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Abstract

Silicon is essential for today’s electronics because of its ability to show various electronic behaviors that are relevant to numerous
fields of cutting-edge applications. It is not a pollutant and, therefore, an ideal candidate to replace the actual materials in
photovoltaics, such as compounds based on the arsenic and heavy metals. However, conventional diamond-like Si is an indirect
gap semiconductor and cannot absorb solar photons directly. This justifies intensive theoretical and experimental research for the
direct-bandgap forms of silicon. Our recent high-pressure studies of the chemical interaction and phase transformations in the
Na-Si system, revealed a number of interesting routes to new and known silicon compounds and allotropes. The pressure-
temperature range of their formation is suitable for large-volume synthesis and future industrial scaling. The variety of properties
observed (e.g. quasi-direct bandgap of open-framework allotrope Siy,) allows us to suggest future applications.
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1. Introduction

The application of high pressure for materials synthesis, both in industry and science, have been traditionally
limited to superhard materials [1,2], e.g. diamond [3], cubic boron nitride cBN [4], diamond-forming carbon-metal
systems [5,6], nano-cBN [7], nano-diamond [8], cBCs [9], v-B,g [10], B1sN, [11], B¢O [12,13], high-pressure B,O3
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[14,15]. Our recent results allowed us to overcome this "restriction™ and to give a new dimension for design of high-
pressure materials [16,17] at pressures accessible for large-volume industrial scaling.

Silicon is essential for today’s electronics, in particular in optoelectronics. For this reason many attempts have
been made to design a silicon allotrope with direct gap that could efficiently absorb and emit light. Ideal material
should have optically allowed direct bandgap [18], close direct & indirect gaps of absolute values from 1 to 2 eV in
order to have highest efficiency of cells, and high light absorption in thin films [19,20]. Three principal
methodologies may be employed for this, i.e. (1) nanostructuring, (2) low-dimensional materials (silicene, thin films)
and (3) new crystal structures, both dense and open-framework [21-24]. The last approach has been explored mainly
by ab initio metadynamical studies. In this paper our recent achievements in synthesis of silicon allotropes will be
described. They imply new chemical routes that combine both soft chemistry and high-pressure techniques.

In this paper the recent achievements in synthesis and bandgap engineering of silicon allotropes will be described.
They imply new chemical routes that combine both soft chemistry and various high-pressure techniques.

2. Synthesis of dense tetrahedrally-coordinated silicon allotropes

Three dense silicon phases are believed to be stable/metastable below 10 GPa (industrial domain) [25,26]. The
crystal forms that exist below 16 GPa have tetrahedral coordination. Fig. 1a shows the relative transformations at
pressures below 12 GPa. Only three phases can be obtained/recovered at ambient conditions. All represented
transformations (Fig. 1a) have been reproduced in our experiments, both ex situ (high-pressure room-temperature
synthesis of Si-lll in Paris-Edinburgh cell using boron-epoxy gasket and sintered diamond anvils) and in situ
(observation of Si-IV during heating of Si-1ll in high-temperature cell for conventional diffractometry). However,
room-temperature synthesis is not efficient, since the pressures required for structural changes in silicon are higher
than industrially accessible.
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Fig. 1. (a) Direct phase transformations between dense Si forms. (b) Bandgap of Si-111 (BC8) as a function of order parameter, atomic coordinate
(x,%,X). Solid and dashed lines are given as guides for eyes. Symbols show ab initio predictions (e) and experimental values (our data - *, our
refinement of data from [32] - ¥, [25] A). HT and RT indicate the high-temperature and room-temperature syntheses respectively.

In the case of diamond silicon (Si-I) the bandgap engineering by nanostructuring [27] is possible. However, the
most interesting is exotic Si-111 (BC8) phase. In a pure polycrystalline state (with strained lattice) it can be obtained
by decompression from above 15 GPa without heating [28] or from pressures above 10 GPa with heating [29]. It is a
semimetallic allotrope, whose gap was predicted to open by (1) the change of structural order parameter, the x of
Wyckoff position 16¢ with (x,x,x) unit cell coordinates in la-3 space group (No 206) [30], or (2) the grainsize of Si-
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111 clusters [31]. Moreover, very recently the nanoparticles of BC8 cubic silicon obtained by a mean of colloidal
chemistry were claimed in ref. [32]. The bandgap measured by absorption in visible region was found to be of
~2.8 eV [32], slightly higher than predicted by ab initio calculations for the same grainsize [31].

Our results on Na-Si interactions at HPHT conditions using the large-volume multianvil press in conjunction with
synchrotron radiation at the ID06 beamline of the ESRF, have indicated the possibility of obtaining pure
polycrystalline strain-free Si-111 grains up to 500 pm at pressures as low as 9.5 GPa in the Na-Si system. At lower
pressure this phase was also often observed (at least down to 7 GPa in Na-Si system), but pure grains cannot be
easily extracted. In a number of samples obtained in our experiments by variation of chemical conditions, Rietveld
refinement give x from 0.101 to 0.105. The lowest x corresponds to the sample obtained at room temperature
(~13 GPa in our experiments using Paris-Edinburgh cell at IMPMC, 40% yield of Si-Ill). At the same time the
nanoparticles [32], the PXRD pattern may be adjusted to original cubic la-3 space group using structureless full-
profile LeBail analysis, however the pattern shows quite different intensities from theoretical ones. Our attempts to
adjust the intensities to experimental one using Rietveld analysis, led to the value of <x> as low as of ~0.088.
However, not all the intensities are in reasonable agreements, moreover, very short Si-Si bonds appear (17% shorter
as compared to expected ~2.4 A). To avoid these discrepancies, we tried to refine the structure using cubic
subgroups of la-3 space group. The obtained mean values of x's are between 0.070 and 0.088, representing the
analogue of x in the original structure, now for 2 or 4 sublattices of Si with more reasonable interatomic distances.
More detailed study of this crystallographic point is required. Anyway, one can easily see the possibility of vary x
by the methods of synthesis. So, the grainsize may be considered a crucial point for impact on order parameter x (or
<x>), crystal structure stability (similar to nano polymorphism of TiO, [33] or stability of nanostructured high-
pressure form of ZnO [34,35]) and, mostly important, on the bandgap.

Fig. 1b shows the relative position in the order parameter x - bandgap E4 coordinates of Si-111 nanoparticles [32]
vs polycrystalline materials synthesized at high-pressure by direct transformation & in chemical systems (Na-Si in
our case). A solid line connects the ab initio points [30] (black circles); although the “extrapolated values” may be
quite different from true ab initio values, the general tendency of gap opening with decreasing x can be clearly seen.
The experimentally known values are represented by colored triangles (data of other authors, solid triangles show
our refinement using structural models described above) and stars (our data). One can see that, although displaced,
the experimental and ab initio dependencies of bandgap on x (or <x>) have very similar slopes (here we can note
that usually DFT calculations often lead to underestimated band gap values, which give even more relevance to the
tendency shown on Fig. 1b). So, now semimetallic polycrystalline and semiconductive wide-bandgap
semiconductive nanoparticles are known for Si-1l1l. The use of high-pressure chemical reactions seem to be quite
promising to fulfill the "gap" of materials with intermediate (direct) bandgaps (especially close to 1-2 eV) by
playing the grainsize through the kinetics dependent on p-T-time regime and chemical environments.

3. Synthesis of open-framework silicon allotropes

As it has been already mentioned above, high-pressure is a newly proposed route to the new and known
compounds in the Na-Si system [17,36] (Zintl phase Na;Sis and intermetallic clathrates NagSiss, NaysxSiizs and
Na,Si,,); while the pressure-temperature range of their formation (3-8 GPa) is suitable for large-volume synthesis
and future industrial scaling. Moreover, sodium removal at T > 700 K from the common Nay,.,Siizs [37] or its high-
pressure form Nay.«Siizs leads to the “clathrate” allotrope Siyzs (Fig. 2b) with quasidirect bandgap [38] of ~2 eV
[39]. In our high-temperature experiments we observed the sodium escape from the structure within 1h (at ~775 K).
Unfortunately, the direct electron transitions at " point are not allowed by the cubic symmetry and this silicon form
is not a good candidate for photovoltaic applications.

In a similar way, sodium removal from Na,Si,4 [17] by heating in vacuum leads to a new allotrope of silicon with
zeolite structure, orthorhombic 0-Si,4 [16] (Fig. 2b). In this case the required temperature is remarkably lower,
~400 K. The zeolite silicon framework deform during this process (+6% along a-axis and -3% along b- and c-axes),
but, in general, the silicon framework remains the same (zeolite CAS). The quasi-direct bandgap of ~1.35 eV
(Fig. 2b) with allowed direct electronic transitions due to orthorhombic symmetry (Cmcm space group) permits
consideration of this material for future photovoltaic applications.
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Fig. 2. (a) Chemical routes to clathrate silicon allotropes (small ball represent silicon atoms, large balls - sodium). Top: Synthesis below 0.1 MPa
(in vacuum) [37], bottom: combined synthesis at ~8 GPa (Na,Si,+Si) and in vacuum [16,17]. (b) The direct and indirect band gaps are close to
1.35 eV [16], the ideal theoretical value for maximal solar cell efficiency.

As for the possible bandgap engineering of 0-Si,, it is interesting to note that under uniaxial strain along the c-
axis the gap is expected to become truly direct [16] (Fig. 3a). The change of c-parameter can be made not only by
mechanical deformation of a crystal, but also by intercalation of atoms or molecules in the voids. For example,
alkali and alkali earth metals, while intercalated, cause the contraction of lattice along the c-direction (Fig. 3b). In
the case of the metals, the resulting crystal become metallic, but in other cases (noble gases, simple molecules) one
may expect to observe the predicted indirect-direct transition in zeolite silicon framework.
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Fig. 3. (a) Difference between direct and indirect bandgaps in 0-Si,4 under uniaxial strain (compression along c-axis). (b) Relative lattice
parameters of 0-Si,, framework as a function of intercalated atom size (metallic radii) [40-42].

4. Conclusions

Finally, chemical interactions and phase transformations in the Na-Si system are very promising for the
elaboration of various allotropes of silicon, Si-1ll (BC8) and zeolite 0-Siy, in the form of well crystallized
polycrystalline grains of high purity. High pressure chemical routes seem also quite promising, by varying p-T-time-
concentration protocols, for nanostructuring of silicon forms. The bandgap engineering of silicon materials is, thus,
possible using high-pressure techniques.
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