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Abstract
In this study we investigate for the first time the effect of hydrogenation on the properties of type II
silicon clathrate films (SiCL). These clathrates are an alternative form of silicon based on a cage
structure. It can be either emptied or filled with sodium atoms, leading to a metallic or
semiconducting behavior with a tunable direct bandgap of 1.6–1.8 eV. There are a wide range of
potential applications for such materials such as in electronics, optoelectronics, photovoltaics,
batteries, spintronics or hydrogen (H) storage. However, the role of H in such materials remains
largely unexplored and is not well understood experimentally. In this work, we hydrogenate the
clathrates films using a H plasma with a substrate temperature of 400 ◦C. We evaluate the H
content in the films by Time-of-Flight Secondary Ion Mass Spectrometry and Elastic Recoil
Detection Analysis. The latter indicates a SiH0.006 molar concentration before and SiH0.070 after
hydrogenation. Such a H content within the SiCL films is too low for practical hydrogen storage
applications. Nevertheless, the incorporated H plays the role of dopant, leading to a reduction in
the work function by around 0.3 eV. This demonstrates that even a modest hydrogen uptake can
significantly enhance the electronic properties of silicon clathrates.

1. Introduction

Cage-like structured materials, such as C60 [1], metal–organic frameworks [2] and clathrates [3, 4], are
attracting much interest in various scientific fields due to their potential for energy applications. Among
them, silicon clathrate (SiCL), an alternative form of Si consisting in nanocages of various sizes, has been
under development and study intensively. Discovered in the bulk in 1965 [5], practical applications have only
emerged more recently, following advances in the fabrication of SiCL in thin films form [4, 6, 7]. There are
two main types of SiCL: Type-I (Na8Si46) exhibiting a metallic behavior [8] and Type-II (NaxSi136)
presenting varying properties depending on the sodium concentration, from semiconductor to metallic
[9–13]. The ability to tune the properties through guest atom concentration, combined with the presence of
a direct bandgap in Type-II SiCL, makes these materials particularly promising for optoelectronic
applications, as potential alternative to well-known diamond silicon (d-Si) [14, 15].

The interplay between hydrogen (H) and d-Si has been well studied, particularly in the context of
hydrogenated amorphous silicon (a-Si:H), where H is especially known to passivate surface dangling bonds
[16–18]. This passivation can induce a shift of the Fermi level (EF) due to the dopant character of H [19–21].
Nevertheless, the influence of H on SiCL remains experimentally unexplored, despite expectations that the
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cage structure of SiCL and the defects observed present many dangling bonds. Moreover, H is expected to fill
the cages, as performed with alkali atoms [6, 22, 23]. Thus silicon clathrates have been envisaged for H
storage, but key merit factors to evaluate the applicability of such a concept are still lacking [24]. Within the
frame of research on H for energy applications, the US Department of Energy (DOE) has defined ambitious
targets for H storage materials: 5.5 wt% gravimetric H capacity by 2025, and 6.5 wt% as an ultimate goal for
light-duty fuel cell vehicles [25–27].

In this study, we present the hydrogenation of Type-II SiCL films thanks to a H plasma. H content and
distribution are evaluated using Elastic Recoil Detection Analysis (ERDA) and Time-of-Flight Secondary Ion
Mass Spectroscopy (ToF-SIMS) techniques respectively, and electronic energy levels are then determined
using the Kelvin probe (KP) method. Different types of samples were hydrogenated. In particular, we worked
both on Na-filled and Na-free cages thanks to our recent advances in SiCL iodine treatment to remove
sodium from the cages [4, 11].

2. Experimental section

2.1. Materials
Type-II SiCL (NaxSi136) films were previously synthesized using p-type silicon wafers from BTelectronics
(thickness 525± 25 µm, resistivity= 1–5 Ω cm following the procedure described by Fix et al [4].
Post-fabrication treatments were applied as detailed in the references to enhance the film density and overall
quality (thermal-pressing) [4, 28] and also to reduce the sodium content (iodine treatment), thereby
enhancing the semiconducting properties [11, 13]. The various sample names and their corresponding
surface treatments are presented in the table 1.

2.2. Plasma hydrogenation treatment of type II silicon clathrate films
Hydrogenation experiments were performed using a microwave (MW)—electron cyclotron resonance (ECR)
plasma system from Roth and Rau commonly used for PECVD. A schematic of this setup is shown elsewhere
[29]. In this system, H2 gas is excited by a 2.45 GHz MW in a resonant chamber, where a magnetic field is
applied to maintain the ECR condition. The gas pressure of the plasma is maintained at 0.01 Pa, with a H2

flow of 30 sccm. The hydrogenation duration is 60 min. The MW plasma power and substrate temperature
are maintained at 500 W and 400 ◦C, respectively. Throughout the process, both the incident MW power and
the reflected power are monitored, with minimal reflected power observed (<5%), indicating stable plasma
conditions. The sample is then removed from the reactor right after the plasma extinction to provoke rapid
quenching of the sample, thereby preserving the hydrogenation state. The experimental conditions used in
this study have been optimized for the hydrogenation of diamond silicon [29]. Moreover, the chosen
temperature is suitable for SiCL films, as it is the one needed for the second synthesis step.

2.3. Characterization techniques
X-ray diffraction (XRD) analysis was performed using a Bruker D8 DISCOVER device with Cu Kα1

radiation (wavelength of 0.154 059 nm) to characterize the structural properties, along with a JOBIN YVON
LabRam Aramis system using a 532 nm laser for both Raman spectroscopy and photoluminescence
measurements at 293 K. The in-depth chemical composition of our films was probed using Time-of-Flight
Secondary Ion Mass Spectroscopy (ToF-SIMS) with an IONTOFTM instrument equipped with a primary Bi+

beam of 30 kV and a sputter Cs+ beam of 2 kV. In-depth H quantifications were performed using ERDA
with a 4 MV Van de Graaff accelerator (KN4000 model built by HVEE), using a He+ beam of 2750 keV, with
the detector at 10◦ angle with respect to the incident beam direction. The calibration was done using
hydrogenated p-type Si substrates from BTelectronics (thickness 525± 25 µm, resistivity= 1–5 Ω cm) under
the same process conditions used for SiCL films hydrogenation. Results, provided in Supplementary
Information (figures S1 and S2), indicate standard hydrogenation behavior of diamond-like silicon (d-Si),
with surface H concentration reaching up to SiH0.45. Both ERDA and ToF-SIMS exhibited consistent
features, with the presence of an intense and narrow H peak at the surface, indicating shallow implantation
and surface accumulation. A multifunctional system (APS03, KP Technology) was used for KP, and Ambient
pressure Photoemission Spectroscopy (APS) measurements, without moving the sample position between
measurements, allowing accurate determination of the sample’s energy levels. The KP and APS techniques
have been previously described in detail in [30].
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Table 1. Sample designation and associated surface treatments. More information on the surface treatments can be found in supporting
information table S1.

Sample Name
Thermal pressing
(Film enhancement)

Iodine
(Na removal) Hydrogenated

A (As-grown) — — —
B — — 3

C — 3 3

D 3 3 —
E 3 3 3

Figure 1. (a) Room temperature θ–2θ XRD patterns and (b) micro-Raman scattering spectra of NaxSi136 films before and after
hydrogenation. In (a) peaks are identified by a blue circle for type I and a red star for type II clathrates.

3. Results and discussion

Following the hydrogenation treatment, XRD and micro-Raman were first used to verify the
non-degradation of the clathrates phase post-treatment. Subsequently, the H content and distribution were
evaluated using ERDA and ToF-SIMS techniques. ToF-SIMS was also helpful to probe possible chemical
modifications in the film. Finally, the influence on the energy levels of the samples was assessed through KP,
APS and PL techniques.

3.1. Structural characterization of hydrogenated NaxSi136 films
First, room-temperature θ–2θ XRD and micro-Raman spectroscopy were performed on the hydrogenated
films to confirm the Type-II phase (figure 1(a)). The XRD patterns display all expected peaks related to the
ICDD sheet number 00-018-1244 with only minor traces of type-I phase observed (e.g. at 2θ = 32.9◦). After
hydrogenation, the patterns remain quite similar, confirming the non- degradation of the structure. As
shown previously, the intensity ratio of some Type-II peaks can be related to the Na occupancy in the cages
[11, 13]. Such ratio changes are observed after H treatment (e.g., at 21◦ and 53 ◦), which could imply a small
modification of the Na occupancy between 0.1 and 23 Na per 136 Si [11]. The Na content will be further
evaluated by ToF-SIMS. Raman spectroscopy was also used to confirm the non-degradation of our structure
upon plasma hydrogenation. The resulting spectra are presented in figure 1(b), where the principal peaks are
aligned with their known vibrational modes [30, 31]. The Raman spectra confirm the absence of clathrate
degradation in the hydrogenated films, as also observed by XRD.

3.2. Hydrogen probing in films
After confirming the preservation of the clathrate phase, the H content was determined by ToF-SIMS and
ERDA measurements. ToF-SIMS was used in a semi-quantitative manner (i.e. without intensity calibration),
allowing comparison of elemental profiles based on signal intensity. For quantitative H analysis, ERDA was
employed.

ToF-SIMS depth profiles, allows the in-depth assessment of the number of Si, H and Na atoms
(i.e. intensity changes) present within the SiCL films before and after different processes. O that may
originate from a native oxide layer, I from the I2 treatment and C that may from adventitious C
contamination [32] were also probed. In fact, all these elements are found in our samples. The sputter time
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Figure 2. ToF-SIMS depth profiles of electronegative elements in NaxSi136 films with different surface treatments.

of 4000 s represents an estimated depth of about 2 µm in the SiCL film. We report as follow the results of the
five different types of clathrate sample from (table 1).

Figure 2(a) exhibits the SIMS profile of as-grown SiCL film (A). As this film received no I treatment, any
I is likely due to cross-contamination. The Si signal is constant with sputtering time, which is expected for a
uniform composition film, alongside with O. In this case, the O profile is not characteristic of a native oxide
layer; otherwise, a strong surface peak would appear at the start of the sputtering and then decrease. C and H
elements are present and decrease steadily throughout the film depth, showing similar profiles. These
elements may originate from hydrocarbon traces introduced during the processing of sodium that is placed
in cyclohexane to prevent oxidation before the evaporation to form the Na4Si4 precursors. Na is present
along all the clathrate film thickness but decreases with depth, which can be explained by Na migration and
expulsion from the film when annealing the Na4Si4 precursor.

Figure 2(b) presents the distribution of the elements within the SiCL film after plasma hydrogenation
(B). The C and H profiles do not strictly follow the same trend vs sputter time as opposed to sample A, which
illustrates that the H in this case may not originate from hydrocarbon contamination. Conversely, the Na
intensity decreases and its profile is no longer linear. Indeed, as hydrogenation occurs at 400 ◦C, Na atoms
may have desorbed and diffused towards the surface, explaining the slight changes also observed in previous
XRD spectra. The I signal is present as well, with a prominent surface peak and a decreasing signal in depth,
most likely due to contamination from other samples.
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Figure 2(c) shows data of the as-grown sample treated first with I to remove Na and then hydrogenated
(C). The C and H signals again do not follow the same profile vs sputter time, as depicted in sample B, which
reinforce the confirmation of effective hydrogenation. Notably, the H intensity exceeds 105 counts, higher
than for sample A and B, without I treatment. I is homogeneously distributed in the film, originating from
the Na removal treatment.

Figure 2(d) displays elemental profiles for a mechanically pressed SiCL sample, and then treated with
iodine but non hydrogenated (D). The H profile closely follows that of the carbon, likely reflecting
adventitious carbon. The significant reduction of sodium is evident due to iodine treatment, confirmed by a
stable iodine signal intensity above 104 counts throughout the film.

The SIMS profile of the pressed, I treated and hydrogenated film (E) is shown in figure 2(e). It reveals an
effective H incorporation, with C and H signals clearly differentiated, like in the other hydrogenated films.
Yet, Na removal is less effective than in the non-hydrogenated pressed sample (D), with Na intensity above
102 counts. I is mostly present near the surface, with intensity decreasing with sputtering depth. Since both
pressed samples originate from the same synthesized clathrates and underwent identical iodine treatment,
this suggests that hydrogenation promotes sodium diffusion from deeper within the film. It should be noted
that I treatment is a surface-level process, so the Na atoms located at the Si/SiCL interface may remain
unreacted and unreleased. Moreover, the film is 30 µm thick, while the ToF-SIMS analysis probed less than
2 µm of depth, Na in the bulk may not be probed by this technique.

In summary, hydrogenation appears effective across the different post-treatments investigated. However,
H incorporation is not the only effect of the applied plasma process. Thermal annealing plays a significant
role, inducing Na diffusion within the film. Moreover, our results reveal notable I contamination originating
from the Na removal treatment. Lastly, C contamination is present even in non-hydrogenated samples, and
can be likely attributed to contamination from the cyclohexane that prevents oxidation of Na.

The ToF-SIMS results reported above have confirmed the presence of H in the films. Subsequently, ERDA
was then employed to quantify the H content, while probing a depth of approximately 1 µm. However, due
to the grazing incidence beam used in ERDA and the high surface roughness of non-pressed films (> 10 µm,
as reported by Fix et al [4]), analysis of these samples is challenging. Therefore, only ERDA data from
thermally pressed films before and after hydrogenation (samples D and E respectively) are displayed in
figure 3. Consistent with the ToF-SIMS analysis, H is present in the as-grown film but its amount increases
significantly after hydrogenation. Unlike the sharp, surface-localized H peak typically observed in
hydrogenated silicon wafer (see SI.2), SiCL exhibits in-depth incorporation, evidenced by a non-Gaussian
profile. The experimental H profile was simulated using the SAM software, presented in detail by Stoquert
et al in [33], which generates diffusion profiles owing to an erfc(x) function after a background noise
correction (figure S3). The simulation estimates a H concentration of 3.0·1016 H cm−2 in the untreated
pressed film, increasing to 1.2·1017 H cm−2 after hydrogenation, both values integrated over the first 1 µm of
depth. This corresponds to film compositions of approximately SiH0.006 and SiH0.07, before and after
hydrogenation respectively. Assuming the type-II SiCL structure consists of 16 Si20 and 8 Si28 face-sharing
cages per unit cell (noted [512]16[51264]8 [8]); the maximum H content per cage was estimated. This yields
about 0.14 H per cage (0.12 H per Si20 cage and 0.17 H per Si28 cage) for the non-hydrogenated pressed film,
to be compared to 1.59 H per cage (1.4 H per Si20 cage and 1.96 H perSi28 cage) for the hydrogenated pressed
film. This results in a gravimetric quantity of 0.25 wt%, which remains significantly below the 5.5 wt% target
set by the DOE for H storage in a solid matrix.

To summarize, ToF-SIMS and ERDA analysis have demonstrated a substantial tenfold increase in the H
content of the films following the H plasma treatment, as corroborated with SAM software for the pressed
samples. While ToF-SIMS analysis provided comparative elemental profiling across the different samples, it
does not allow quantitative measurement and may introduce slight alterations due to the sputtering process.
Conversely, ERDA allows a more quantitative measure of H concentration; though, the simulations may not
fully account for the influence of Na and I atoms, which could affect accuracy.

3.3. Energy levels analysis
The analyses presented above confirm the effective incorporation of H into the plasma-treated SiCL films.
The subsequent question concerns the impact of H incorporation on the semiconducting properties of SiCL.
Therefore, we investigated through the energy levels before and after hydrogenation using a combination of
techniques, (KP, APS, PL) to extract the work function (WF), ionization energy (IE) and bandgap
respectively (table S2 and figures S4 and S5).

The deduced energy levels, in reference to the vacuum energy, of the non-pressed films are shown in
figure 4. The as-grown sample (A) exhibits n-type behavior, with a bandgap of approximately 1.7 eV and an
energy difference between the conduction band (CB) and the Fermi level (EF) of 0.5 eV. Following
hydrogenation, no significant change in the bandgap is observed compared to the as-grown sample,
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Figure 3. Experimental ERDA profiles of pressed and iodine treated films (D and E).

Figure 4. Energy level diagrams of non-pressed NaxSi136 films with different treatments, considering the vacuum level at 0 eV.

regardless of whether I treatment was applied prior to hydrogenation. However, a slight shift in IE (0.1 eV) is
noted upon I treatment (C). This shift is not very large compared to the uncertainty of IE determination of
±0.05 eV. However, the most pronounced change is observed in the WF, showing EF going towards the CB
after hydrogenation (samples B and C). This effect is more pronounced in samples not subjected to I
treatment (B). This behavior is consistent with prior observations indicating that Na removal shifts EF
toward the VB [13]. Therefore, as sample C has less Na, its EF is lower than in B, and so it counteracts the
influence of H. This suggests that H acts as an electron donor as in the case of Na, leading to a more n-type
character with increased H concentration. It is to be noted that this effect solely originates from H
incorporation, as thermal treatment at 400 ◦C would induce a Na diffusion out of the film. However, this
diffusion is too slow to induce any modification of the energy levels. Additionally, Tamin et al have observed
a thin oxidized layer on the SiCL surface by XPS [15], which merely induces any energy band modification.
Yet, the hydrogenation induces a WF shift that would more likely originate from a bulk doping, with a carrier
density increase in the energy levels, than a surface termination modification.
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Figure 5. Energy level diagrams of pressed and iodine treated NaxSi136 films, considering the vacuum level at 0 eV.

Sample D (pressed and iodine treatment) has a higher WF than the previous sample A (as-grown) due to
a lower Na content as evidenced by ToF-SIMS. Indeed, according to Bharwal et al [13], a decreased Na
concentration in SiCL tends to promote more intrinsic behavior, where the EF goes down away from the CB.
Hydrogenation of the pressed and iodine treated sample (from D to E) induces a noticeable shift of 0.4 eV of
both the CB and VB toward the vacuum level energy, as shown in figure 5. Additionally, the WF shifts by
about 0.2 eV toward the center of the bandgap, resulting in a more intrinsic-like semiconducting behavior.
This shift is unexpected because sample E compared to sample D has more H and more Na according to
ToF-SIMS, so that the EF should be higher. Therefore, it seems that the fact that the CB has shifted up by
0.4 eV in sample E renders the H and Na dopants less effective. To fully understand these complex results,
DFT calculations may be welcome in a future work.

4. Conclusion

In summary, we have successfully incorporated H atoms into NaxSi136 films via plasma hydrogenation
treatment. By combining ToF-SIMS and ERDA analyses, we demonstrated the evolution of the chemical
composition across different film types, with H concentration increasing in pressed films by a factor of 10
compared to a non-hydrogenated sample. Moreover, the combination of APS, KP and PL measurements
revealed a shift in the Fermi level induced by the plasma process, with H acting as n-type dopant in
non-pressed films. This study confirms the feasibility of hydrogenating Type-II SiCL films, although further
studies may be welcome in the future. In particular, combination with other post-deposition treatments such
reactive ion etching of the surface can be envisaged [28], as well as testing other hydrogenation procedures
and conditions. However, the H incorporation level achieved with the current protocol remains, yet,
insufficient for H storage applications, falling well below the DOE target. As there is currently no clear
understanding of how the conditions can affect the hydrogenation, further experimental work is necessary to
understand and optimize the H incorporation in SiCL films. Alternative hydrogenation conditions, such as
different processing temperature, duration and gas composition, have to be explored.
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