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Silicon oxynitride (SiON) thin films were grown by RF magnetron sputtering system (RF-MS) from both pure and silicon-enriched Si3N4 targets, enabling systematic exploration of substrate temperature, RF power, and target composition. The resulting materials diverge from conventional stoichiometric SiON, forming silicon-rich, non-stoichiometric films whose optical and structural responses are strongly parameter-dependent. The effective optical bandgap was tuned across 2.17–3.09 eV, driven by the interplay of oxygen incorporation, defect states, and the emergence of embedded Si nanoclusters. The refractive index spanned 1.41–2.11, mapping a broad compositional continuum across the studied deposition conditions. Microstructural analyses by SEM, TEM, and diffraction revealed that silicon inserts promote localized crystallinity and the formation of quantum-dot-like domains. These features correlate with a sharp photoluminescence peak at 3.24 eV. Surface characterization by AFM showed that roughness is critically governed by RF power and temperature, with silicon inserts further amplifying nanoscale disorder. Film thickness scaled with power and time, exceeding 2 µm under high-power, high-temperature, insert-modified conditions. Together, these results demonstrate that careful tuning of sputtering parameters provides access to non-stoichiometric SiON thin films with controllable bandgap, refractive index, and microstructure, making them particularly promising for planar optical waveguide integration, near-UV/blue light-emitting layers, and (complementary metal–oxide–semiconductor) CMOS-compatible photonic and sensing platforms.
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1 INTRODUCTION
Silicon oxynitride (SiON) is a compound that results from combining stoichiometric silicon nitride (Si3N4) and silicon dioxide (SiO2) in different proportions [1]. Owing to its mixed nature, SiON is a highly tunable material with attractive physical and optical properties. This versatility has enabled its use in diverse applications such as diffusion barriers and passivation layers in CMOS devices [2–5], transparent non-volatile memories [6], integrated photonic circuits [7, 8], electroluminescent devices [9], optical waveguides [10, 11], and scratch-resistant coatings [12].
A particularly relevant example is its role in planar optical waveguides, where SiON films serve as guiding layers with refractive indices tunable between 1.45 (SiO2) and 2.0 (Si3N4), enabling flexible index contrast design and low propagation losses (∼0.2 dB/cm) [7, 10, 13, 14]. In coatings, the composition-dependent hardness of SiON (7.4–16.2 GPa) has been exploited to fabricate scratch-resistant antireflective (SRAR) films combining mechanical durability with low reflectance (<1%) [12]. Beyond photonics and protective layers, SiON has also been investigated as a flexible barrier for organic solar cells [5], as a passivation layer in thin-film transistors [4], and in nonlinear optics due to its large and tunable optical bandgap and strong second-harmonic generation (SHG) [2, 8, 15–17].
Given these wide-ranging applications, significant effort has been devoted to optimizing SiON thin-film growth by chemical vapor deposition (CVD) [18, 19], plasma-enhanced CVD (PECVD) [20, 21], and remote PECVD (RPECVD) [22–27]. While effective, these techniques rely on hazardous precursor gases, require substrate temperatures above 400 °C, and typically yield films with unwanted hydrogen incorporation [8, 28]. In contrast, sputtering offers a safer and more environmentally friendly alternative, eliminating toxic precursors, reducing chemical waste, and enabling deposition at lower thermal budgets [29, 30]. Beyond its economic and environmental benefits, sputtering is consistent with several United Nations Sustainable Development Goals (SDGs), such as SDG 3 (Good Health and Wellbeing), SDG 7 (Affordable and Clean Energy), and SDG 13 (Climate Action) [31, 32].
Several studies have investigated the effects of chamber pressure [33], substrate temperature [34], working gas flow [35, 36], and RF power [37, 38] on the properties of sputtered SiON films. For instance, De Luca et al. demonstrated refractive-index tuning in the 1.5–2.5 range by modulating RF power during reactive sputtering [38], while earlier work by Mirsch and Bauer showed that both refractive index and optical bandgap can be adjusted through control of oxygen partial pressure and substrate temperature [34]. In contrast, Dergez et al. investigated silicon-rich nitride films deposited from a pure Si target, reporting refractive-index values largely independent of deposition conditions [33]. Collectively, these studies establish RF sputtering as a versatile technique for tuning SiON optical constants; however, they rely on conventional target compositions and gas-phase control, which intrinsically limit the accessible compositional and electronic regimes.
In this context, enriching a Si3N4 target with crystalline silicon inserts defines a distinct and previously unexplored parameter space in RF sputtering. Unlike conventional reactive sputtering approaches, where film composition is primarily controlled through gas-phase ratios or plasma conditions, the insert-based strategy introduces a localized and controllable excess of elemental Si directly at the target. This enables access to strongly silicon-rich, non-stoichiometric SiON compositions that are not readily achievable through standard routes.
In this work, we investigate the combined influence of RF power, substrate temperature, and the enrichment of Si3N4 targets with pure silicon inserts on the optical and microstructural properties of SiON thin films deposited by RF-MS. This approach provides a route to silicon-rich, non-stoichiometric SiON films whose properties deviate significantly from those of conventional stoichiometric SiON. In particular, our study demonstrates that the effective optical bandgap enables effective bandgap tuning over the 2.17–3.09 eV range, substantially lower than the 5–9 eV typically reported for stoichiometric SiON [39], due to the combined effects of non-stoichiometry, defect-related states, and the formation of Si nanoclusters. Furthermore, we show that target enrichment promotes localized crystallinity and quantum-dot-like nanostructures, while substrate temperature and sputtering power critically govern roughness and morphology. These insights highlight the potential of sputtering-based strategies to engineer non-stoichiometric SiON thin films with tailored optical and structural characteristics for optoelectronic and photonic applications.
2 METHODOLOGY
Thin films of SiON were deposited on high-resistivity silicon wafers, glass, copper grids for TEM, and fused silica plates. Films on silicon wafers were used for FTIR, SEM, and ellipsometry; fused silica substrates for UV-Vis spectroscopy; and TEM grids for high-resolution transmission electron microscopy (HRTEM). Substrates were carefully cut and cleaned to remove surface contaminants. Glass slides (1 × 2.5 cm) were cut with a diamond-tip pen, silicon wafers were immersed in methanol for 5 min, and quartz and glass samples underwent sequential ultrasonic baths in trichloroethylene, methanol, acetone, and methanol (5 min each) [40]. For TEM, copper grids were precoated with a thin collodion layer to provide mechanical support; in cases of high-temperature depositions, films were scraped onto these grids for imaging. A CO2 jet gun (model K1-10, CO2Clean) was used at the final stage to remove residual dust and prevent drying stains.
To enrich the silicon content, six crystalline silicon discs (3 mm in diameter) were embedded into the erosion track of the Si3N4 target. Cavities were cut with a GATAN model 601 ultrasonic cutter to secure the inserts and enlarge adhesion regions, thereby minimizing adhesive-plasma interaction and avoiding cyanoacrylate contamination. The resulting modified target is shown in Figure 1.
[image: Photograph of an ultrasonic cutting setup used to modify a silicon nitride (Si₃N₄) sputtering target. Left: the cutter sample holder and a 3 mm diameter cutting tool positioned over the Si₃N₄ target, performing circular 3 mm cuts on the toroidal maximum-erosion racetrack, visible as a dark ring. Right: top view of the Si₃N₄ target after cutting, showing six circular cutouts within the erosion racetrack and the small inserted pure silicon discs placed into these holes for target enrichment.]FIGURE 1 | Modification of the Si3N4 sputtering target with six crystalline silicon discs (3 mm diameter) embedded in the toroidal erosion zone. This configuration was used to enrich the sputtered films with additional silicon and minimize plasma-adhesive interaction during RF deposition.Depositions were performed using the RF-MS system developed by the Silicon Photonics Research Group at IFUNAM, whose configuration is illustrated in Figure 2. The system consists of a 4 L spherical ISO-100 reaction chamber evacuated by a two-stage direct-drive mechanical pump (190 L/min) and an Agilent V-81 turbomolecular pump (67 L/s at 81,000 rpm) controlled by a TwisTorr 304FS unit. A 1-inch planar NdFeB magnetron was used for RF sputtering.
[image: Photograph of the mini sputtering system developed by the Silicon Photonics Research Group at, Instituto de Física, UNAM. The setup shows the vacuum chamber and interconnected metal lines, with vacuum gauges and control units visible. Key components include the magnetron sputtering head, radiofrequency (RF) power supplies, vacuum pumps, and associated electronics arranged around the chamber on a laboratory bench.]FIGURE 2 | Custom-built RF magnetron sputtering system (Mini-Sputtering) developed by the Silicon Photonics Research Group at IFUNAM. The setup includes a spherical reaction chamber, mechanical and turbomolecular pumping, and a 1-inch RF magnetron.RF excitation was supplied by a 13.56 MHz SEREN R301 RF source coupled to an AT3 automatic matching network and an MC2 controller. Base pressure was maintained at ∼2.0 × 10−5 Torr, with an argon working pressure of 40 mTorr and a target-substrate distance of 5 cm.
Deposition parameters including RF power (25, 50, and 75 W), time (10–120 min), and substrate temperature (room temperature (RT) or 300 °C) were systematically varied, with and without silicon inserts. The nomenclature and conditions for each deposition are summarized in Table 1.
TABLE 1 | Experimental conditions matrix for the deposition of SiON thin films by RF-MS. Samples were grown from pure Si3N4 targets and from targets enriched with Si inserts, at room temperature (RT) or 300 °C. The nomenclature indicates the applied RF power (25–75 W), deposition time (10–120 min), substrate temperature (RT or 300 °C), and target composition (pure or with Si inserts). For example, “75W60mRT pure” corresponds to a film deposited at 75 W for 60 min at room temperature using a pure Si3N4 target, while “25W60m300 inserts” indicates a film deposited at 25 W for 60 min at 300 °C from a target with Si inserts.	SiON target room temperature	SiON target w/inserts room temp	SiON target 300 °C	SiON target w/inserts 300 °C
	75W10mRT pure	25W60mRT inserts	25W120m300 pure	25W60m300 inserts
	75W30mRT pure	25W90mRT inserts	25W60m300 pure	25W120m300 inserts
	75W60mRT pure	25W120mRT inserts	25W90m300 pure	25W90m300 inserts
	50W30mRT pure	50W60mRT inserts	75W10m300 pure	50W60m300 inserts
	50W60mRT pure	50W30mRT inserts	75W60m300 pure	50W30m300 inserts
	25W60mRT pure	75W60mRT inserts	50W60m300 pure	75W60m300 inserts
	25W90mRT pure	75W30mRT inserts	75W30m300 pure	75W30m300 inserts


Because oxygen incorporation plays a critical role in the formation of SiON, the stability of the pre-deposition vacuum was verified before each run. Although the system reached a base pressure of ∼2 × 10−5 Torr, the residual O2/H2O content was not directly monitored with a residual gas analyzer (RGA). At this vacuum level, the background is typically dominated by water and oxygen desorbed from chamber walls, which is a well-known source of oxygen incorporation in non-reactive sputtering. Therefore, the oxygen detected in the films is reasonably attributed to residual background species (O2 and H2O) released from chamber surfaces, a process that occurs at all deposition temperatures and is enhanced by thermally activated desorption during depositions performed at 300 °C.
Although the residual gas composition was not directly measured, the base pressure and deposition parameters were kept constant for all runs, resulting in reproducible oxygen incorporation levels across samples deposited under identical conditions.
Film morphology was analyzed using a JEOL JSM-7800F SEM at the Central Microscopy Laboratory (LCM), IFUNAM. To minimize beam damage, accelerating voltages as low as 1 kV were used, with working distances of 3.5 mm and probe current of 9. Images were recorded at magnifications between 10k × and 200k × using JEOL PC SEM software. Structural characterization was complemented with a JEOL JEM-2010 FEG TEM (200 kV, 0.5 mm Cs, 0.19 nm resolution, 1 M × magnification), from which bright-field, HRTEM, and diffraction images were obtained to assess crystallinity and nanostructural features.
3 RESULTS AND DISCUSSION
3.1 Plasma spectroscopy
Optical emission spectroscopy (OES) was performed using an Ocean Optics Flame spectrometer to monitor plasma species during sputtering. Twenty spectra were recorded at equal time intervals throughout deposition and averaged over the 680–860 nm range with 0.38 nm resolution. The highest emission intensities were consistently observed under room-temperature conditions, regardless of whether the target was pure or modified with Si inserts, Figure 3. This suggests that substrate heating to 300 °C increases energy transfer to the target, enhancing sputtering yield and consequently lowering the concentration of free argon atoms available for excitation and emission [41].
[image: Spectral graph showing intensity versus wavelength from 680 to 860 nanometers. Four different datasets are plotted: orange circles for "75w30m RT without Inserts," light blue circles for "75w30m RT Silicon Inserts," green triangles for "75w30m 300°C Silicon Inserts," and purple stars for "75w30m 300°C without Inserts." Peaks are labeled with specific intensity values, such as 739, 751, 764, 772, 802, 812, and 843 counts.]FIGURE 3 | Spectroscopy of sputtering plasma at 75 W for 30 min and variations in substrate temperature and target homogeneity.The spectra were highly reproducible, with negligible peak shifts and only minor intensity variations. All peaks were assigned to argon transitions based on the NIST database [42], with no detectable emission from target species (Si, N, O). The strong argon lines in the red, orange, and violet regions are consistent with the characteristic pink-purple plasma glow. This confirms that the discharge is argon-dominated and stable across all conditions. Such stability ensures that the observed changes in film composition, microstructure, and optical properties originate from surface growth dynamics rather than fluctuations in plasma chemistry, validating OES as a supporting diagnostic for process reproducibility.
3.2 Scanning electron microscopy (SEM)
The surface morphology of the SiON thin films was examined by SEM at 50k magnifications to assess uniformity, compactness, and nanoscale texture as a function of RF power, substrate temperature, and target composition (pure Si3N4 vs. Si-insert-enriched). These attributes are directly relevant to optical performance, as surface disorder increases scattering and biases refractive index/absorption retrieval; quantitative roughness metrics are reported by AFM in Section 3.4.
At 25 W, the films obtained from the pure target display a continuous and featureless surface, indicative of dense coverage. In contrast, those grown with Si inserts already show protrusions and local defects at room temperature, evidencing early-stage three-dimensional nucleation. Heating to 300 °C improves compaction for the pure target, whereas for insert-containing samples it enhances the size and definition of surface features, consistent with Si-rich clustering. These results are shown in Figure 4.
[image: Four SEM images arranged in a grid. The top row shows "25W60mRT" with a pure section on the left displaying a uniform texture, and an inserts section on the right with visible round formations. The bottom row displays "25W60m300" with both pure and inserts sections showing a similar grainy texture. Scale bars indicate 500 nanometers.]FIGURE 4 | SEM micrographs of SiON thin films deposited at 25 W for 60 min under four conditions: pure target at RT, Si-insert target at RT, pure target at 300 °C, and Si-insert target at 300 °C. Pure-target films are smooth and continuous, whereas insert-containing films exhibit protrusions/defects, accentuated at 300 °C, consistent with Si-rich clustering.At 50 W, all films become more uniformly textured. The pure-target series at both room temperature and 300 °C exhibits the smoothest appearance across the dataset, suggesting an optimal balance between arrival flux and adatom mobility. Insert-containing films remain granular but more homogeneous than those grown at 25 W, pointing to improved coalescence. Representative morphologies are presented in Figure 5.
[image: Scanning electron microscope images showing two rows labeled "Pure" and "Inserts" with different treatments. Each image displays a texture at two different conditions: "50W60mRT" and "50W60m300," with scales of 500 nanometers. The upper images appear smoother compared to the more textured lower images.]FIGURE 5 | SEM micrographs of SiON thin films deposited at 50 W for 60 min (same four conditions and magnifications as Figure 4). Surfaces become more uniformly textured overall; the pure-target series at RT and 300 °C shows the smoothest morphology within the dataset. Insert-containing films remain granular but more homogeneous than at 25 W.At 75 W, the pure-target series still produces dense granular surfaces. However, when Si inserts are combined with heating at 300 °C, faceted, flake-like aggregates emerge, with pronounced roughening. This behavior indicates a transition toward three-dimensional growth when a high Si-rich flux coincides with elevated adatom mobility, favoring clustering and partial phase separation. The corresponding SEM images are provided in Figure 6.
[image: Four scanning electron microscopy (SEM) images show two materials labeled as "Pure" and "Inserts" at two different conditions, "75W60mRT" and "75W60m300." Each image is scaled with a 500 nanometer bar. The top two images, corresponding to "75W60mRT," display a uniform texture with small granules. The bottom left image, labeled "75W60m300" under "Pure," shows a denser granular texture, while the "Inserts" image on the bottom right presents a rough, layered surface.]FIGURE 6 | SEM micrographs of SiON thin films deposited at 75 W for 60 min (same four conditions and magnifications as Figure 4). Pure-target films remain dense and granular, whereas Si-insert +300 °C produces faceted, flake-like aggregates and pronounced roughening, consistent with a shift toward three-dimensional growth under high Si-rich flux and elevated adatom mobility.Overall, SEM indicates that (i) Si inserts systematically drive the surface toward granular and three-dimensional morphologies, particularly at elevated temperature; (ii) 50 W provides the smoothest, most homogeneous surfaces across conditions; and (iii) the 75 W + inserts +300 °C combination maximizes surface disorder. These qualitative trends align with AFM roughness measurements (Section 3.4) and with the observed optical behavior, namely reduced transmittance for insert-containing films at high temperature, supporting a growth picture where target enrichment and thermal budget jointly modulate surface diffusion and Si nanocluster formation.
3.2.1 Thickness measurement of silicon oxynitride films by SEM cross-section
The thickness of the SiON thin films was evaluated from cross-sectional SEM images, as illustrated in Figure 7. The average values obtained for each deposition condition are summarized in Table 2. Film thickness exhibited a strong dependence on the sputtering parameters, particularly RF power, deposition time, substrate temperature, and the incorporation of silicon inserts into the target.
[image: Scanning electron microscope image showing a surface at 35,000 times magnification. A horizontal line is marked with "2 µm" to indicate scale. The image is labeled "IF-7800F" with a date of 05-Oct-23.]FIGURE 7 | Cross-sectional SEM micrograph of a SiON thin film deposited at 75 W for 60 min with silicon inserts at 300 °C. The sample was sectioned using a Buehler Isomet 1,000 precision saw to ensure a clean cut and minimize mechanical damage. The image, acquired at ×35,000 magnification, shows a uniform film thickness of approximately 2 μm, illustrating the effect of target enrichment and substrate heating on growth rate.TABLE 2 | Average thickness and corresponding deposition rates of SiON thin films deposited by RF-MS, measured from SEM cross-sectional images. Both the film thickness and the deposition rate increase systematically with RF power, deposition time, and substrate heating. The data confirm that target enrichment with silicon promotes higher growth rates compared to pure targets under similar conditions.	Sample	Thickness [nm]	Thickness std dev. [nm]	Rate [nm/min]
	25W60mRT inserts	49	6	0.8
	25W60m300 inserts	196	30	3.3
	25W60m300 pure	42	7	0.7
	25W90mRT pure	31	3	0.3
	25W90mRT inserts	74	10	0.8
	25W90m300 inserts	298	43	3.3
	25W90m300 pure	112	11	1.2
	25W120mRT pure	270	22	2.3
	25W120mRT inserts	369	43	3.1
	25W120m300 inserts	763	103	6.4
	25W120m300 pure	594	37	4.9
	50W30mRT pure	66	6	2.2
	50W30mRT inserts	66	9	2.2
	50W30m300 inserts	298	43	9.9
	50W30m300 pure	119	18	4.0
	50W60mRT pure	198	9	3.3
	50W60mRT inserts	157	8	2.6
	50W60m300 inserts	286	37	4.8
	50W60m300 pure	199	7	3.3
	75W10mRT pure	15	2	1.5
	75W10mRT inserts	51	8	5.1
	75W10m300 inserts	61	9	6.2
	75W10m300 pure	77	12	7.7
	75W30mRT pure	52	2	1.8
	75W30mRT inserts	88	6	2.9
	75W30m300 inserts	343	46	11.4
	75W30m300 pure	175	19	5.8
	75W60mRT pure	220	14	3.7
	75W60mRT inserts	196	12	3.3
	75W60m300 inserts	2000	8	33.3
	75W60m300 pure	393	45	6.5


To determine the average film thickness, cross-sectional SEM images were analyzed by taking measurements at regular intervals along the thickness of each layer, with each reported value representing the average of ten point measurements. Because the raw SEM measurements inherently show small numerical fluctuations at the nanometer scale, the averaged values were subsequently rounded to one decimal place to ensure consistency and to reflect the practical precision of the SEM technique. This level of rounding is appropriate because the intrinsic measurement uncertainty of SEM cross-sectional thickness analysis is larger than the third decimal place. Therefore, values such as 2000 nm correspond to rounded averages derived from the underlying set of ten measurements.
A general trend was observed in which thickness increased with both RF power and deposition time, reflecting the higher sputtering yield and enhanced deposition rate at elevated energies. Substrate heating to 300 °C further promoted film growth, which can be attributed to the increased surface mobility of adatoms and a reduction of re-sputtering effects, leading to more compact and thicker films.
The inclusion of silicon inserts also had a marked impact. In several conditions, particularly at intermediate and high powers, the inserts promoted the formation of thicker layers, suggesting that target enrichment with Si modifies the sputtering dynamics. This effect may arise from the higher sputtering yield of silicon relative to silicon nitride, combined with changes in secondary electron emission and plasma-target coupling efficiency, ultimately enhancing local erosion of the Si inserts and altering the plasma chemistry that governs film growth. However, in some low-power conditions, the inserts did not enhance thickness significantly, pointing to a threshold dependence on discharge energy.
Resputtering contributes to the observed nonlinearity in growth, particularly at higher RF powers. More energetic ions and neutrals can re-etch the growing film, partially removing previously deposited material and reducing the net deposition rate. This effect intensifies as power increases, modifying both the vertical growth rate and the film density. Furthermore, geometric shadowing during deposition can influence the local flux of incoming particles, leading to variations in microstructure across the film. The combined influence of resputtering, geometric shadowing, and microstructural evolution explains why thickness does not scale proportionally with deposition time or power, and why films grown under different plasma conditions exhibit distinct growth regimes rather than a single linear trend.
These findings confirm that film thickness in sputtered SiON is not only a function of deposition time but is also governed by a complex interplay between plasma energy, substrate heating, and compositional modifications of the target. This highlights the importance of optimizing growth conditions to balance thickness control with desired microstructural and optical properties.
3.2.2 Energy dispersive X-ray spectroscopy
Energy Dispersive X-ray Spectroscopy (EDX), integrated into SEM, was employed to quantify the chemical composition of the deposited films. To convert the intensities of the characteristic X-ray peaks into elemental concentrations, correction methods are used that consider physical effects of the sample. The ZAF (Atomic Number, Absorption, and Fluorescence) method applies corrections for the atomic number of the elements, X-ray absorption within the sample, and fluorescence induced by the interaction of X-rays with other atoms. This method is generally performed by comparing the obtained signal with known standards, providing accurate and reliable concentrations. Alternatively, the standardless method allows for estimating the composition without the need for standards, using theoretical models of X-ray generation and general instrument calibrations. The analysis confirmed the presence of nitrogen, oxygen, and silicon in 300 °C samples.
For consistency and comparability, all compositional analyses were performed using an acceleration voltage of 5 kV, which is suitable for the detection of light elements such as oxygen and nitrogen. Measurements were carried out at a working distance of 10 mm using area analyses at ×150 magnification, ensuring representative sampling of the film surface.
In this study, two complementary EDX measurement techniques were employed: surface analysis (top view) and cross-sectional analysis. Surface EDX was first performed on all samples using an analysis area of 750 × 500 μm, providing an average and representative measurement of the film’s surface chemistry. This mode is suitable when the film thickness is large enough for the 5 kV electron beam to remain largely confined within the deposited SiON layer, allowing for reliable quantification without significant contributions from the quartz substrate.
In thin films with thicknesses less than 300 nm, the electronic interaction volume at 5 kV exceeds the film thickness. Under these conditions, the characteristic X-ray emission includes contributions from the substrate, distorting elemental quantification, especially in low-energy lines such as N Kα and O Kα. To overcome this limitation, these thin films were analyzed in cross-section, where the electron beam interacts laterally through the film’s thickness rather than penetrating it vertically. This configuration significantly reduces substrate contributions and ensures that the detected X-ray signal originates primarily from the SiON layer.
An example of the cross-sectional EDX analysis is shown in Figure 8 for the representative sample 75W60mRT pure. The EDX line scan was acquired across the film thickness, as indicated by the scan path in the corresponding SEM micrograph. The line scan is included to qualitatively illustrate the presence and spatial distribution of Si, O, and N across the film thickness. Quantitative atomic weight percentages, however, were obtained from area EDX measurements performed under standardized conditions, as described above and summarized in Table 3. The intensity profiles in Figure 8 confirm that the detected X-ray signal originates predominantly from the SiON layer, with minimal contribution from the underlying substrate, and further indicate a continuous, non-stoichiometric SiOxNᵧ film dominated by silicon and oxygen.
[image: A composite image showing a grayscale micrograph with a yellow horizontal line and three line graphs below. The graphs depict element distributions along the line: red for oxygen (O Kα1), green for silicon (Si Kα1), and cyan for nitrogen (N Kα1,2). Each graph shows counts per second (CPS) on the y-axis and distance in micrometers (µm) on the x-axis, with varying levels of intensity across the elements.]FIGURE 8 | Cross-sectional SEM image and corresponding EDX line scan of the 75W60mRT pure SiON thin film deposited by RF sputtering using a Si3N4 target enriched with silicon inserts. The yellow line indicates the scan path across the film thickness. The EDX line scan is included for qualitative illustration of the spatial distribution of Si, O, and N across the film thickness only. The intensity profiles demonstrate that the detected X-ray signal originates predominantly from the SiON layer, with minimal contribution from the underlying substrate.TABLE 3 | Atomic weight percentages of N, O, and Si in thin films deposited by RF-MS at 300 °C, determined by EDX integrated into SEM. The films exhibit nitrogen deficiency and significant oxygen incorporation relative to stoichiometric Si3N4, consistent with the formation of non-stoichiometric silicon oxynitride. Target enrichment with silicon inserts generally increased oxygen uptake and reduced nitrogen content, indicating that deposition conditions critically influence the final composition.	ID	N wt. [%]	O wt. [%]	Si wt. [%]	σ N wt. [%]	σ O wt. [%]	σ Si wt. [%]
	25W60m300 pure	2.1	9.3	88.6	0.5	0.4	0.6
	25W60m300 inserts	1.3	9.3	89.5	0.2	0.2	0.3
	25W120m300 pure	8.7	25.8	65.4	0.6	0.5	0.6
	25W120m300 inserts	8.1	36.8	55.2	0.4	0.5	0.6
	50W30m300 pure	10.5	15.6	73.9	0.7	0.5	0.8
	50W30m300 inserts	3.9	22.5	73.6	0.3	0.4	0.5
	50W60m300 pure	22.2	24.5	53.3	0.9	0.7	0.9
	50W60m300 inserts	17.4	32.2	50.4	0.5	0.5	0.6
	75W30m300 pure	21.5	23.7	54.8	0.9	0.7	0.9
	75W30m300 inserts	21.8	30.4	47.8	0.5	0.5	0.6


Elemental compositions reported with one decimal place to reflect the typical accuracy of the technique, particularly for light elements such as N and O, whose quantification is affected by low fluorescence yield and detector efficiency. Compositional profiles revealed a systematic nitrogen deficiency relative to stoichiometric Si3N4, accompanied by substantial oxygen incorporation. This clearly indicates the formation of silicon oxynitride rather than pure nitride, with oxidation of Si playing a dominant role during deposition at 300 °C. Such oxygen enrichment is particularly relevant since it modifies the electronic structure by introducing Si-O bonds and defect-related states within the bandgap, thereby lowering the effective optical gap compared to ideal SiON [43].
Although no oxygen-containing gas was intentionally introduced during deposition, the incorporation of oxygen is fully consistent with known residual gas effects in non-baked sputtering chambers. The substrate heating (up to 300 °C) does not eliminate adsorbed O2 and H2O layers from the chamber walls or internal components, which remain significantly cooler than the substrate. When the Ar plasma is ignited, these oxygen-bearing species are desorbed and activated, enabling their incorporation into the growing Si-based film. Silicon’s strong affinity for oxygen further facilitates the formation of Si–O bonds even from trace amounts of residual gas.
Processing parameters strongly modulated the final stoichiometry. Both higher RF power and longer deposition times favored increased nitrogen and oxygen uptake, suggesting that more energetic plasma conditions enhance both nitridation and oxidation pathways. The effect of target enrichment with silicon inserts was also evident: films deposited with inserts consistently contained higher oxygen and slightly lower nitrogen contents than those obtained from pure targets. This trend is consistent with the enhanced reactivity of sputtered Si species, which readily form suboxides (SiOx, x < 2) or oxidized nanoclusters during growth, effectively shifting the film composition toward oxygen-rich regimes.
Overall, these results emphasize the high sensitivity of SiON stoichiometry to plasma conditions and target modifications. The observed compositional deviations, –particularly oxygen enrichment and nitrogen deficiency–provide a natural explanation for the reduced optical bandgaps measured in Section 3.7, linking the chemical environment directly to the electronic and optical responses of the films.
To explicitly visualize this relationship, Figure 9 correlates the optical bandgap with the normalized oxygen atomic ratio O/(O + N) for films deposited at 300 °C. The representation clearly distinguishes nitrogen-rich and oxygen-rich compositions and demonstrates that an increase in oxygen incorporation is systematically associated with bandgap widening. This summary plot provides a direct link between stoichiometry and optical tunability, complementing the compositional trends derived from EDX analysis.
[image: Scatter plot showing the relationship between bandgap energy in electron volts (x-axis) and the oxygen to oxygen plus nitrogen atomic ratio (y-axis). Data points are labeled with various sample conditions, indicating a trend of increasing oxygen content leading to bandgap widening. The area is divided into nitrogen and oxygen-rich regions.]FIGURE 9 | Relationship between optical bandgap and normalized oxygen atomic ratio O/(O + N) for SiON thin films deposited at 300 °C using pure Si3N4 targets. The horizontal line at O/(O + N) = 0.5 separates nitrogen-rich and oxygen-rich compositions. An increase in bandgap is observed with increasing oxygen incorporation, indicating that stoichiometry plays a central role in tuning the optical properties of RF-sputtered SiON films.It should be noted that EDX has intrinsic limitations for the quantitative detection of light elements such as nitrogen. The N Kα emission line lies at very low energy (∼0.39 keV), where detector efficiency decreases sharply and absorption within the detector window becomes significant. Under these conditions, the nitrogen signal is inherently weak and carries considerably higher uncertainty than the Si and O signals. In addition, the electron interaction volume at the operating beam energies exceeds the film thickness, resulting in partial contributions from the underlying substrate, which further reduces the reliability of N quantification. For these reasons, the nitrogen contents reported here should be interpreted as qualitative or semi-quantitative indicators of compositional trends rather than absolute concentrations.
In this context, X-ray photoelectron spectroscopy (XPS) would be the most appropriate technique for accurate nitrogen quantification and detailed chemical-state analysis (Si–N, Si–O, Si–O–N), given its surface sensitivity and superior capability for detecting light elements. However, XPS measurements were not available in the present study, and EDX was employed to monitor relative variations in composition as a function of deposition parameters. Despite its limitations, EDX still provides consistent trends in N and O incorporations, which remain valuable for correlating plasma conditions with the resulting SiON stoichiometry.
3.3 Transmission electron microscopy (TEM)
High-resolution TEM was employed to investigate the microstructure of SiON thin films deposited by RF-MS at 40 mTorr. The results highlight a strong dependence of morphology and crystallinity on sputtering power, substrate temperature, and target configuration (pure or insert-modified).
At room temperature, films grown from a pure target exhibited predominantly amorphous features with only faint short-range ordering, as shown in Figure 10. Increasing power led to partial nanocrystallization, visible as isolated darker contrast regions. In contrast, the introduction of silicon inserts promoted the segregation of nanometric Si-rich domains, as illustrated in Figure 11, consistent with the nucleation of embedded Si nanoclusters within the amorphous oxynitride matrix. This microstructural signature provides first evidence for phase separation between Si and SiON, a phenomenon strongly favored under non-stoichiometric, oxygen-rich conditions as revealed by EDX.
[image: Transmission electron microscopy image showing three different panels labeled a, b, and c. Panel a displays a textured surface with two distinct ridges. Panel b shows clusters of dark nanoparticles scattered across a lighter background. Panel c features a rough, irregular edge separating two different textures. Each panel includes a scale bar of fifty nanometers.]FIGURE 10 | 200kX micrographs of films grown at RT Using a Pure Target for 60 min at Various Power Levels: (a) 25 W, (b) 50 W, (c) 75 W.[image: Three-panel transmission electron microscopy images labeled a, b, and c show nanoscale structures. Panel a displays a rough, textured surface. Panel b highlights a sharp-edged nanostructure. Panel c illustrates a densely packed, grainy texture. Each panel includes a scale bar of 50 nanometers.]FIGURE 11 | 200kX micrographs of films grown at RT Using an Insert-Modified Target for 60 min at Various Power Levels: (a) 25 W, (b) 50 W, (c) 75 W.Increasing RF power led to a transition from porous, amorphous structures (25 W) to more densely packed and homogeneous granular films (75 W). This evolution is attributed to enhanced adatom mobility and kinetic energy at higher powers, improving film compaction and uniformity. Samples grown with pure targets consistently showed higher crystallinity and structural uniformity compared to those deposited using inserts, which often exhibited localized defects or compositional variations.
The observed transition from amorphous to nanocrystalline morphologies with power underscores the kinetic control of nucleation and growth processes in sputtered SiON. Importantly, the presence of discrete Si-rich nanodomains suggests that the films can host quantum-dot-like inclusions capable of influencing optical absorption and emission, in agreement with the reduced bandgap values reported in Section 3.7.
3.3.1 Indexing of TEM diffraction patterns
The indexing of diffraction features, and consequently the identification of crystalline phases and zone axes, was systematically performed by measuring interplanar distances from the micrographs and comparing them with reference X-ray diffraction tables for Si [44] and Si3N4 [45].
Selected-area electron diffraction (SAED) patterns evidenced a clear structural evolution with sputtering power, as shown in Figure 12. At 25 W, Figure 12b displays broad diffuse halos consistent with amorphous SiON, though weak reflections corresponding to hexagonal Si3N4 with planes (201) and (330), oriented along the [3̅26] zone axis, were also detected. Increasing the power to 50 W, Figure 12d reveals sharp diffraction rings and spots, confirming a polycrystalline arrangement combining face-centered cubic Si (111) with hexagonal Si3N4, where planes (200), (201), and (301) were distinguished. At 75 W, Figure 12f shows a more defined pattern, with planes (200) and (114) oriented along the [4 8̅ 3] zone axis at an inclination of ∼88°, reflecting enhanced crystallinity and the growth of larger Si nanocrystals.
[image: Electron diffraction patterns from three different samples labeled 25W60m300, 50W60m300, and 75W60m300 pure. Images a, c, and e show initial diffraction patterns. Images b, d, and f highlight indexed diffraction spots with annotations. Scale bars indicate 3 1/nm and 5 1/nm. Samples differ in the clarity and intensity of diffraction rings and spots.]FIGURE 12 | Selected-area electron diffraction (SAED) patterns and indexing of SiON thin films deposited at 300 °C under different sputtering powers: (a,b) 25 W, (c,d) 50 W, and (e,f) 75 W. At 25 W, diffuse halos indicate a predominantly amorphous matrix with weak reflections of hexagonal Si3N4. At 50 W, sharp rings and spots confirm a polycrystalline structure with coexistence of cubic Si and hexagonal Si3N4. At 75 W, stronger reflections such as (200) and (114) evidence enhanced crystallinity and the growth of larger Si nanocrystals within the oxynitride matrix.This coexistence of crystalline Si and Si3N4 phases provides compelling evidence for the nucleation of excess sputtered Si as nanocrystals within the oxynitride network. Such embedded Si nanoclusters behave as quantum dots confined in the nitride host, accounting for the microstructural heterogeneity observed in Figures 10, 11 and offering a microscopic origin for the reduced optical bandgap (2.17–3.09 eV) and the quantum confinement effects discussed in Section 3.7.
3.4 Atomic force microscopy
Surface roughness is a critical parameter in thin film research, as it directly influences light scattering, carrier mobility, and interface quality, thereby impacting the performance of optoelectronic and dielectric devices. Atomic Force Microscopy (AFM) provides high-resolution topographical data that allow quantitative evaluation of nanoscale morphology. Figure 13 shows representative 2D and 3D AFM topography images of the 25W60m300 inserts sample, revealing a heterogeneous surface with peak-to-valley variations of ∼17 nm.
[image: Four topographic images labeled a) to d). a) A flat, color-graded surface with height scale bars. b) A 3D color map showing a rough surface with peaks, ranging from -7 to 17 nm, 30 by 30 micrometers. c) A 3D surface with pronounced peaks, 5 by 5 micrometers, 0 to 15 nm height range. d) A 3D ridged surface, 108 by 108 micrometers, 0 to 11 nm in height.]FIGURE 13 | Two-dimensional (a) and three-dimensional (b–d) AFM topography images of a SiON thin film deposited at 25 W for 60 min at 300 °C using silicon inserts. The scanned area (a,b) 30 × 30 μm2, (c) 5 × 5 μm2 and (d) 1 × 1 μm2 reveals a heterogeneous morphology with peak-to-valley height variations of ∼17 nm, indicative of enhanced surface diffusion and cluster formation under these growth conditions.The complete set of root-mean-square (RMS) roughness values is presented in Table 4. A clear dependence on sputtering power, substrate temperature, and the use of silicon inserts can be distinguished. At room temperature, roughness values remain moderate, but the addition of silicon inserts consistently increases surface irregularities, for example from 2.29 nm to 3.25 nm at 25 W, and from 3.82 nm to 4.97 nm at 50 W. At 300 °C, the evolution becomes more pronounced: while films deposited at 25 W from a pure target exhibit exceptionally smooth surfaces (∼0.94 nm), the inclusion of inserts doubles the roughness to ∼2.22 nm. At higher power and elevated temperature, roughness increases dramatically, reaching values as high as 9.20 nm for the 75W60m300 inserts sample.
TABLE 4 | Root-mean-square (RMS) roughness values of SiON thin films measured by AFM under varied sputtering conditions. Roughness systematically increases with RF power and substrate temperature, with silicon inserts consistently promoting higher surface irregularities. These results confirm that energy input and target modification strongly modulate nanoscale morphology.	Sample	Roughness [nm]
	25W60mRT pure	2.29
	25W60mRT inserts	3.25
	25W60m300 pure	0.94
	25W60m300 inserts	2.22
	50W60mRT pure	3.82
	50W60mRT inserts	4.97
	50W60m300 pure	4.78
	50W60m300 inserts	6.80
	75W30m300 inserts	6.80
	75W60mRT pure	1.95
	75W60mRT inserts	1.88
	75W60m300 pure	4.14
	75W60m300 inserts	9.20


These trends indicate that both RF power and substrate heating enhance adatom mobility and surface diffusion, promoting the coalescence of islands and the formation of Si-rich clusters. The resulting morphology, characterized by more pronounced nanoscale features, directly correlates with the optical absorption and scattering behavior observed in subsequent sections. Thus, AFM analysis confirms that the interplay between deposition energy and target enrichment governs the balance between smooth, dielectric-like films and rougher surfaces enriched with nanostructured domains.
3.5 Optical absorption and bandgap determination
The optical response of the silicon oxynitride thin films was evaluated through the absorption coefficient (α) as a function of photon energy, which provides more direct insights into electronic transitions than raw absorbance or transmittance spectra. The film thicknesses were determined from cross-sectional SEM measurements, showing that the thickness increases with increasing deposition power. In order to analyze how the absorption coefficient is modified, it is important to recall that the absorbance is related to the transmittance according to A=−log10T.
The transmittance can be expressed as, T=e−αt where α is the absorption coefficient and t is the film thickness. Since both the thickness and the transmittance are known, the absorption coefficient can be determined as a function of the photon energy, which is then used for the Tauc analysis.
In the case of amorphous and polycrystalline materials, the Tauc method is employed to obtain an accurate estimation of the optical bandgap. This methodology relies on the fact that optical transitions between the valence and conduction bands are enhanced by structural disorder. Consequently, the Tauc approach is widely regarded as a reliable method for determining the optical bandgap in amorphous and polycrystalline semiconductors, particularly those based on silicon.
The Tauc optical gap is calculated using the expression:
αE=BE−EOP2E
where αE is the absorption coefficient at a given photon energy, Eop represents the optical bandgap of the material, and B is the Tauc slope constant.
Figures 14, 15 display the absorption behavior of films deposited under different sputtering conditions, evidencing a strong dependence on deposition parameters.
[image: Graph showing absorption coefficient versus photon energy for four different samples: 50W60mRT pure, 50W60mRT inserts, 50W60m300 pure, and 50W60m300 inserts. Absorption increases with photon energy, ranging from 0 to 50000 cm^-1. Each sample follows a distinct curve, with specific colors and symbols in the legend.]FIGURE 14 | Absorption coefficient of thin films grown on a quartz substrate at 50 W for 60 min with variations in temperature and target composition.[image: Graph showing the absorption coefficient (alpha) in square centimeters per negative one versus photon energy in electron volts. Three curves represent different samples: 75W60m300 pure (green triangles), 50W60m300 pure (brown diamonds), and 25W60m300 pure (yellow circles). All curves show an upward trend, with the green curve having the highest values.]FIGURE 15 | Absorption coefficient of thin films grown on a quartz substrate at 300 °C for 60 min, with variations in sputtering power (25, 50, and 75 W) and target composition.At room temperature and 50 W, the use of silicon inserts leads to a marked increase in α across the entire spectral range, indicating higher optical losses and reduced transparency. This effect becomes even more pronounced at elevated temperatures, where films deposited at 300 °C show systematically higher α values with increasing sputtering power. Importantly, this trend cannot be attributed to thickness effects, since the absorption coefficient intrinsically normalizes the film thickness and constitutes a fundamental property of the material. Instead, the observed increase reflects microstructural and electronic modifications induced by higher power and temperature, such as enhanced film densification, structural disorder, and the introduction of localized states that raise the probability of optical transitions.
The optical bandgap was subsequently determined from the absorption coefficient using the Tauc method for indirect semiconductors (n = 2), which is particularly suitable for amorphous and disordered silicon-based systems. Figure 16 illustrates the Tauc plot for the 75W60m300 pure sample, from which the linear extrapolation of (α hν)1/2 versus photon energy yields the bandgap value. Table 5 summarizes the calculated bandgaps for films deposited at 300 °C under varied sputtering conditions.
[image: Graph showing the relationship between photon energy (x-axis in electron volts) and the expression [α*(hv)]^(1/2) (y-axis). The data is depicted by a black curve with a red linear fit. An inset table provides statistical details like the equation y = a + b*x, intercept, slope, residual sum of squares, Pearson's r, R-Square, and Adjusted R-Square values. The R-Square value is 0.99675, indicating a strong fit.]FIGURE 16 | Tauc plot for the determination of the band gap energy of the 75W60m300 pure sample.TABLE 5 | Bandgap values calculated by the Tauc method for indirect semiconductors in thin films grown at 300 °C with pure silicon oxynitride targets.	Sample	Bandgap [eV]
	25W60m300 pure	2.47
	25W90m300 pure	2.72
	25W120m300 pure	3.09
	50W30m300 pure	2.69
	50W60m300 pure	2.68
	75W30m300 pure	2.17
	75W60m300 pure	2.43


The results reveal that the bandgap values span the range 2.2–3.1 eV, placing the films within the optical window relevant for both visible and ultraviolet applications. A general trend is observed in which longer deposition times produce wider bandgaps at low (25 W) and high (75 W) powers, while films grown at intermediate power (50 W) maintain relatively stable values, suggesting a more homogeneous growth regime. The bandgap values can be grouped into two categories: above 2.5 eV, suitable for ultraviolet applications such as UV/blue light-emitting diodes; and below 2.5 eV, more appropriate for visible-spectrum devices including sensors and photocatalytic coatings.
Together, the absorption coefficient and bandgap analysis demonstrate that sputtering parameters exert a dual influence: they control the structural compactness and disorder that determine optical losses, while simultaneously tuning the electronic structure responsible for photon absorption and bandgap modulation. This interplay highlights the potential of SiON thin films as a versatile material platform, where deposition conditions can be deliberately tailored to engineer optical performance for targeted optoelectronic applications.
The uncertainties associated with the thickness and roughness measurements do not affect the robustness of the optical analysis. Thickness variations introduce only a uniform shift in the absorption magnitude, without modifying the spectral shape or the position of the absorption edge; therefore, the extracted bandgap values remain unchanged. Similarly, the measured roughness values are negligible compared to the probing wavelengths, implying that any additional scattering is minimal and spectrally uniform. Overall, these sources of uncertainty fall within the expected range for sputtered films and do not influence the observed optical trends or the conclusions drawn from the optical analysis.
3.6 Ellipsometry
The refractive indices of the deposited films were determined by monochromatic null ellipsometry using a 632 nm laser at an incidence angle of 70°. In the ellipsometric analysis, the film thickness was not treated as a free fitting parameter. Instead, thickness values obtained from SEM cross-sectional measurements (Table 2) were used as fixed input parameters in the optical model. The analyzed films span a wide thickness range, from approximately 30 nm up to 2 μm, depending on the deposition conditions.
In monochromatic null ellipsometry, the polarizer and analyzer are adjusted to achieve a minimum reflected intensity condition, allowing the determination of the ellipsometric parameters Ψ and Δ. The parameter Ψ corresponds to the relative amplitude change between the p and s polarized components of the reflected beam, while Δ represents the phase shift introduced between these components during reflection. From these parameters, the optical equations for an isotropic thin film were solved to obtain the refractive index n at 632 nm.
Since the measurement was performed at a single wavelength, the analysis was carried out using a monochromatic isotropic optical model, suitable for dielectric films with negligible absorption in this spectral region (k ≈ 0). This approach differs from the dispersion models commonly used in spectroscopic ellipsometry, such as Cauchy or Tauc-Lorentz, which require measurements at multiple wavelengths. In monochromatic null ellipsometry, the optical constants are determined directly at the selected wavelength without fitting a spectral dispersion curve. Therefore, the reported refractive index values correspond exclusively to the response at 632.8, and no spectral dispersion over a broader wavelength range was analyzed.
The wavelength of 632.8 nm was used due to the high stability and coherence of the laser and the low absorption of SiON films in this region of the visible spectrum. These conditions improve the accuracy of the refractive index determination.
The incidence angle of 70° was selected because of its proximity to the Brewster angle for materials with refractive indices in the range of 1.3–2.2, thus maximizing the sensitivity of Ψ and Δ to variations in the film’s optical properties. In this study, ellipsometric measurements were performed only at this incidence angle, and no additional angles were evaluated.
The results, summarized in Table 6, span a wide range from 1.41 to 2.11, values that fall within the typical window for silicon oxynitride thin films, which extends from ∼1.44 for SiO2 to ∼2.05 for Si3N4.
TABLE 6 | Refractive indices of SiON thin films deposited by RF-MS, measured by null ellipsometry at 632 nm and 70° incidence. The values, ranging from 1.41 to 2.11, cover the typical interval between SiO2 (∼1.44) and Si3N4 (∼2.05), reflecting compositional variations from oxygen-rich to nitrogen-rich regimes and evidencing the tunability of the optical response.	Sample	Refractive index
	25W90mRT pure	2.00
	25W120mRT pure	1.73
	50W30mRT pure	1.55
	50W60mRT pure	1.88
	75W10mRT pure	2.00
	75W30mRT pure	1.58
	75W60mRT pure	2.11
	25W60mRT inserts	1.70
	25W90mRT inserts	1.62
	25W120mRT inserts	1.64
	50W30mRT inserts	1.68
	50W60mRT inserts	1.68
	75W10mRT inserts	1.57
	75W30mRT inserts	1.63
	75W60mRT inserts	2.00
	25W60m300 inserts	2.00
	25W90m300 inserts	1.69
	25W120m300 inserts	1.70
	50W30m300 inserts	1.63
	50W60m300 inserts	1.98
	75W10m300 inserts	1.52
	75W30m300 inserts	1.79
	75W60m300 inserts	1.97
	25W60m300 pure	1.41
	25W90m300 pure	1.62
	25W120m300 pure	1.60
	50W30m300 pure	1.80
	50W60m300 pure	2.00
	75W10m300 pure	1.61
	75W30m300 pure	2.00
	75W60m300 pure	1.90


The refractive index values are reported with two decimal places. Considering the stability of the He–Ne laser, the selected incidence angle close to the Brewster condition, and the negligible absorption of the films in this spectral region, the uncertainty in n is estimated to be on the order of ±0.01–0.02, justifying the reported precision.
This variation in refractive index reflects the compositional diversity of the samples, consistent with the EDX results that evidenced different proportions of nitrogen and oxygen. Films with higher oxygen content approach the lower end of the index range, closer to silica, while those richer in nitrogen display values nearer to stoichiometric silicon nitride. In this sense, the refractive index can be regarded as a sensitive fingerprint of the film’s chemical environment and bonding configuration.
A clear correlation also emerges between refractive index and optical bandgap: samples with wider gaps tend to exhibit lower indices, whereas films with narrower gaps show higher values. This inverse trend is typical of amorphous semiconductors and oxynitride systems, further validating the internal consistency of the optical characterization.
From a technological perspective, the ability to tune the refractive index across such a broad interval highlights the potential of RF-MS SiON films for optoelectronic applications. Precise control of n is crucial for designing dielectric layers, antireflection coatings, and optical waveguides, where both transparency and refractive contrast dictate device performance.
3.7 Photoluminescence
Photoluminescence (PL) measurements were carried out using a 25 mW He-Cd laser at 325 nm as the excitation source, incident on the film surface at 45°, and the emitted light was collected with a Fluoromax-Spex spectrofluorometer through a 1-m optical fiber positioned at 90° relative to the film normal. All spectra were acquired at room temperature under dark-room conditions.
The PL spectra of the films deposited for 60 min at 300 °C using a pure Si3N4 target presented in Figure 17 revealed a pronounced emission peak centered at ∼3.2 eV (≈390 nm), accompanied by a broader and less intense band extending toward ∼2.9 eV. The presence of these features indicates the occurrence of radiative recombination centers within the films. At this stage, it is important to note that the observed photoluminescence can be explained by two main mechanisms: (i) radiative recombination associated with nanoscale silicon-rich regions or nanoclusters, giving rise to possible quantum-confinement-related effects, and (ii) emission originating from intrinsic defect states within the oxynitride matrix.
[image: Graph showing photoluminescence (PL) intensity against wavelength in nanometers, with three plots. Lines labeled 25W, 50W, and 75W in black, red, and blue respectively, show peaks around 360 nm and 420 nm. Emission energy is marked on the upper x-axis in electron volts.]FIGURE 17 | Photoluminescence spectra of samples deposited at 300 °C with a pure target for 60 min.One plausible interpretation is the formation of silicon nanoclusters embedded in the oxynitride matrix. In this scenario, excess sputtered silicon undergoes nucleation and confinement within the amorphous nitride network, giving rise to size-dependent electronic states. Radiative recombination across these confined states would account for the sharp high-energy PL band, while the broader low-energy contribution could be associated with interfacial recombination and structural disorder. The observation of granular features in the HRTEM micrographs of Figure 18 lends partial support to this hypothesis, suggesting the presence of nanoscale inhomogeneities of about 2 nm diameter that could act as quantum dots (QDs) under confinement conditions.
[image: Two microscope images labeled a and b, each with a scale bar indicating ten nanometers. Image a shows a homogeneous, granulated texture. Image b displays a transition from a smoother texture at the top to a more granulated texture similar to image a at the bottom.]FIGURE 18 | Micrographs of films grown for 60 min with a pure target at 300 °C: (a) 25 W and (b) 50 W.However, an alternative explanation must also be considered. The emission peak at ∼3.2 eV is consistent with well-documented defect-related luminescence in SiON and Si3N4, arising from oxygen-deficient centers (ODCs), N-Si-O complexes, or dangling bonds [46]. Such defect states frequently produce sharp emission features in the near-UV/blue spectral region, even in the absence of nanocrystalline phases. This interpretation is particularly relevant here, given that the deposition temperature of 300 °C and the absence of post-deposition annealing make the spontaneous formation of sub-2 nm, well-passivated silicon nanocrystals less likely. Furthermore, a definitive attribution to QDs would require complementary structural and chemical evidence from techniques such as EELS, XPS, Raman spectroscopy, or detailed FFT-HRTEM with size-distribution statistics.
In light of the considerations discussed above, the origin of the PL signal is most consistently interpreted by considering both structural and electronic contributions. These findings highlight the complexity of disentangling QD-related luminescence from defect-related processes in silicon oxynitride systems, underscoring the need for complementary structural and spectroscopic analyses to conclusively identify the nature of the emission centers.
While the individual PL spectra provide insight into emission features and recombination mechanisms, a comparative representation is required to identify global trends driven by growth parameters. To this end, Figure 19 summarizes the dependence of both the effective optical bandgap and the PL peak intensity on the RF sputtering power for films deposited at 300 °C.
[image: Scatter plot showing the relationship between deposition power (x-axis) and photoluminescence (PL) peak intensity in arbitrary units (left y-axis) represented by blue squares, and bandgap in electron volts (right y-axis) represented by red circles. Data points are labeled with power and conditions.]FIGURE 19 | Correlation between RF-MS power and optical properties of SiON thin films deposited at 300 °C from a pure Si3N4 target. The left axis shows the photoluminescence (PL) peak intensity, while the right axis corresponds to the effective optical bandgap extracted from Tauc analysis. Increasing RF-MS power leads to a systematic reduction of the bandgap and non-monotonic variations in PL intensity, evidencing the tunability of the optical response through plasma energy and growth kinetics.The PL response, however, is non-monotonic: maximum PL intensity occurs at intermediate conditions and does not coincide with the minimum bandgap. This behavior indicates competing radiative and non-radiative pathways, suggesting that emission efficiency is governed by a balance between defect-related radiative centers and quenching mechanisms associated with excessive disorder or clustering.
Finally, our ability to tune the optical and morphological properties of SiON thin films deposited by RF magnetron sputtering using both pure and Si-enriched Si3N4 targets enables access to distinct material regimes that are directly relevant to specific device applications. The refractive index values obtained in this work (n ≈ 1.41–2.11) are consistent with those reported for SiOxNᵧ and related silicon-based films deposited by sputtering and plasma-assisted techniques, spanning the optical window between stoichiometric SiO2 and Si3N4 and confirming access to oxygen-rich, intermediate, and nitrogen-rich regimes.
High-refractive-index films (n up to ∼2.1) with low surface roughness (RMS ≈ 1–2 nm), particularly obtained at high RF power under non-enriched conditions (e.g., 75 W, room temperature, 60 min), are well suited for integrated optical waveguides and antireflection coatings, in agreement with recent literature [47]. In contrast, Si-rich films deposited using Si-enriched targets exhibit increased roughness and strong photoluminescence centered around ∼3.0 eV (e.g., 50 W, 300 °C, 60 min, with inserts), making them promising candidates for quantum-dot- or defect-based light-emitting layers, consistent with reports on nanostructured silicon systems [47].
The optical bandgaps measured here (2.17–3.09 eV) are significantly lower than those of near-stoichiometric SiON but are fully consistent with previously reported values for silicon-rich and non-stoichiometric oxynitride films, where oxygen incorporation, nitrogen deficiency, and defect-related states narrow the effective gap. Finally, smooth films with moderate refractive index are attractive as dielectric or passivation layers for CMOS-compatible electronics and FET-based biosensors [48]. The observed inverse correlation between refractive index and optical bandgap agrees with established structure–property relationships in amorphous silicon-based materials, confirming that the optical tunability achieved here arises from controlled variations in stoichiometry and bonding enabled by the insert-assisted RF sputtering approach.
4 CONCLUSION
In this study, we demonstrated that RF-MS of Si3N4 targets, modified or not with silicon inserts, enables the growth of non-stoichiometric silicon oxynitride thin films with highly controllable optical, structural, and morphological properties. The effective bandgap was tuned from 2.17 to 3.09 eV and the refractive index from 1.41 to 2.11, evidencing the strong dependence on chemical composition, substrate temperature, and RF power.
Cross-sectional SEM confirmed the growth of compact and dense films, with thicknesses reproducibly scaling up to the micrometer range under high-power and high-temperature conditions. Consistently, RMS roughness values determined by AFM were low in several cases (on the order of 1–3 nm in optimal regimes), which is particularly favorable for the integration of these films into waveguides and high-quality optoelectronic devices where surface scattering must be minimized.
Electron diffraction analysis with systematic indexing revealed both silicon oxynitride phases and pure crystalline silicon domains. The latter correlates with the spontaneous formation of confined nanoclusters likely contributing to the photoluminescence emission centered at 3.2 eV, suggesting quantum-dot-like behavior within the SiON matrix. Nonetheless, an alternative explanation involving radiative recombination through intrinsic defects (such as ODCs, N-Si-O complexes, or dangling bonds) must also be considered, as these centers are well known to produce near-UV emission in silicon oxynitride systems.
Our results established that the strategy based on controlled target modification, systematic tuning of sputtering parameters, and detailed structural analysis provides a reproducible route for the engineering of silicon oxynitride films. This approach enables adjustable optical properties and the potential self-formation of silicon quantum domains or defect-mediated emission centers, opening new opportunities in the design of high-performance photonic and optoelectronic devices.
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