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SUMMARY: 
The two-thermal annealing method enables the fabrication of thin films of type II semiconductor silicon clathrate. Post-synthesis treatments, including thermal pressing and reactive ion etching, were performed to improve the material properties. This approach provides an accessible pathway for fabricating tunable clathrate films suitable for next-generation electronic and photonic devices.

ABSTRACT: 
[bookmark: _Hlk206951150]Silicon clathrates (SiCL) are a class of cage-structured materials with tuneable optoelectronic properties, offering significant potential for photovoltaic applications. Among them, type II SiCL (NaxSi136) are particularly attractive due to their unique ability to reversibly accommodate guest atoms without compromising the crystal structure. Traditional synthesis methods, such as synthesis under extreme pressure or fabrication under glove boxes, although essential for probing the intrinsic properties of clathrates under well-controlled conditions, are not well-suited for scaling up and are often energy-intensive and require specialized equipment. To overcome these limitations, a scalable, glovebox-free synthesis method based on two thermal decomposition steps was developed to produce silicon clathrate films. Post-synthesis treatment, including thermal pressing and reactive ion etching, was employed to enhance the electrical properties of the material. Phase formation and crystallinity are confirmed by X-ray diffraction and Raman spectroscopy; morphology is assessed by scanning electron microscopy (SEM); and optoelectronic properties are evaluated by photoluminescence. This approach provides a reproducible and scalable route to fabricate type II silicon clathrate films, with promising potential for integration into optoelectronic devices.

INTRODUCTION: 
[bookmark: _Hlk206789810]Since the 1950s, silicon-based materials have been at the heart of modern optoelectronic and energy technologies1, particularly in photovoltaic and semiconductor industries2. Silicon fulfils the abundance, thermal stability, aging resistance3, and non-toxicity criteria4,5. However, despite its commercial success, diamond silicon (d-Si) suffers from intrinsic limitations, such as an indirect band gap and weak light absorption6, requiring thick active layers and energy-intensive processing to achieve extremely high elemental purity7. In recent years, alternative allotropes and exotic phases of silicon, particularly clathrate phases8, have garnered increasing attention as promising candidates for overcoming these limitations9. Applications are promising due to their open-framework structure and tunable electronic properties10. Among these, type II SiCL (NaₓSi₁₃₆) has emerged as a metastable yet robust material with a quasi-direct band gap in the range of 1.6–2 eV9,11. 

[bookmark: _Hlk207122544]The synthesis of SiCL relies on high-pressure methods12, such as flow growth13 or redox chemistry in ionic liquids14, which are often complex, not always compatible with scale-up and thin-film processing. Nevertheless, these traditional approaches were essential to probe the intrinsic properties of clathrates by suppressing extrinsic effects such as oxidation or secondary phase15–17. In contrast, this glove box-free two-step thermal decomposition protocol enables the synthesis of silicon clathrate thin films involving the reactive Na₄Si₄, intermediate compound, using moderate temperatures and vacuum conditions. This protocol enables precise control of the sodium content throughout the duration of the thermal treatment, thereby altering the behaviour of NaxSi136 from metal to semiconductor depending on the occupation of sodium in the silicon cages. In this process, a Na₄Si₄ precursor film is first formed by the thermal reaction of sodium with crystalline silicon under an inert atmosphere (Figure 1). Subsequent thermal annealing under dynamic vacuum promotes the extraction of sodium from the film, allowing the rearrangement of the Zintl phase into the desired clathrate framework, with minimal contamination18,10 (Figure 2).

While the structural formation of clathrates through this method has been demonstrated, further insight into their tuneability and semiconducting behaviour is achieved after two successive post-synthesis treatments, thermal pressing, and reactive ion etching. Thermal pressing is performed to reduce the clathrate film thickness by approximately half, resulting in a dense, smooth layer that was better suited for further processing. Etching has been shown to further improve the homogeneity of the surface state while preserving the cage framework, making it a powerful tool for tuning electrical and optical properties19. 

While the number of laboratories having successfully reported20–22 SiCL film fabrication can be counted on the fingers of one hand, we believe that this is due to the fact that the processing parameters must be carefully tuned for successfully obtaining the desired phase. With this current protocol, while ensuring safety using appropriate measures, SiCL film fabrication requires only one tubular furnace in argon and one dynamic vacuum furnace, pure sodium, and a c-Si silicon wafer10. This approach demonstrates the feasibility of fabricating and engineering SiCL films through a simple and scalable synthesis process, with minimal resources and equipment, paving the way for future device integration.

PROTOCOL: 
The reagents and the equipment used in this study are listed in the Table of Materials.

1. [bookmark: _Hlk202443664]Preparation of materials

1.1. Preparation of silicon (c-Si (001))

1.1.1 Precisely cleave with a diamond-tipped pen a 525 µm ± 25 µm thick, single-side polished, n-doped silicon (001) wafer into a rectangle with dimensions of 56 × 38 mm2.

1.1.2 Immerse the silicon substrate in a hydrofluoric acid solution with a concentration of 10% vol., using a 48% HF bottle, for exactly 2 min to remove the native silicon dioxide that could be present on the substrate surface. 

NOTE: All HF-containing liquids and any contaminated rinsed/solvents were collected in dedicated, compatible HDPE (High-Density Polyethylene) containers labelled with the producer unit and mixture composition, stored on retention trays in the designated waste area, and kept segregated from other acids, with HF specifically isolated for safety. Final disposal was arranged through SPSE-UNISTRA/Suez in accordance with the University of Strasbourg disposal rules, which follow the French environmental code and dangerous-goods transport rules.

CAUTION: Hydrogen fluoride (HF) is highly toxic and corrosive. Handle only under a fume hood, wearing gloves, a full-face mask, and appropriate protective clothing.

[bookmark: _Hlk207063802]1.1.3 After exposure to HF, thoroughly rinse the substrate with deionized water to remove any acid. Dry the wafers using a nitrogen gun to blow away any residual water droplets and prevent residue formation on the surface.

1.2. Sodium pretreatment

1.2.1 Carefully cut a piece of metallic sodium (99% purity) using a cutter to obtain a small rectangular slice weighing approximately 0.22 g, measured with an analytical balance.

1.2.2 Immediately place the sodium slice in an airtight glass (sealed with a ground-glass joint) container filled with anhydrous cyclohexane (≥99% purity). Ensure that the sodium is fully immersed to prevent oxidation. 

CAUTION: Metallic sodium reacts violently with water. Always handle under a fume hood, wearing gloves, safety goggles, an appropriate lab coat, and take any other precautions necessary to ensure safety (class D fire extinguisher).

[bookmark: _Hlk196297184]1.3. Assembly in the crucible

1.3.1 Wash with pure ethanol and dry at 300 °C for 4 h in an Inconel alloy boat (54 × 18 × 13.3 mm3). Then, place the previously prepared sodium slice into a cleaned Inconel alloy boat and position the silicon wafer directly above it, with the polished surface pointing down the boat.

1.3.2 Carefully insert the prepared assembly (Boat-Sodium-Silicon) into the centre of a sealed stainless-steel tube (ISO-KF with O-ring seal), in a programmable horizontal tube furnace. 

NOTE: The tube must be thoroughly cleaned with acetone and ethanol, and then dried for 1.5 h.

1.3.3 Insert a high-purity tantalum (Ta) wire into the tube to trap any traces of oxygen. The wire used has a diameter of 0.5 mm, a purity of 99.95%, and a total length of 3.4 cm.

1.3.4 Seal the tube at both ends with fittings that allow only argon (purity ≥ 99.9999%) to circulate inside the tube.

1.3.5 Purge the tube with argon at a constant pressure of 1.6 bar for 15 min to ensure an inert atmosphere throughout the reaction.

2. Synthesis of SiCL

2.1. Thermal decomposition for the formation of Na4Si4

2.1.1 Start the programmable horizontal tube furnace with the following annealing cycle.

2.1.1.1 Raise the temperature until reaching the 600 °C plateau with ramp rate of 5 °C/min. Maintain this temperature stable at 600 °C for 19 h. Allow the system to cool down naturally for over 7 h. 

2.1.2 When the furnace and tube are back to room temperature, flush the tube with a continuous flow of argon (purity ≥ 99.9999%).

2.2. High vacuum dynamic post-treatment

[bookmark: _Hlk207065274]2.2.1 Transfer as fast as possible the obtained samples into a quartz tube and connect it to the dynamic vacuum furnace. The tube was pre-cleaned by sequential rinsing with acetone and deionized water, followed by drying with nitrogen gun. The exposure time to ambient air was kept below 40 s in a laboratory environment with relative humidity maintained below 40% which was found to yield reproducible and uncontaminated films. 

2.2.1.1 After connection of the tube to the pumping system, evacuate first with the primary pump, then engage the turbomolecular pump until a high vacuum of 5 × 10-7 mbar is reached.

2.2.2 Ramp to 400 °C over 30 min; hold at 400 °C for 4 h; then switch off the tubular furnace and allow the sample to cool naturally to room temperature. After that, unload the sample from the furnace.

3. Post-treatment

3.1. Press annealing 

3.1.1 Use a manual table-top hydraulic press equipped with two square stainless-steel plates (15 × 15 cm2) and an integrated heating system capable of reaching temperatures up to 300 °C for the press annealing process.

3.1.2 Fix the upper plate and apply force by raising the lower plate. Operate the imprinting process in an ambient atmosphere.

3.1.3 Place the silicon clathrate sample between the two plates inside the thermal press.

3.1.4 Lift the lower plate to gradually increase the force until the pressure reaches a value of around 2 kN.

3.1.5 When the force reaches 2 kN, increase the temperature of the two metal plates in contact with the sample to 250 °C and maintain it for 30 min.

3.1.6 During the thermal pressing, allow the force to increase gradually from the initial 2 kN to around 8.5 kN by the end of the process.

3.1.7 After 30 min, stop heating. Apply rapid cooling using a cold-water circulation system (20 °C/min) until the temperature returns to ambient. Release the pressure.

[bookmark: _Hlk207065808]NOTE: At the end of the process, the thickness, determined from cross-sectional SEM images, is reduced from 82 μm to 31 μm. The grain size of the pressed material reaches approximately 200 nm, which is four times higher than that of the as-synthesized one.

3.2. Dry etching 

3.2.1 Clean the sample sequentially using acetone and isopropanol (IPA), then dry it with a nitrogen gun, which blows off residual solvent droplets and prevents residue formation.

3.2.2 Place the cleaned sample onto the lower electrode inside the RIE etch system.

3.2.3 Pump down the chamber to reach a base pressure of 5 × 10-7 mbar.

3.2.4 Introduce the etching gas (SF6) into the chamber at a flow rate of 50 sccm. 

[bookmark: _GoBack]NOTE: All SF6 exhaust from etching processes must pass through an abatement system. Direct venting to the atmosphere is prohibited. The scrubber must be activated before gas flow begins and kept running until purging is complete.

3.2.5 Set the substrate temperature to 5 °C using the integrated cooling system.

3.2.6 Ignite the plasma by applying 800 W ICP power to generate a high-density plasma, and simultaneously apply 400 W RF power (13.56 MHz) to the lower electrode to control ion bombardment energy.

3.2.7 Perform etching tests with durations of 15 s. Under these conditions, the etching rate was measured to be 1 µm·min-1 on the pressed sample.

3.2.8 After etching, turn off both the ICP and RF power supplies to stop the plasma.

3.2.9 Evacuate remaining process gases, then slowly vent the chamber to atmospheric pressure. 

3.3 Remove the etched sample from the chamber.

REPRESENTATIVE RESULTS: 
This study explored the structural and optical evolution of type II clathrate NaxSi136 films before and after pressing and etching SiCL films, using a combination of X-ray diffraction, Raman spectroscopy, and photoluminescence measurements. The first step is to ensure that the right phase is obtained after fabrication and after post-processing steps. Figure 3 shows the X-ray diffraction (XRD) θ-2θ pattern (Cu K source) which confirms the formation of the type II SiCL phase in both the pressed and the pressed-etched samples. The patterns display sharp and well-defined peaks that correspond closely to the ICDD 01-089-5534 pattern of NaxSi₁₃₆, indicating successful synthesis of the desired phase. In addition, weak reflections attributable to Na8Si46 were also detected, confirming the presence of a minor secondary phase. After etching, the XRD peaks remained at the same positions, but with slightly reduced intensity, which may arise from the film thickness reduction by etching19.

[bookmark: _Hlk207237765]Raman spectroscopy was used with a 532 nm laser source with a power of 9 mW at the sample, focused to a ~1 μm spot corresponding to a power density of ~1.1 × 106 W/cm2, to probe the vibrational signature of the samples and further confirm the formation of the type II clathrate structure (Figure 4). Under these conditions, no laser-induced transformation of the silicon clathrate films was observed. Both the pressed and pressed-etched samples exhibited characteristic Raman modes near 185 cm-1, 290 cm-1, and 460 cm-1, which are attributed to the vibrations of the Si20 and Si28 polyhedral cages that characterise the clathrate framework23. After etching, the prominent Raman peaks remained similar but with a slight shift to the right owing to variations in the Na occupation10,24. 

[bookmark: _Hlk207066009]To evaluate the optical response, the as-fabricated and pressed-etched samples were characterized by photoluminescence (Figure 5) using a 532 nm laser source. The spectra were recorded with correction for the spectral sensitivity of the detection system. The broad emission band centered around 1.75 eV is in agreement with the reported quasi-direct band gap of semiconducting NaₓSi₁₃₆ clathrates10,25,26. 

The surface morphology and thickness of the clathrate films were analyzed using SEM, as depicted in Figure 6, to evaluate the structural effects of thermal pressing and SF6 dry etching. SEM images for the thermal pressing sample (Figure 6A) reveal a smoother surface, with substantial reduction or elimination of most large grain boundaries. Cross-sectional SEM images (Figure 6B) show the enhanced film density and structural connectivity. Top view and cross-sectional SEM images of the pressed films after SF₆ etching (Figure 6C,D, respectively) show a notable transformation from a uniformly covered surface to a textured morphology.

FIGURE LEGENDS:

Figure 1: Schematic illustration of the annealing process for Na₄Si₄ film formation. The diagram shows three phases of the system evolution: the start of the annealing, during the annealing, and the end of the annealing process. Sodium metal and a silicon substrate are initially placed in a sealed stainless-steel tube under flowing argon. Upon heating, Na vapor diffuses toward the substrate, forming a Na₄Si₄ layer. Key components such as the furnace, Inconel crucible, and gas flow setup are labelled.

Figure 2: Schematic of the second annealing step for clathrate formation. The diagram illustrates the thermal conversion process of the Na4Si4 layer into a silicon clathrate layer. During annealing, the sample is placed in a quartz tube under vacuum and heated in a furnace. After annealing, the transformation resulted in a substrate covered with a crystalline clathrate layer.

Figure 3: X-ray diffraction patterns of pressed and etched samples vs. pressed-only samples. The XRD patterns are shown for two sample conditions: pressed and etched (top) and pressed-only (bottom). The characteristic peaks corresponding to the clathrate phases NaxSi136 are indexed. The comparison illustrates the structural and peak intensity differences after the etching step.

Figure 4: Raman spectra of pressed and pressed-etched samples. Raman spectra are shown for both pressed and pressed-etched samples. Characteristic vibrational modes (T2g, Eg, and A1g) associated with the Si20 and Si28 cages of the clathrate framework are indexed. Spectral comparison highlights the structural differences resulting from the etching process.

Figure 5: Photoluminescence spectra of pressed and pressed-etched samples. Photoluminescence intensity is plotted as a function of energy for both pressed and pressed-etched samples. The comparison reveals spectral changes induced by the etching process, with emission features observed in the range of 1.4 to 2.0 eV.

Figure 6: Surface morphology of silicon clathrate films for pressed non-etched and pressed etched samples. The following SEM images display the top-view surface and cross-sectional morphologies of silicon clathrate films: (A) pressed sample, (B) pressed sample cross-sectional SEM, (C) pressed etched sample, and (D) pressed etched sample cross-sectional SEM. Scale bars: 40 µm.

DISCUSSION:
[bookmark: _Hlk206806259][bookmark: _Hlk207066968][bookmark: _Hlk207066877]The synthesis of type II silicon clathrate films (NaₓSi₁₃₆) via the two-step thermal decomposition method involves two critical steps that determine the success and quality of the final material. The initial formation of the Na₄Si₄ Zintl precursor is pivotal (Figure 1), as it serves as the reactive intermediate phase27. This step requires the exposure of a silicon wafer to sodium vapor under an inert argon atmosphere. Ensuring the complete and uniform formation of Na4Si4 is essential, as inhomogeneities can result in partial decomposition or residual unreacted silicon28. This is achieved by using a thin parallelepiped slice of sodium covering the surface inside the Inconel alloy boat as much as possible. The amount of sodium used is paramount for obtaining the right phase27. The boat’s top edges were first cleaned by wiping with acetone to remove surface residues, and then polished using a grinding-polishing machine to ensure a smooth surface and tight contact between the silicon wafer and the boat; otherwise, the process may fail. In addition, high-purity argon gas flushing is required for safety and for a successful process, because water vapour is detrimental.

Subsequently, the second step, thermal decomposition under dynamic vacuum, promotes the rearrangement into the clathrate type II framework (Figure 2). To prevent degradation of the sample due to atmospheric moisture, it must be rapidly transferred from the first furnace to the second. We found that when the humidity in the air is high (e.g., on a rainy day), the process is more likely to fail. In the second furnace, the vacuum must be as low as possible, as detailed by Vollondat et al.27. The temperature must be precisely controlled (typically 400–430 °C) to obtain the right type II phase.

Several failure modes were repeatedly observed during synthesis, and practical remedies can mitigate them. Incomplete Na4Si4 formation often leads to unreacted silicon residues; this problem usually stems from insufficient sodium coverage or poor contact between the wafer and the Inconel boat, and can be resolved by adjusting the sodium slice geometry and polishing the contact edges. Film fragility and cracking are frequently linked to excessive sodium loading (>0.5 g) or precursor annealing temperatures above the optimal window; keeping the sodium mass near 0.3 g and maintaining the precursor step at 600 °C reproducibly yields continuous type II films. The coexistence of type I and type II phases generally results from inadequate vacuum quality or uncontrolled heating ramps, issues that can be addressed by thorough leak checking and carefully controlled temperature programs. Finally, the Na4Si4 precursor is highly sensitive to trace oxygen and humidity during transfer, which can cause oxidation and process failure; this risk is effectively reduced by minimizing exposure to ambient air, placing both furnaces in the same room to enable rapid inert transfers, and maintaining low humidity conditions.

Despite these improvements, this method has some inherent limitations. Sodium volatility during annealing can result in non-uniform sodium distribution on the substrate surface, particularly in thicker films or large-area substrates27. This affects the phase purity, leading to the coexistence of type I and type II clathrates or residual amorphous silicon28. Another challenge is the adhesion between the clathrate film and the silicon substrate, which remains weak due to the absence of epitaxial matching, leading to poor film cohesion and mechanical instability during handling or post-processing28.

Two post-synthesis treatments were implemented to address some of these limitations. Thermal pressing densifies the clathrate layer, reducing the thickness and improving adhesion to the substrate, thereby limiting delamination and producing smoother films suitable for device integration. SF6-based reactive ion etching further conditions the surface: it removes the disordered surface layer, residual Na-rich regions, and reduces roughness. Relative to the base decomposition protocol, these optimizations directly mitigate common issues of poor adhesion and mixed phases, enabling more reproducible electronic and optical measurements and opening a pathway to device integration19.

In comparison with traditional high-pressure12 or flux-based clathrate synthesis techniques13,14, the described thermal decomposition method stands out due to its relative simplicity, cost-effectiveness, and absence of high-pressure equipment. This enables sodium content tuning and allows the production of polycrystalline films with targeted compositions across a wide range (x = 0.1–23)29. Unlike redox or ionic liquid methods, which suffer from scalability issues or chemical contamination, this solid-state route maintains high purity and controllability, and is especially suited for studies on structure-property relationships or device integration18.

The relevance of this protocol extends to several advanced materials research domains. In particular, guest-tunable type II clathrates offer a platform to investigate bandgap engineering, carrier transport, and thermoelectric properties30. Their ability to reversibly accept or release guest atoms without structural collapse opens new perspectives on energy storage and ion insertion applications31. Furthermore, the semiconducting character of low-x clathrates (x < 8, with Eg ≈ 1.7–2.1 eV) and their superior light absorption compared with d-Si make them promising candidates for next-generation thin-film photovoltaic absorbers10. Overall, this protocol offers a scalable and adaptable path to synthesize and investigate novel metastable exotic silicon in thin-film form.

ACKNOWLEDGMENTS:
This research was supported by the French National Research Agency (ANR) under the Exosil-Exotic Silicon Clathrate Films (ANR-22-CE50-0025). The authors thank the XRD platform of IPCMS and the staff of the C3Fab platform of ICube.

DISCLOSURES: 
The authors confirm that they have no financial conflicts of interest.

REFERENCES: 
1. Akinwande, D. et al. Graphene and two-dimensional materials for silicon technology. Nature. 573 (7775), 507–518 (2019).
2. Luo, W., Ma, Y., Gong, X., Xiang, H. Prediction of silicon-based layered structures for optoelectronic applications. J Am Chem Soc. 136 (45), 15992–15997 (2014).
3. Huang, H., Du, W., Deng, H., Xiang, H. Aging‑resistant, high‑strength, reprocessable, and recyclable silicones through dynamic thiol–maleimide chemistry. Ind Eng Chem Res. 63 (35), 15373–15382 (2024).
4. Liu, Y. et al. Advancements in low‑density crystalline silicon allotropes. Appl Phys Lett. 126 (9), 090501 (2025).
5. Matsunami, H. Fundamental research on semiconductor SiC and its applications to power electronics. Proc Jpn Acad Ser B Phys Biol Sci. 96 (7), 235–254 (2020).
6. Oh, Y. J., Lee, I.‑H., Kim, S., Lee, J., Chang, K. J. Dipole‑allowed direct band gap silicon superlattices. Sci Rep. 5, 18086 (2015).
7. Battaglia, C., Cuevas, A., Wolf, S. D. High‑efficiency crystalline silicon solar cells: status and perspectives. Energy Environ Sci. 9 (5), 1552–1576 (2016).
8. Bi, Y., Xu, E., Strobel, T. A., Li, T. Formation of inclusion type silicon phases induced by inert gases. Commun Chem. 1 (1), 15 (2018).
9. Beekman, M., Wei, K., Nolas, G. S. Clathrates and beyond: low‑density allotropy in crystalline silicon. Appl Phys Rev. 3 (4), 040804 (2016).
10. Vollondat, R. et al. Synthesis and characterization of silicon clathrates of type I Na₈Si₄₆ and type II NaxSi₁₃₆ by thermal decomposition. J Alloys Compd. 903, 163967 (2022).
11. Smelyansky, V. I., Tse, J. S. The electronic structure of metallo‑silicon clathrates NaxSi₁₃₆ (x = 0, 4, 8, 16 and 24). Chem Phys Lett. 264 (5), 459–465 (1997).
12. Yamanaka, S., Komatsu, M., Tanaka, M., Sawa, H., Inumaru, K. High‑pressure synthesis and structural characterization of the type II clathrate compound Na₃₀.₅Si₁₃₆ encapsulating two sodium atoms in the same silicon polyhedral cages. J Am Chem Soc. 136 (21), 7717–7725 (2014).
13. Kanatzidis, M. G., Pöttgen, R., Jeitschko, W. The metal flux: A preparative tool for the exploration of intermetallic compounds. Angew Chem Int Ed Engl. 44 (43), 6996–7023 (2005).
14. Liang, Y. et al. Synthesis of the clathrate‑I phase Ba₈−xSi₄₆ via redox reactions. Inorg Chem. 50 (10), 4523–4528 (2011).
15. Stefanoski, S., Beekman, M., Wong‑Ng, W., Zavalij, P., Nolas, G. S. Simple approach for selective crystal growth of intermetallic clathrates. Chem Mater. 23 (6), 1491–1495 (2011).
16. Stefanoski, S., Martin, J., Nolas, G. S. Low temperature transport properties and heat capacity of single‑crystal Na₈Si₄₆. J Phys Condens Matter. 22 (48), 485404 (2010).
17. Beekman, M. Intrinsic electrical and thermal properties from single crystals of Na₂₄Si₁₃₆. Phys Rev Lett. 104 (1), 018301 (2010).
18. Fix, T. et al. Silicon clathrate films for photovoltaic applications. J Phys Chem C. 124 (28), 14972–14977 (2020).
19. Bharwal, A. K. et al. Enhancing morphological and optoelectronic properties of silicon clathrate films through thermal press annealing and SF₆ treatment. ACS Appl Energy Mater. 8 (3), 1752–1758 (2025).
20. Kumar, R. et al. Synthesis and characterization of type II Ge‑Si clathrate films for optoelectronic applications. Mater. 17 (2), 504 (2024).
21. Liu, Y. et al. Synthesis and characterization of type II silicon clathrate films with low Na concentration. Appl Phys Rev. 8 (4), 041408 (2021).
22. Martinez, A. D. et al. Synthesis of Group IV clathrates for photovoltaics. IEEE J Photovoltaics. 3 (4), 1305–1310 (2013).
23. Beekman, M. et al. Framework contraction in Na‑stuffed Si(cF₁₃₆). Inorg Chem. 49 (12), 5338–5340 (2010).
24. Bharwal, A. K. et al. Influence of sodium concentration on the optoelectronic properties of silicon clathrate films. ACS Appl Energy Mater. 7 (19), 8554–8561 (2024).
25. Kume, T. et al. NaSi and Si clathrate prepared on Si substrate. Phys Status Solidi C. 10 (12), 1739–1741 (2013).
26. Kume, T., Ohashi, F., Nonomura, S. Group IV clathrates for photovoltaic applications. Jpn J Appl Phys. 56 (5S1), 05DA05 (2017).
27. Ma, X. et al. A versatile low temperature synthetic route to Zintl phase precursors: Na₄Si₄, Na₄Ge₄ and K₄Ge₄ as examples. Dalton Trans. 46, 10250–10255 (2009).
28. Vollondat, R. et al. Synthesis and characterization of silicon clathrates of type I Na₈Si₄₆ and type II NaxSi₁₃₆ by thermal decomposition. J Alloys Compd. 903, 163967 (2022).
29. Vollondat, R. et al. Tunability of silicon clathrate film properties by controlled guest‑occupation of their cages. J Chem Phys. 158 (16), 164709 (2023).
30. Kishimoto, K., Koda, S., Akai, K., Koyanagi, T. Thermoelectric properties of sintered type‑II clathrates (K, Ba)₂₄(Ga, Sn)₁₃₆ with various carrier concentrations. J Appl Phys. 118 (12), 125103 (2015).
31. Liu, Y. et al. Formation of type II silicon clathrate with lithium guests through thermal diffusion. Inorg Chem. 62 (18), 6882–6892 (2023). 

