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Abstract 

Silicon clathrates are allotropes of silicon that show great promises for optoelectronics and batteries. 

However silicon clathrates in the form of films are relatively new and devices based on this material still 

have to be engineered. In this work we present a protocol for silicon clathrates film fabrication that does 

not necessitate a glove box. We show that dense films can be obtained with a pressure annealing 

treatment and that the films can be measured by atomic force microscopy. Ion implantation of P, B and 

As is performed on the clathrate films. Early photovoltaic devices are presented, with a maximum short 

circuit current density of 0.11 mA/cm². 

  

10 µm 
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Introduction 

Diamond silicon is the second most abundant element on earth. Silicon (Si) is the most used element in 

semiconductor technology. The main forms of Si encountered in research and industry are mono-

crystalline, multi-crystalline and amorphous Si. An allotrope of Si called Si clathrate was discovered in 

19651. It is composed of a framework of hollow spheres of various sizes, similar to carbon fullerenes 

further discovered in 1985, with the ability to host guest atoms. Although practical applications of Si 

clathrates were not developed, this topic has regained interest with the possibility to fabricate Si 

clathrates in the form of films2-4. There are two main types of applications for these materials: 

optoelectronics5 and batteries6. In the first case, the NaxSi136 type II binary clathrate structure presents 

semiconducting properties and is able to reach a 1.9 eV quasi-direct bandgap7. Furthermore the material 

presents the advantage of a direct bandgap as opposed to conventional diamond silicon8. In the second 

case, the large size of spheres composing the Si clathrates enables a high storage capacity within the 

cage that can be used for lithium or sodium ion batteries9-12. Thermoelectric properties of clathrates also 

seem favourable13, 14. Coming back to optoelectronics, Si clathrate films (SCF) have been proposed to be 

used in solar cells5, 8, 15-19. Their main advantage compared to diamond Si is that diamond Si has an 

indirect bandgap of 1.1 eV and a direct bandgap of 3.4 eV which makes it a poor solar spectrum 

absorber. Thus the diamond Si absorber has to be thick (100 µm) and at the same time very pure to 

provide a large minority carrier diffusion length15. Many efforts have been undertaken to improve the 

optical properties of diamond Si, such as superlattices20, nanopatterning21, and plasmonics22, 23.  

Recently, an attempt was made to fabricate solar cells based on NaxSi136 8. The short-circuit current, 

open-circuit voltage and conversion efficiency were low, 9.2 nA, 0.036 V and 10-5% respectively. In this 

work, we describe our fabrication process to obtain type I and type II SCF and we describe a substantial 

improvement of the photovoltaic (PV) properties using ion implantation. 
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Methods 

The method to fabricate SCF is similar to the ones reported in the literature, involving two annealing 

processes. The first annealing is performed as follows: a Na slice of mass around 1.2 g is cut from sodium 

sticks (purity 99%, Alfa Aesar) and placed into cyclohexane (99+%) to prevent oxidation. The Na material 

and related compounds should be handled with safety precautions. The Na slice is then put at the 

bottom of an Inconel crucible. A c-Si (001) substrate of thickness 0.5 mm and size 54 x 37 mm² is cleaned 

with HF (HF:H2O (1:10) for 2 min), rinsed with deionised water, placed on top of the crucible. The c-Si 

substrate is p-type with a resistivity of 1-5 Ω·cm. The substrate is covering totally the crucible and is 

about 1 cm above the Na slice. The crucible and sample are then inserted into a stainless-steel tube 

(diameter 44.5 mm, length 1 m, Inox SST304) which is itself placed into a tubular furnace. Some Ta in the 

form of wire is also inserted in the tube with the aim to absorb any residual oxygen in the tube. The 

stainless-steel tube is flushed with Ar (99.99990%) for 15 min, a pressure of Ar of 1.6·105 Pa is applied by 

closing the tube with valves on each side. The tube is then heated with a ramp of 5°C/min to a 

temperature of 480-650°C and maintained at this temperature for 19h. The tube is then naturally cooled 

down to room temperature. The tube is flushed with Ar and the substrate is taken out. The sample is 

then quickly transferred to a quartz tube which is pumped down to a dynamic pressure of 10-5 Pa. A 

furnace is placed around the quartz tube which is heated to 400°C for 3h under dynamic vacuum 

conditions and naturally cooled down to room temperature. Finally, the samples are washed with 

deionised water to remove remaining Na on the surface. 

In order to improve the quality of the films, some SCF samples were press annealed in air at a 

temperature of 200°C and 250°C for 30 min with a force of 2 kN. The thermal treatment under pressure 

system is a hydraulic system (Rondol) with two steel plates with integrated and regulated heating up to 
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300°C. The applied force of 2 kN is the one applied by the system to the entire plates (15x15 cm²) which 

corresponds to a pressure of 106 Pa for the size of sample (about 20 cm²). 

X-ray diffraction (XRD) was performed with a Bruker D8 diffractometer in Bragg-Brentano configuration 

with a Cu Kα wavelength of 0.15418 nm. Scanning electron microscopy (SEM) was performed with a JEOL 

6700F  equipped with a field-emission gun (FEG), operating at 3 kV in the SEI mode instrument. 

The surface of SCF was investigated using atomic force microscopy (AFM) with a NT-MDT Smena B AFM 

in tapping mode. 

Concerning optical measurements, Raman spectroscopy was performed at room temperature with a 

JOBIN YVON LabRam ARamis with a 532 nm excitation. Spectroscopic ellipsometry was performed with 

an HORIBA Uvisel Lt M200 FGMS (210–880 nm). Photoluminescence (PL) was carried out between 24K 

and room temperature using an excitation at 355 nm with a frequency-tripled neodymium-doped 

yttrium aluminum garnet (Nd-YAG) laser. The laser pulse duration, frequency and power were 10 ns, 20 

kHz and up to 100 mW (15.6 W·cm−2 ), respectively. The PL signal was collected by means of a concave 

mirror into an optical fiber and analyzed by a multichannel CCD. The PL signal was integrated over time 

for a duration of 800 ms. 

The ion implantation of B, P and As in the as-grown SCF was performed at ICube with an EATON 200 MC. 

The dose was 5x1015 at/cm2 and the energy was 30 keV. The samples were then annealed in a rapid 

thermal annealing (RTA) system at 950°C for 30 s for the activation of dopants. More specifically the 

samples were RTA annealed under Ar atmosphere (30 s purge), heated from about 20°C to 950°C in 6 s, 

kept at 950°C for 30 s and cooled down with water cooling (950°C to 500°C reached in 12 s, total cooling 

time from 950°C to 35°C in 180 s). 
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I-V characteristics were performed at room temperature using an Oriel Solar Simulator in AM1.5G 

conditions and a Keithley 2461 SourceMeter. Unless stated otherwise, the contacts were made of thick 

Ag paste in a corner of the sample for the top contact and over the whole back surface for the bottom 

contact. 

Results and Discussion 

Figures 1a) and b) show the experimental procedure to obtain SCF on c-Si (001) as described in the 

experimental section. Before having switched to this procedure involving bulk Na as a precursor, two 

alternative methods were tested. The first one involved deposition of NaF on c-Si and subsequent 

annealing, and the second ion Na implantation in c-Si. For both methods the amount of Na incorporated 

in Si was insufficient to form SCF. Therefore in this work only the fabrication of SCF with Na source is 

described. It should be noted that in contrast to previous work3, 4, 8, no glove box is necessary in the 

protocol and that the design of the experiment is quite simple which should enable more scientists to 

elaborate SCF in the future. Using this method, a large area of SCF of size about 4.5cm x 1.5cm can be 

produced as shown in Figure 1c). It should be noted that initial experiments were producing SCF that 

were exfoliating from the substrate. This issue was solved by naturally cooling down the sample after the 

second annealing and maintaining the furnace around the quartz tube so that the cooling down is slow 

and takes about 10h to reach room temperature. 
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Figure 1: a), b) sketches of the setup for the first and second annealing respectively; c) picture showing 

SCF on c-Si (001) 
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To ensure that SCF were produced, XRD was used. Figure 2a) shows the XRD spectrum of a SCF sample 

on c-Si (001) with the first annealing at a temperature of 550°C. It shows a mixture of type I (Na8Si46) and 

type II (Nax≤24Si136) clathrates. Type II clathrates are the most promising silicon clathrates due to their 

appealing optoelectronic properties. Previous work had shown that a first annealing temperature of 

500°C was leading to type I clathrates while a temperature of 600°C gave type II clathrates3. Therefore, 

while keeping the second annealing conditions constant, we varied the temperature of the first 

annealing between 480°C and 650°C for 19h. The two extreme temperature values, 480°C and 650°C did 

not provide any silicon clathrates, while the intermediate temperatures between 500°C and 600°C all 

provided a mixture of type I and type II clathrates. In order to give an estimation of the clathrates of type 

I vs. type II predominance, we plotted in Figure 2b) the ratio between the two most intense reflections 

for type I (321) and type II (531). According to this graph, it is found that the first annealing temperature 

providing the highest ratio of type II is 550°C. Other conditions were also varied with limited success, 

such as the first annealing duration (no SCF for 6 h duration, mostly type I for 12 h, type I and II for 19 h), 

and the Ar pressure inside the first furnace (1.6·105 to 2.6·105 Pa gave no further improvement). We also 

compared the XRD spectrum of Figure 2a) with reference 4 where the type I/type II weight ratio was 

precisely estimated and we find a type I/type II weight ratio of roughly 20/80. 

Further confirmation of the presence of silicon clathrates is given by Raman spectroscopy (see 

Supplementary Information (SI) Figure S2) where several peaks are identified for type II clathrates24 and 

two peaks for type I clathrates25.  

Figure 2: a) XRD spectrum of SCF (first annealing at 550°C) and the JCPDS reference for type I (Na8Si46) 

and type II (NaSi136) silicon clathrates b) ratio between the intensity of type I (321) and type II (531) 

reflections vs. the temperature of the first annealing. 
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Figure 3a) shows the SEM image in cross-section of a SCF sample. It shows a very porous morphology, 

large variations in the surface (see SI Figure S1) and the presence of cracks on the surface originating 

from the decomposition of the Zintl phase. Such a surface and morphology is detrimental for the 

production of devices. Therefore we performed press annealing on SCF films. Figure 3b) shows a SEM 

cross-section of a SCF sample press annealed at 250°C. The porous structure observed in the as-grown 

samples has disappeared and a compact film is observed. Thanks to the improvement of the surface 

properties, it was possible to perform AFM on such samples. Figure 4 shows the topography observed by 

AFM of the surface of SCF on c-Si after press annealing at 250°C. This is the first time that SCF roughness 

is low enough to be able to be measured by AFM. Grains of size about 200 nm can be observed and the 

root-mean-square roughness (RMS) in a clean 5x5 µm² and 1x1 µm² area is about 100 nm and 10 nm 

respectively. While such values are still very high compared to film roughness prepared by physical 

methods such as pulsed laser deposition (PLD) or magnetron sputtering, it represents a first step into the 

integration of SCF into film technologies. As we will describe in the section on PV properties, contacts 

could be deposited on the SCF without creating short-circuits which means that the films are viable for 
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further processing. The pressure annealing not only resulted in a morphology change, but also in a 

recrystallization of SCF as the annealing temperature was increased; the recrystallization led to more 

intense and less numerous XRD reflections (see SI Figure S3). The position of the peaks does not vary 

after pressure annealing but only their intensity, which indicates that the same phase is preserved but 

the grains are reorganised and recrystallised to allow a denser film. However, after press annealing at 

250 °C no remaining type II silicon clathrate peaks are visible. 

Figure 3: cross-sectional SEM image showing SCF on c-Si a) as fabricated b) after press annealing at 

250°C. 

 

 

 

 

 

  

20 µm 

a) 

b) 

10 µm 



11 
 

Figure 4: AFM topography images of a silicon clathrate film on c-Si after press annealing at 250°C. 

 

 

 

Concerning the composition, the as-grown SCF analysed by Energy Dispersive Spectroscopy (EDS) in the 

SEM provided a concentration of one atom of Na for 4.6 atoms of Si and one Na for 11 atoms of Si before 
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and after washing the SCF with deionised water respectively. Further repetition of the second annealing 

in vacuum tends to reduce the amount of Na. Some solutions using a cold plate4 or iodine treatment 8, 26 

have been proposed to effectively reduce the amount of Na to negligible levels and this will represent a 

further improvement of the current work. 

We now consider the optical properties of the SCF. Spectroscopic ellipsometry was used to determine 

the refractive index, extinction and absorption coefficients (see SI Figure S4). At 600 nm, the absorption 

coefficient is comparable to that of a-Si. It is about 2x104 cm-1 which is very close to previous 

experiments by photothermal deflection spectroscopy16. Noisy signal is obtained due to the low 

reflective nature of the SCF and rough surface. It is interesting to notice that the refractive index is about 

1.5, much lower than for d-Si in the visible range. The Tauc-plot (SI Figure S4c) indicates a direct bandgap 

in the 1.7-1.9 eV range which is comparable to previous values7. The PL properties were also measured 

(SI Figure S5). A very wide PL peak of centre around 600 nm and full width at half maximum about 300 

nm is observed, but no sign of the bandgap of SCF could be observed, even by lowering down the 

temperature to 24 K. The fact that the intensity of the PL decreases at low temperature can be a sign 

that the PL observed is mainly due to defects. It was proposed in Ref. 18 that the broadness of the PL is 

due to defects occurring with Na sublimation during the annealing under dynamic vacuum. 

Concerning the electrical properties, because our SCF is fabricated on p-Si, no Hall effect measurements 

are possible. However in Ref. 8 it was reported that the SCF was of n-type nature. Thus, early PV devices 

were fabricated in the hope of having a p-n junction (p-Si substrate – n-SCF). In contrast to previous work 

in the present case a hot-point probe method indicates for SCF neither a clear n- or p-type behaviour, 

and therefore it is presented in the following as “i” for intrinsic. This discrepancy can be explained by 

several reasons such as the fact that here we have a mixture of type I and type II Si clathrates and that 

the Na content is still high compared to the literature. It should be noted that “i” is only used as a 
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guideline and that the non-implanted SCF is conductive (10 Ω·cm resistivity) and thus not a real intrinsic 

material. Still it shares the property common to intrinsic semiconductors that neither a clear n-type or p-

type behaviour is observed. This was also confirmed by Hall effect on SCF produced from real intrinsic Si 

wafers. 

The size of the cell is about 0.5 cm². Figure 5a) shows the IV in dark and under 1 sun of SCF on p-Si 

contacted with Ag. It shows a very small short circuit current density (JSC) of 9.2·10-4 mA/cm² and a very 

small open circuit voltage (VOC) of 41 mV. It can be observed in the inset that the IV curve is slightly 

asymmetric but does not show a nice diode rectification behaviour. We expect here an i-n junction and 

therefore PV properties are poor. To improve this, the SCF films were doped at the surface by ion 

implantation, using a low energy to minimise amorphization by the ion beam. It should be noted that 

little is known about doping in silicon clathrates and therefore we performed pioneering work using B, P 

and As as dopants. At 30 keV, we calculated with the SRIM software that the projected range Rp of the 

implantation is very small compared to the thickness of the SCF (Rp of 132 nm for B, 52 nm for P, 32 nm 

for As, compared to SCF thicknesses higher than 50 µm). Rapid thermal annealing was performed after 

implantation with the aim to activate the dopants, while limiting exodiffusion. Therefore, doping affects 

only the top part of the SCF. It was checked by Raman that the implantation and RTA do not alter the 

clathrate phase (SI Figure S6). Figure 5b) shows the device implanted with B. B is traditionally a p-type 

dopant in diamond silicon. In this case, the PV properties have disappeared and the IV curve is quite 

symmetrical. This is not surprising if we consider that we have formed a p-i-p structure. Next, 

implantation of P was performed (Figure 5c). P is a n-type dopant in diamond Si. A small JSC and VOC are 

observed as in the undoped case. However it should be observed that the short-circuit current is of 

opposite sign as that of the undoped case. We can consider that this is due to the formation of a n-i-p 

structure. Using the same conditions and dose, As implantation was performed (also n-type dopant in 

diamond Si, therefore also generating a n-i-p structure). Figure 5d) shows the IV curves after 
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implantation by As. It can be seen that the short-circuit current has the same sign as that for P but the JSC 

and VOC are greatly improved, with 0.11 mA/cm² and 91 mV respectively. The JSC obtained is very 

promising and much higher than a previous attempt using undoped SCF8. The resulting efficiency is still 

low, about 2.5x10-3 %, but more than two orders of magnitude higher than the only previous report of 

10-5 %8. To further understand why As implantation gave greatly improved results compared to P 

implantation, it can be reminded that As in diamond Si is well known to provide better incorporation in 

the lattice than P. The fill factor in all cases is low, about 25%. In order to check if this low value is due to 

series resistances, fingers of Ti (50 nm)/Pd (50 nm)/Ag (1 µm) were deposited on SCF implanted by As 

and no significant improvement in the fill factor or JSC and VOC were observed. Therefore the low fill 

factor is probably mainly due to the poor rectifying properties of the devices. The short-circuit current 

decreased slightly compared to the previous case due to the reduction of active area by the fingers. 
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Figure 5: Current density vs. voltage characteristics in the dark and under 1 sun for a) SCF as fabricated; 

b), c), d) SCF doped at the surface with B, P and As respectively. 
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In the present work we do not demonstrate directly that the electron-hole pairs are generated in the SCF 

and not in the p-Si base. The short-circuit currents were too small to measure external quantum 

efficiency (EQE). Further work will be to improve the JSC and focus on the carrier generation. 

Conclusions 

To conclude, this work presents substantial improvement in the field of SCF. The number of laboratories 

capable of producing them is very limited, which was probably hindered by the fact that a dedicated 

glove box was necessary. With the protocol described here, we show that no glove box is needed and 

that most laboratories have the necessary tools to produce their own SCF. Progress was also obtained in 
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the morphology of the films, thanks to pressure annealing. This allowed to obtain the first AFM images 

on SCF. Finally, early solar cells were produced and showed that implantation has a great impact on the 

PV properties and thus the SCF semiconducting behaviour. Further work will be to systematically 

investigate the control of doping in SCF which is the bottleneck for the improvement of PV properties 

with this material. To do so, SCF should be produced from Si films on insulating substrates rather than on 

p-Si crystalline substrates in order to allow advanced electrical characterisations. 

Supporting Information 

SEM images of as-grown SCF; Raman spectra of as-grown SCF; XRD spectra before and after pressure 

annealing; optical properties of SCF; PL spectra of as-grown SCF; Raman spectra before and after 

implantation and RTA. 
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