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Abstract 

Type I (Na8Si46) or type II (Nax≤24Si136) silicon clathrates films with a large 15 x 45 mm2 
surface have been synthesized from p-type and intrinsic c-Si (001) wafers using a two-
step process without the need of any glove box. Conditions to selectively obtain either 
type I or type II silicon clathrates phase have been finely tuned. Optical absorption 
coefficients are found much larger in the Si clathrates than in diamond silicon. Type II 
films provide a direct bandgap of around 1.9 eV which is supporting the high absorption 
coefficient observed. Photovoltaic response of the films has been confirmed using 
Surface Photovoltage. As prepared type II films show many surface defects, cracks and 
inhomogeneities which have been drastically reduced thanks to a pressure annealing 
treatment. 

Keywords: Clathrates compounds, Thermal Decomposition, Intermetallic, Photovoltage, 
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1. Introduction 

Silicon Clathrates (SiCL) are low-density phases of silicon characterized by their 3D 

guest-host structure, consisting in an open structure of sp3 Si-Si bonded polyhedral cages 

stabilized by the so-called guest atoms which are generally alkali and alkaline earth. First 

observed for gas hydrates in 1811 [1], the notion of clathrates structures was only 

introduced in 1945 [2] and such structures were first synthesized for silicon in 1965 [3]. 

SiCL consist in diverse structures with variable arrangement and size of the cages [4–6]. 

Two structures are more studied than the others: the type I G8Si24 and the type II 

Gx≤24Si136 SiCL where G is the guest species, usually alkali metals (Li, Na, K, Rb and Cs) 

[7–10].  

The type I structure is identified by the assembly of two small Si20 (also noted 512) and six 

Si24 (51262) cages, which are each filled by a guest atom. The type II structure is made of 

sixteen small Si20 (512) cages and eight large Si28 (51264) cages with the ability of its guest 

atoms to be either removed [11] or inserted [12] up to an occupation value of x=30.5 [13] 

under high pressure synthesis. Extensive research has been led on the group IV 

clathrates [14] with various guests and even ternary [15] and quaternary [16] SiCL where 

the framework and the guest are both formed by two or more different chemical species. 

The main focus on SiCL has been for a long time in thermoelectric applications [17,18] 

thanks to the rattling of the guest atoms [19] inside the cages. Interest into optoelectronic 

applications [20–23] started after theoretical studies hinted that guest free SiCL would 

exhibit an indirect band-gap of 1.8 eV for the type I [24] but a direct band-gap for 1.9 eV 

for the type II [25,26]. In particular, the direct band-gap of the type II could offer an 

alternative to the diamond silicon widely used in microelectronics that has an indirect 

band-gap of 1.1 eV and thus poor light-absorption in the visible range [27]. They are now 

also considered as candidates for applications as anodes in batteries [28,29]. 

To reach optoelectronic devices, a synthesis pathway was needed to obtain SiCL in the 

form of films as most of the previous studies were based on powders or monocrystals. 

Such film synthesis has been recently reported using the thermal decomposition pathway 

[21,30–34]. The latter relies on a two-step process starting with the formation of a sodium 
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silicide Zintl phase Na4Si4 by the reaction of silicon with sodium vapor, followed by the 

decomposition of this precursor into the desired SiCL type I (SiCL-I) and type II (SiCL-II) 

structure. In this work, we report on our optimized conditions to obtain selectively SiCL-I 

or SiCL-II films on silicon substrates, and we investigate their optical, electrical and 

optoelectronic properties. 

2. Experimental  

Fig. 1 displays the photographs of the different apparatus used for the two step-process 

of thermal decomposition. The fabrication method is similar to previously reported method 

[30,35] used to prepare NaxSi136 film on silicon wafer adapted from the preparation route 

of SiCL powder [36,37]. The precursor film of Zintl phase is obtained as follows: a sodium 

slice with a mass of around 0.2g is cut from a sodium ingot (99.8% purity, Alfa Aesar, 

CAS #7440-23-5) and is immediately placed in a sealed off recipient filled with 

cyclohexane (99+% purity, Alfa Aesar, CAS #110-82-7) to prevent the oxidation of the 

metallic sodium. The sodium and cyclohexane are handled following safety precautions. 

A 525 ±25 µm thick silicon wafer (c-Si (001)) cut into a rectangular 54 x 37 mm² shape is 

b) 

 

a) 

 

Fig. 1. Photographs of the experimental setup used for a) 

the synthesis of the Zintl precursor film b) for the thermal 

decomposition of the precursor into the silicon clathrates 

film.  
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treated with HF (10% vol) for 2 minutes. The Si wafers are either p-type with a resistivity 

of 1-5 Ω∙cm or intrinsic with a resistivity >10 kΩ∙cm. Right after the cleaning of the Si 

wafer, the sodium slice is placed in the middle of an Inconel boat (54 x 18 x 13.3 mm3, 

ANALAB, ref. AR9001). The boat is quickly covered with the silicon wafer, as shown in 

the schematic view of Fig. S1 in the Supplementary Information (SI). The system {Boat + 

Sodium slice + Si Wafer} along with a tantalum coiled wire, put here to catch any leftover 

traces of oxygen, is inserted in the middle of a stainless-steel tube (diameter 45mm, 

length 65cm, Inox SST304, Hositrad KF40 Full Nipple), itself placed into a tubular furnace 

(Fig. 1a). Argon (99.9999+%) is flown in the tube at 1.6x105 Pa and maintained for 10 

minutes after closing the open flange of the stainless-steel tube. It is then heated at a 

temperature between 570 and 630°C with a ramp of 5°C/min and a dwell time of 13 to 

19h. The tube is then naturally cooled down to room temperature and flushed again with 

Ar for 10 minutes. The Si wafer covered with the Zintl phase film is pulled out and 

immediately put in a quartz tube to reach a dynamic vacuum of 4.5x10-5 Pa to limit any 

possible reaction between the Na4Si4 with the ambient humidity (Fig. 1b). As opposed to 

prior authors [21,30,35], no stainless-steal container is used to keep the NaSi film 

completely safe from the ambient humidity. Once the vacuum is achieved, a furnace is 

wrapped around the quartz tube, heated to 400°C with a ramp of 10°C/min and a duration 

from 3h to 24h under dynamic vacuum, and then let to naturally cool down to room 

temperature. The sample is then pulled out of the tube and cleaned with ethanol then 

deionized water to remove any excess sodium. Once no bubbling from the surface of the 

film is witnessed, the sample can be removed and blow-dried for further treatments or 

characterizations. Photograph of the obtained sample is available in Fig. S2 along with 

SEM surface observations of both SiCL.  

Two samples cut into four smaller 1.5 x 1.5 cm² pieces were submitted to press annealing 

in air at temperatures of 200°C and 250°C with applied forces of 2 kN and 4 kN (8.9 MPa 

and 17.8 MPa respectively) using a Rondol hydraulic press equipped with two heating 

steel plates.  

X-ray diffraction (XRD) is performed with a Bruker D8 DISCOVER with a Cu Kα1 

wavelength of 0.154056 nm. The Jana2006 software has been used to refine the lattice 
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parameters. Scanning electron microscopy (SEM) images were obtained thanks to both 

a JEOL 6700F and a Zeiss GeminiSEM 500 with a field-emission gun (FEG), operating 

respectively at 3 kV and 5 kV in the SE In-Lense mode instrument. Energy Dispersive X-

ray Spectroscopy (EDS) was used to estimate the composition of the material in different 

positions in the films. Transmission electron microscopy (TEM) was performed with a 

Topcon 002B (200kV, EDX, CCD camera). Raman spectroscopy and Photoluminescence 

(PL) are measured at 293 K using a JOBIN YVON LabRam Aramis apparatus with a 

532nm laser. Spectroscopic Ellipsometry was performed using a HORIBA Uvisel Lt M200 

FGMS (210-880nm). Current-voltage (IV) characteristics were measured using an Orial 

VeraSol-2 AAA Solar Simulator in AM 1.5G conditions at room temperature coupled with 

a Keithley 2461 SourceMeter. Kelvin Probe (KP) and Surface PhotoVoltage (SPV) 

measurements were performed with a single point Kelvin Probe system (KP Technology 

KP020) with a 2 mm diameter gold tip, and using either a halogen source with calibrated 

illumination for white light SPV or a GR50-605 (Thorlabs) monochromator of 600 g/mm-1 

grating for spectroscopic SPV mode.  

3. Results and discussion 

Fig. 2 indicates the phases present in the films depending on the first annealing 

temperature.  SiCL-I films are reproducibly obtained at a temperature of 630°C for the 

precursor formation step, with minor SiCL-II and diamond silicon phases as reported in 

Fig. 3a. with a 10.1954 Å lattice parameter. Pure SiCL-II films are obtained for a lower 

temperature of 600°C and no parasitic phases are detected by XRD as shown in Fig. 3b. 

The lattice parameter of these SiCL-II films varies according to the duration of the thermal 

decomposition annealing step. For the routine 3h duration, it gives a reproducible value 

of 1,46378 nm, corresponding to an occupation x of ~7 (Na7Si136) obtained by Rietveld 

refinement. Minor impurities fitting with NaSi6 [38] was observed in some films. The impact 

of the temperature on the nature of the film during the precursor formation step can be 

explained by the increase of the sodium vapor pressure with temperature [39]. For 

temperature above 610°C in our setup, a metallic sodium layer is observed on top of the 

Na4Si4 film, supposedly due to the cooling process, and is more and more continuous as 

the temperature increases. For a 630°C temperature, the whole Na4Si4 film is covered by 
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this sodium layer. As reported in a previous study [40], the sodium vapor is a crucial 

parameter during the thermal decomposition step to determine which of the SiCL-I or 

SiCL-II type will prevail or coexist. As the Na4Si4 film at 630°C is covered by excess 

sodium in contrast to the 600°C one where no trace of metallic sodium is observed, this 

excess sodium will favor the type I SiCL formation over the type II. For temperature below 

600°C, the obtained samples exhibit no continuous films across the sample, hinting 

toward a lack of sodium as reactant. However, in contrast to groups avoiding any contact 

of the NaSi film with air [32], reducing the duration of the thermal decomposition annealing 

did not lead to thinner films. An annealing of a least 13h is required to obtain a SiCL film. 

This could be the main drawback of operating this thermal decomposition process with 

no glove box as it is thought that during the very short exposure of air during the transfer 

of the sample a too thin Na4Si4 film exposed to air could be instantly degraded by the 

humidity as Na4Si4 is known to react with water.  

Fig. 2. Nature of the films obtained depending on the 

temperature of the first annealing step. 
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Fig. 3c shows the Raman spectrum related to the SiCL-I films. Since Na8Si46 has a 

metallic character, the broadness of the detected vibrations peaks is important. Still, the 

observed vibration shifts are in agreements with previous theoretical and experimental 

studies [41–43]. Fig. 3d depicts the SiCL-II film Raman vibrations which are also similar 

to previous calculations [44] and experiments [45]. The peaks for the SiCL-II films are 

much easier to detect and reproducible across the surface than the SiCL-I phase. The 

well-defined profile of the peaks is coherent with the estimated occupation that would give 

semiconducting SiCL-II. Indeed, it has been showed that for sodium occupation higher 

than x=8, SiCL-II presents a metallic character and the related Raman peaks are broader 

Fig. 3. XRD patterns for the a) SiCL-I b) SiCL-II films. The red cercles refers to Na1Si136 (JCPDS 01-089-5535), the 

blue triangles to Na8Si46 (JCPDS 01-089-5534) and the black squares to diamond Silicon (JCPDS 00-027-1402). 

Raman spectra obtained with a 532nm laser at 1.1 mW using a 2400 g.mm-1 grating with a 50 µm slit for c) SiCL-I d) 

SiCL-II films. 
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[46]. It also important to warn that both SiCL-I and SiCL-II are degraded by long and/or 

repeated exposition to the laser at power above 2 mW The resulting spectrum gives a 

sole peak slightly before 500 cm-1, hinting toward the transformation into an amorphous 

silicon phase. Electrical measurements were performed on SiCL-I and SiCL-II films 

prepared from intrinsic silicon substrates (c-Si (001)). As expected, the SiCL-II films 

grown are semi-conducting and show a resistivity of 5.2 Ω∙cm, a mobility of 70 cm2V-1s-1, 

and a n-type behavior, as reported in previous studies [45], but with low carrier 

concentration of 5x1016 cm-3. In opposition the SiCL-I film has a metallic character, also 

reported in [46], with a resistivity of 1.1 x 10-3 Ω∙cm for a mobility of 1.3 x 103 cm2V-1s-1 

with a carrier concentration of 9.5x1016 cm-3.  

Optical properties such as absorption coefficient, extinction coefficient and refractive (see 

Fig. S4) index of the two types of SiCL films were investigated using spectroscopic 

ellipsometry under the assumption that no light will transmit through the 30 µm thick SiCL-

I or SiCL-II films, which is very reasonable according to previous measurements of 

absorption coefficient by transmission in SiCL thin films 23,41. Fig. 4a reports the 

absorption coefficient obtained. For the SiCL-II films, the estimated values and behavior 

are in agreement with previously determined value obtained by UV-Visible measurement 

on thin film deposited on sapphire [21,47] or others methods [37]. The SiCL-I film is even 

more able to absorb light and the absorption coefficient is rising continuously as the 

photon energy increases to reach 6.7x105 cm-1 at 4.5 eV. In both cases, the SiCL films 

are better light absorber than diamond silicon [27] in the whole visible light range down to 

the near infrared with α in the 105 cm-1 order of magnitude for SiCL-I and 104 for SiCL-II. 

The measurements exhibit high noise to signal ratio because of the low reflectivity of both 
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types of SiCL and the roughness of the surface due to the sublimation step of the sodium 

during the annealing under dynamic vacuum.  

Tauc plots were plotted for SiCL-II films for both direct (𝛼. 𝐸𝑝ℎ)
2 vs. 𝐸𝑃ℎ or indirect (𝛼. 𝐸𝑝ℎ)

1

2 

vs. 𝐸𝑃ℎ band gap (Fig. 4b and 4c). Tauc plot for SiCL-I film were not drawn due to its 

metallic character. An optical direct band gap at around 1.9 eV is obtained for the SiCL-

II film with no sign of optical indirect bandgap. The photoluminescence was also 

investigated and gave out a broad peak centered at 1.75 eV (Fig. S2), which is coherent 

with previous observations [14,48]. This broad peak is thought to originate from the very 

distraught state of the film, both in surface and in the bulk but could also be due to a 

sodium-rich silicon disordered phase, as it will be discussed from the SEM observations. 

Fig. 4. a) Absorption coefficients α of the SiCL films 

and Silicon versus the photon energy EPh in the 210-

800 nm range. b) Tauc Plot for SiCL-II film assuming a 

b) direct c) indirect optical band gap. 
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TEM observations were also possible by gently scratching some of the SiCL films and 

grinding into a thin powder using a ceramic mortar. This powder is then put on a 

membrane using a suspension in ethanol. TEM pictures gave out the view of large nicely 

crystalized area of about 60 nm long as seen in Fig. 5. The crystallite size observed by 

TEM is matching the one estimated by XRD analysis (55 nm for SiCL-I, 53 nm for SiCL-

II). While the bulk of the grain is crystalline, a disordered phase made of silicon is 

observed around the border. This disordered phase has already been reported by EPR 

measurements [49,50] and could be due to an amorphous phase [51] formed at the 

surface of SiCL. Several orientations of the type II phase were observed as reported in 

Fig. S5. Some impurities from diamond silicon were also spotted for the type I sample. 

EDX measurements (Fig. S6) indicate a Na1.9Si136 (1.37% atomic percentage in sodium) 

composition for the SiCL-II and give a 13.9% atomic percentage of sodium for the SiCL-I 

slightly lower than the expected 14.8%, which could be explained by diamond silicon 

impurities.  

The films were further investigated using Surface Photovoltage (SPV) thanks to a Kelvin 

Probe apparatus coupled either to white light with controlled intensity (transient SPV  

and SPV vs. intensity) or light delivered by a monochromator (surface photovoltage 

spectroscopy SPS). 

 

 Fig. 6a shows the measured contact potential difference (CPD) vs. time, for SiCL-I and 

SiCL-II grown on a p-doped Si substrate, during dark/light cycles with the white light at 

Fig. 5. TEM observations of SiCL-I (on the left) and 

SiCL-II (on the right) from a suspension in ethanol. 
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full intensity. For both SiCL-I and SiCL-II samples, a change in the value of the CPD is 

observed during the cycles, which means both materials have a photovoltaic response. 

The CPD(light) is higher than the CPD(dark) for the type I sample, which is probably 

caused by the p-type substrate underneath as measured in Fig. S7, because type I is not 

Fig. 6. a) Variation of the Contact Potential Difference 

(CPD) measured on the Silicon Clathrates samples 

during cycle between illumination by halogen visible 

light and dark. b) Surface Photovoltage (SPV) of the 

Silicon Clathrates samples according to the 

illumination delivered by the halogen visible light. 
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supposed to be a semiconductor but a metal. In contrast, the type II shows an opposite 

variation of CPD with light, which is the evolution expected for n-type carriers, as already 

observed by Hall effect. The fast responses observed may indicate a short lifetime of the 

photocarriers generated during the illumination of the materials [52].  

Next the SPV signal was measured vs. white light intensity following the formula 

𝑆𝑃𝑉(𝐼𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛) = |𝐶𝑃𝐷(𝐼𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛) − 𝐶𝑃𝐷𝑑𝑎𝑟𝑘| as shown in Fig. 6b. The SPV signal is 

gradually increasing following a logarithmic increase as expected for a semiconductor 

and reaches a non-saturated value of 50 mV and 120 mV for type I and II respectively at 

the maximum illumination of 19 nW/cm². 

This is compared to a quickly reached 400 eV-saturated value at the same maximum 

illumination for the p-doped Si substrate (Fig. S8). IV measurements done on the s-II film 

allow to roughly reach a short-circuit current density JSC of about 3 nA/cm-2 while the 

open-circuit voltage VOC value of 95 mV is close to the SPV obtained previously. We 

linked the extremely low value of JSC obtained to the inhomogeneous state of the s-II film 

and its fragile adherence to the silicon substrate.  

To summarise the last two experiments, both type of samples are photoactive. SiCL-I 

displays a p-type behaviour originating from the substrate while SiCL-II provides a n-type 

behaviour. Nothing is known about the origin of the photocarriers that are observed. While 

early solar cells based on Si-CL were proposed in previous studies [22,33], the low short-

circuit currents measured did not allow to measure external quantum efficiency EQE and 

therefore a doubt was present as to whether the photocarriers observed were generated 

by SiCL or by diamond Si impurities. In this way the optoelectronic properties of the films 

were further investigated using SPS. The SPV values obtained from the CPD were 

normalized by the photon flux at to each wavelength delivered by the monochromator. 

The SPS curve obtained for p-doped Silicon is very similar to the profile obtained by EQE 

as it can be seen in Fig. 7. For the SiCL films, as the SPV signal is lower than for p-type 

Silicon, the SPS signal is noisier but still accessible. It can be observed in Fig. 7 that the 

behavior of the SiCL SPS signal is completely different from the one of p-type Si. The 

SPS signal of SiCL-I is very weak with a maximum in the 450-550 nm range. The signal 

is quite low and thus it is difficult to extract valuable information from the background 
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noise. In opposition the SPS signal of SiCL-II is very intense at 400 nm and gradually 

goes down from 400 to 650 nm. It is nearly zero above 650 nm which is in agreement 

with the bandgap of 1.9 eV measured from Tauc plot and photoluminescence. This clearly 

proves that the photocarriers generated in SiCL-II films do not originate from diamond Si 

but from the type II silicon clathrates themselves with a bandgap of around 1.9 eV.  

In our previous work, press annealing has been beneficial to the Type I Silicon Clathrates 

morphology [33]. Here we investigate the effect of this technique on the Type II films. Two 

SiCL-II films with very rough surfaces were press annealed at 200 and 250°C with forces 

of 2 and 4 kN for 30 minutes. In contrast to what has been observed for type-I films, the 

type-II films obtained in this work were neither able to be compacted nor re-oriented in a 

significant way. Still, the beneficial impact is a smoothed surface as shown in Fig. S9. It 

was expected that, as the type II structure is less dense than type I and the SiCL-II 

samples surface is more fractured than the SiCL-I, a contraction of the films would be 

observed. In contrast the experimental results show that the contraction and re-orientation 

of SiCL-I samples may be mainly due to inferior thermal stability of the type I compared 

to the type II structure [36]. Still, the annealing under pressure of the type-II films offers a 

Fig. 7. Surface Photovoltage Spectroscopy of the 

Silicon Clathrates samples and Silicon by 

normalizing the SPV by the photon flux versus the 

wavelength of the light.  
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safe way to purify type-II sample as show in Fig. 8a, where the NaSi6 impurities observed 

reflections are gradually losing intensity as the temperature of the press annealing is 

increasing.  Fig. 8b. reports that for 250°C, as the applied force increases, the sodium 

occupation is slightly reduced. This does not forcefully mean that the press annealing 

allows the removal of the sodium guest atoms from the cages but rather that the thickness 

Fig. 8. XRD patterns for the a) SiCL-II films submitted 

to 200°C and 250°C with a force of 2kN b) SiCL-II films 

submitted to 2 and 4 kN at a temperature of 250°C. 

Purple asterisks are for the NaSi6 (JCPDS 04-020-

2170) c) Raman Spectra obtained with a 532nm laser 

before and after press annealing of a SiCL-II sample 

at 250°C for a force of 4 kN during 30 minutes. 
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of the normally observed sodium-rich crust observed at the surface of the SiCL-II films is 

gradually reduced as it can be seen in Fig. S10.  

We have not yet determined whether this crust is another disordered and more porous 

Na-Si phase or a badly crystallized sodium riche type-II Silicon Clathrates. The reduction 

of the thickness of this sodium-rich crust is also supported by the Raman spectra reported 

in Fig. 8c. For the rough as-synthesized SiCL-II sample the Raman peaks are drowned 

in a broad envelope for shifts between 75 to 480 cm-1. But this envelope has disappeared 

after the press annealing process at 250°C for 4 kN force for 30 minutes. This could mean 

that the envelope signal is originating from the sodium-rich crust at the surface of those 

samples. Hall effect measurement on these samples give a resistivity of 10 Ω∙cm and a 

mobility of 65 cm2V-1s-1
 before any treatment and shift to 300 Ω∙cm and 48 cm2V-1s-1 after 

press annealing. This could confirm the sublimation of a few sodium atoms from the SiCL 

cages during the process. However, annealing under pressure only slightly impact the 

absorption coefficient and the surface photovoltage as depicted in Fig. S11. 

4. Conclusion 

The experimental conditions to selectively obtain Type I or Type II Silicon Clathrates have 

been determined and reported for our specific setup which does not need any glove box. 

SiCL-I and SiCL-II phases were synthesized on both p-doped an intrinsic silicon wafers 

and structural, optical, electrical and photovoltaic properties were characterized. Type II 

Silicon Clathrates synthesized this way have low sodium occupancy of around 7 and thus 

are semi-conducting material while Type I has a metallic behavior. A sodium-rich crust at 

the very surface of the Silicon Clathrates films has been observed thanks to SEM and 

linked to its plausible Raman signature. Press annealing impact was found to differ 

depending on the Silicon Clathrates type but still allow smoother surfaces. It represents 

a pathway to improve morphology of the Type-II Silicon Clathrates and therefore to further 

improve the photovoltaic properties and solar cell efficiencies. In addition to this, 

composition homogeneity of the films should be improved by a better comprehension of 

the thermal decomposition process. 
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Still, the optical, electrical, SPV and SPS study in this work unambiguously demonstrates 

that photocarriers are generated and mobile in the SiCL-II material, with a direct bandgap 

of around 1.9 eV and a mobility reaching 70 cm2V-1s-1. This result paves the way for 

optoelectronic applications based on semiconducting silicon clathrates and is a further 

source of stimulation for this field of research. 
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Appendix A. Supporting information 

Supporting Information: Additional experimental details and optical properties 

measurement on the samples and on a diamond silicon reference along with SEM and 

TEM views including EDX analysis. 
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Figure captions 

Fig. 1. Photographs of the experimental setup used for a) the synthesis of the Zintl 
precursor film b) for the thermal decomposition of the precursor into the silicon 
clathrates film.  

Fig. 2. Nature of the films obtained depending on the temperature of the first annealing 
step. 

Fig. 3. XRD patterns for the a) SiCL-I b) SiCL-II films. The red cercles refers to Na1Si136 
(JCPDS 01-089-5535), the blue triangles to Na8Si46 (JCPDS 01-089-5534) and the 
black squares to diamond Silicon (JCPDS 00-027-1402). Raman spectra obtained with 
a 532nm laser at 1.1 mW using a 2400 g.mm-1 grating with a 50 µm slit for c) SiCL-I d) 
SiCL-II films. 

Fig. 4. a) Absorption coefficients α of the SiCL films and Silicon versus the photon 
energy EPh in the 210-800 nm range. b) Tauc Plot for SiCL-II film assuming a b) direct c) 
indirect optical band gap. 

Fig. 5. TEM observations of SiCL-I (on the left) and SiCL-II (on the right) from a 
suspension in ethanol. 

Fig. 6. a) Variation of the Contact Potential Difference (CPD) measured on the Silicon 
Clathrates samples during cycle between illumination by halogen visible light and dark. 
b) Surface Photovoltage (SPV) of the Silicon Clathrates samples according to the 
illumination delivered by the halogen visible light. 

Fig.7. Surface Photovoltage Spectroscopy of the Silicon Clathrates samples and Silicon 
by normalizing the SPV by the photon flux versus the wavelength of the light.  

Fig. 8. XRD patterns for the a) SiCL-II films submitted to 200°C and 250°C with a force 
of 2kN b) SiCL-II films submitted to 2 and 4 kN at a temperature of 250°C. Purple 
asterisks are for the NaSi6 (JCPDS 04-020-2170) c) Raman Spectra obtained with a 
532nm laser before and after press annealing of a SiCL-II sample at 250°C for a force 
of 4 kN during 30 minutes. 

 

 

 

 

 


