronounced for the N‑0 film and increased with tn. The spectral profile for the N‑24 film closely resembled that of O‑6. Such similarities in the spectral profiles between N‑24 and O‑6 were common features observed in the O1s and Si2p regions.
The FT‑IR measurement results are shown in Figure 5. Notably, the spectral profile was numerically treated with the ATR correction tool installed in the equipment, assuming that the refractive index of the film was 1.45, a typical value for pure silica glass. The spectra exhibited multiple peaks, labelled as bands I–V. Among them, peaks at approximately 1200 cm‑1 (band-I) and 1080 cm‑1 (band-II) correspond to the asymmetric stretching mode of Si-O-Si bonds.64,65 The presence of crystalline phases in H-6, as detected by XRD, likely explains the sharper spectral features in band-II compared to O-6, where no crystalline phase was detected. In the region of band II, the stretching vibration of Al-O-Si bonds is expected also around 1065 cm⁻¹.66 However, it is not distinctly visible due to the broadening of band- II and the low aluminium concentration, suggesting minimal contribution. Additionally, band-III, observed in both H‑6 and O‑6 films (Figure 5), may originate from the stretching mode of Al-O bonds66–69 or the asymmetric stretching mode of Si-OH.65,70,71 Films prepared by ammonolysis might not exhibit band-III, owing to its overlap with band-IV. The precise nature of band-V—whether related to Si-OH or Al-O—remains unclear. The presence of hydroxyl group (OH) is discussed using TDS results in the latter part of this section.
In addition to the vibrational modes discussed earlier, band-IV appears in these films. According to previous studies,72,73 the peak around 900–950 cm-1 (band-IV) corresponds to Si-N stretching vibration. The intensity of band-IV decreases with increasing tn, a trend similar to the decrease in Neff, as shown in Figure 4. Notably, the intensity of band-IV is not a measure for Neff, as various species of nitrogen exist in the films. For instance, XPS results indicate the presence of nitride ions. Further investigation of additional vibrational modes, such as N‑O, N‑H, and N‑C, would enhance understanding the chemical state of nitrogen after ammonolysis. However, such modes were not examined in this study, as ATR measurements using the Ge prism was the only viable method for thin-film samples. However, we assume that most of the nitrogen introduced into the films participated in Si‑N bonding, as indicated by changes in the Si2p spectral profile with variations in Neff. The spectral profile of the N‑24 film with less Neff closely resembles that of O‑6. Hence, band-IV is considered a fingerprint for nitrogen in the present samples. Additionally, the broadening of band-IV in films with shorter tn likely reflects structural distortions in Si‑N bonds.
Here, we examine the consistency between XPS and FT‑IR results. The peak position of band-II shifted to low energy side with tn. This trend indicates that Si-O-Si glass structure changes with tn., which represents that the covalency of Si-O-Si network became high after long time ammonolysis. Additionally, the Si2p core-level peak of N‑24 closely corresponds to that of O‑6 than that of the films with shorter tn, further aligning with the intensity behaviour of band-II. Notably, the intentional addition of Si-alkyl groups causes a shift of Si-O vibrational modes.74 Under ammonolysis, decomposition and desorption of organic components take longer than thermal treatment in oxygen-rich environments. Hence, ammonolysis performed in this study comprised two steps: initially, excess nitrogen was introduced into the gel film, followed by structural relaxation, including organic decomposition, leading to the formation of a three-dimensional (3D) glass network composed of [SiOxNy] polyhedrons. Thus, the relative intensities of band-II and Si2p core-level peaks are indicators of oxynitride glass formation.
TDS measurements confirm that the glass structure is stabilized during ammonolysis. Figure 6 presents the TDS spectra of the N‑0 film for some selected mass/charge (m/Z) values. A prominent desorption profile was observed for m/Z = 17 and 18, corresponding to 16O1H and 1H216O, respectively. The water desorption started at a relatively low temperature (100 °C). Desorption of 16O1H and 1H216O was evident even for the N‑24 film, indicating that Si-OH contributes significantly to band-III in FT‑IR spectra for the post-ammonolysis films. Given the high hydrogen gas concentration during ammonolysis—a byproduct from the decomposition of ammonia—the film after ammonolysis contains OH groups.Figure 7	TDS of the O‑6 (a) and N‑24 films (b). The assignment of the fragments is given in the text.
Figure 6  TDS profile of the N 0 film. The mass/charge values are identified with legend, and the assignment of the fragments is described in the text.

Higher-intensity signals at m/Z = 28 and 44 were observed. The signal at m/Z = 28 is attributed to 28Si, 12C16O, or 14N2. Other possible contributions, such as 1H13C14N and 13C15N, were excluded due to the chemical environment employed for material preparation. Similarly, m/Z = 44 is attributed to 12C16O2, 28Si16O, and 12C21H4. The desorption profiles of m/Z = 28 and 44 exhibited distinct behaviours. The peak intensity for m/Z = 28 occurred around 420 °C, whereas that of m/Z = 44 was around 380 °C. However, the signal profile for m/Z = 45 and 46 closely paralleled that of m/Z = 44, and their intensity ratios matched the natural abundance of silicon isotopes. Hence, m/Z = 44 was attributed 28Si16O. Owing to the similarity in signal profiles among m/Z = 12, 13, 28, 29, these signals were attributed to the desorption of hydrocarbon species. The signal at m/Z = 15 was assigned to 1H14N rather than 1H312C, as it did not align with other carbon-related signals, such as m/Z = 12 and 13. The profile for m/Z = 14, lacking an obvious peak around 300–400 °C differed from the 12C-related fragment but showed similar behaviour at higher temperatures. Hence, m/Z = 14 was attributed to a mixture of 1H212C and 14N. From these assignments, it is evident that silica-based fragments, molecular desorption products, hydrocarbons, water, and ammonia-related fragments were detected by TDS.
Given the clear desorption of 1H14N in the N‑0 film, Neff in the films after TDS was evaluated using XPS. The results, shown in Figure 4, indicate a decrease in Neff owing to desorption during TDS. Notably, the film experienced programmed heating in a vacuum at 1000 °C for 6 h during TDS. Interestingly, Neff in the N‑0 film after TDS aligned closely with that in the N‑6 film before TDS, indicating that the thermal relaxation required for a thermodynamically stable oxynitride glass occurs gradually. The N1s spectra of N‑0 film primarily corresponded to nitrogen bonded to silicon, while the FT‑IR spectra indicated that the formation of a glass network, represented by the intensity of band-II absorption, was not achieved. This suggests that in the early stages of ammonolysis, nitrogen from ammonia is incorporated into the films as terminal groups, such as –NH2.53-55 The subsequent polymerization to form a network structure, as expressed in Eq. (2), is likely a rate-limiting step in forming thermally stable oxynitride glass structures.Figure 7  Optical properties of the synthesized films. (a) Optical transmittance spectra of the films after thermal treatment, (b) Photoluminescence (λex = 280 nm) and photoluminescence excitation spectra (PLE) (λem = PL peak intensity maximum), and (c) Wavelength at PL peak intensity maximum and internal quantum efficiency versus holding time at 1000 °C for thermal treatment. Black and red circles are for films heated in ammonia and hydrogen, respectively.

 	(2)
Figure 7 compares the TDS profile of N‑24 with that of O‑6, alongside the N‑0 profile shown in Figure 6. Although O‑6 was heated in air, the desorption of organic components was clearly observed, indicating that a 6 h heat treatment was insufficient for the complete removal of organic material. Given that the C1s core-level spectra for O‑6 were negligibly small, these organic species were embedded deeper within the film. Additionally, the desorption of SiO-related fragments was detected from O‑6, suggesting that some silicon remained partially oxidized and was not integrated into the glass network, even after prolonged heating. This explains the broader FT‑IR spectrum of O‑6, specifically the higher shoulder and tail intensities in the 950-1050 cm-1 range. The TDS signal for N‑24 was weaker than that for N‑0 and O‑6, indicating that despite the absence of oxygen during ammonolysis, hydrocarbon desorption was nearly complete after 24 h. Notably, the desorption of SiO-related fragments in N‑24 was minimal, indicating that the formation of a glass network structure composed of [SiOxNy] polyhedron was nearly complete after 24 h of ammonolysis, allowing the glass structure to sufficiently relax.
In summary, XPS, FT IR, and TDS analyses confirm that the oxynitride glass structure in N‑24 was fully formed after 24 h of ammonolysis. The estimated Neff value in the N‑24 film was 15%, considerably lower than that in the N 0 films. However, XPS and FT‑IR results indicate that polymerization for forming the glass network structure—as represented by Eq. (2)—is a rate-limiting step. A prolonged thermal treatment, such as 24 h, appears necessary to achieve a glass network structure composed of [SiOxNy] polyhedrons. Further characterization, such as ²⁹Si nuclear magnetic resonance, may reveal further details of the reaction kinetics during ammonolysis.

3.3.	Chemical states of Eu ions
[bookmark: _Hlk202456700]The local structure of Eu Ions was estimated using XANES spectra at the Eu LIII-edge. The spectra exhibited two peaks at approximately 6978 and 6984 eV, corresponding to Eu2+ and Eu3+ ions, respectively (Figure S4(a)).56 The ratio of the Eu3+ to total Eu was estimated by curve fittings (Figure S4(b)) to obtain integrated peak intensities. The results indicate that the ratio of Eu2+ increased with tn. Specifically, in H‑6 and N‑6 samples, Eu2+ accounted for 80% of the total Eu, increasing to over 95% in N‑24. As aforementioned, the glass structure formation was slow, and changes in total chemical composition, especially Neff, occurred as the reaction evolved. The hydrogen concentration in the films was not analysed due to the small sample mass. However, it is likely that hydrogen concentration changed with tn, correlating with changes in Neff. Given these complexities, precisely describing the mechanism governing the Eu valence state remains challenging. The steep decrease in Eu valence charge suggests that the formation of Eu2+ was nearly completed by N‑12, while nitridation continued up to N‑24. This suggests that changes in Eu valence and nitridation progress independently of each other in opposite directions.Figure 9  Spectral response of the solar cell. Generated current of a naked cell (A), differences in photovoltaic current with and without an oxynitride glass layer (B and C), and the PLE spectrum of the N-24 film (D). Cell configurations of (B) and (C) are shown in the inset.


3.4.	Optical properties
The UV and VIS transmittance spectra of the prepared films are shown in Figure 8(a). All films exhibited high transmittance (> 88%) within the 400 to 700 nm wavelength (λ) range. The film heated in air (O‑6) displayed higher transmittance in the λ = 200-400 nm range, whereas the other films showed reduced UV transmittance. The decreased transmittance at λ = 200-220 nm is attributed to optical bandgap narrowing induced by nitridation, as it correlates with the nitrogen concentration depicted in Figure 4. The higher absorption in films with shorter tn suggests that increased nitridation enhances UV absorption. Conversely, transmittance in the λ = 240-400 nm range was reduced in films prepared by ammonolysis and H‑6. Among the films prepared by ammonolysis, N‑24 showed the least transmittance, which appears to correlate with the abundance of Eu2+ ions, as estimated from XANES spectra. Thus, absorption in the λ = 240-400 nm range is attributed to the f-d transition of Eu2+ ions.
Another possibility is enhanced light scattering caused by the microstructure shown in Figure S3. Granular structures and compositional fluctuations—inhomogeneity in refractive index—contribute to scattering at shorter wavelengths, while the smooth and homogeneous glass structure of H‑6 and O‑6 cannot cause significant light scattering. 
The PL and PLE spectra of the films are shown in Figure 8(b). The O‑6 film did not exhibit luminescence, whereas broadband luminescence centred at λ = 490 nm, attributed to the 4f65d → 4f7 transition of Eu2+, was observed in films containing Eu2+ ions. The luminescence intensity increased with higher Eu2+ concentrations. As indicated in Eq. (2), the current results demonstrate changes in the glass structure with tn. Although we could not detail local coordination structures around Eu2+ ions owing to insufficient data, a more detailed analysis of the local structure around Eu2+ and the host glass network structure is essential for optimizing luminescence properties.
The PLE spectra exhibited a peak at λ = 250 nm, supporting the conclusion that the 240-400 nm absorption band in the transmission spectra results from the excitation of Eu2+ ions. However, energy transfer from the glass matrix to Eu ions is not a dominant mechanism for luminescence. Optical absorption by the oxynitride glass matrix at λ < 240 nm was observed; however, the PLE spectra suggest that these shorter-wavelength photons do not contribute significantly to luminescence. Thus, optimizing the coordination structure to prevent energy dissipation remains crucial. 
Although the Eu valence states in N‑12 and N‑24 appear similar, the internal quantum efficiency (IQE) shown in Figure 8(c) indicates that the IQE of N‑24 is much higher than that of N‑12. This highlights the importance of the glass matrix structure in determining luminescence efficiency. The obtained IQE value was close to the reported Sr3Si8-xAlxO7+xN8-x: Eu2+ crystal phosphor, which has an IQE of 45%. As forming a 3D glass network in oxynitride glass takes time, further improvements in IQE may be possible through the optimization of nitridation and thermal treatment processes.

3.5.	Device performance
Figure 9 illustrates the performance of a solar cell integrated with theN-24 film. Spectrum A is the spectral response of the original solar cell. Spectra B and C show the difference in current magnitude between cells with and without the oxynitride film, with a positive value indicating enhanced efficiency owing to the application of the oxynitride film. In the VIS range, the reduction in current due to the N-24 film was more pronounced in the film-on-top configuration (spectrum C) compared to the substrate-on-top configuration (spectrum B). This difference likely arises from the scattering and reflection of incident light by the oxynitride film. The substrate-on-top configuration appears to yield higher efficiency due to the suppression of light reflection and scattering.
A notable behaviour is observed for λ < 450 nm. The curvature of spectrum C appears parallel to the PLE spectrum of the N-24 film (spectrum D). Additionally, spectra B and C are nearly identical in λ < 350 nm, suggesting that the N-24 film functions as an LLSC. Although we could not evaluate the spectral response for λ < 300 nm due to instrumental limitations, the results suggest that the oxynitride luminescent film demonstrates significant benefits in this range. The current difference at 300 nm becomes positive, indicating that the luminescence of the film outweighs the energy loss from reflection and scattering at this wavelength.
Further reducing light scattering and reflection is necessary, as the film-on-top configuration exhibited greater energy loss. However, these results encourage the continued development of LLSCs, including luminescent solar concentrators, with the oxynitride glass system. It should be also pointed that using oxynitride with Eu2+ centre to luminescent solar concentrator is a promising idea as it has been demonstrated that the UV-to-VIS conversion of this material works for selective absorption of UV and utilization of UV to photovoltaic power generation.

4. Conclusion
Europium-doped strontium-aluminium-silicon-oxynitride glass films were prepared through ammonolysis of sol-gel-derived films. Structural and compositional analyses revealed that a long reaction period (tn) is necessary to achieve a thermally stable glass structure. The rate-limiting step in forming oxynitride glass structures was not the introduction of nitrogen but rather the formation of Si-N-Si and Si-O-Si bonds. An oxynitride glass with a nitrogen concentration of approximately 14% was achieved through ammonolysis at 1000 °C for 24 h. Additionally, the developed process effectively stabilized divalent Eu ions (Eu2+) for UV-to-VIS conversion, with more than 90% of Eu ions becoming divalent after 12 h of ammonolysis.
However, prolonged thermal treatment was essential to achieve a high IQE, underscoring the influence of the host matrix structure—specifically, the glass structure—on luminescence efficiency. The results suggest that forming a 3D glass network composed of [SiOxNy] polyhedrons is crucial for optimizing luminescence efficiency. Furthermore, improved photovoltaic performance in the UV range was confirmed, demonstrating the usefulness of the oxynitride glass with bright Eu²⁺ luminescence. However, challenges, such as reducing reflection and scattering in the VIS range remain and must be addressed for practical applications.
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