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. The synthesis feasibility of silicon-tin nanocrystals by discharges in liquid nitrogen is studied using
© aSi-10 at% Sn sintered electrode. Time-resolved optical emission spectroscopy shows that silicon
. and tin melt almost simultaneously. The presence of both vapours does not lead to the synthesis
. of alloyed nanocrystals but to the synthesis of separate nanocrystals of silicon and tin with average
. sizes of 10nm. These nanocrystals are transformed into amorphous silicon oxide (am-SiO,) and
: 3-Sn0, by air oxidation, after evaporation of the liquid nitrogen. The synthesis of an am-Sij g5Sng g5
: phase around large silicon crystals (~500 nm) decorated by 3-Sn spheroids is achieved if the current
flowing through electrodes is high enough. When the sintered electrode is hit by powerful discharges,
. some grains are heated and tin diffuses in the large silicon crystals. Next, these grains are shelled
© and fall into the dielectric liquid.

. Si-Sn nanocrystals (NCs) have great potential for Li-ion batteries! and photovoltaics cells®. The direct
© growth of Si-Sn alloys is often difficult because of the large difference in the lattice constants (~20%) of
: Si and «-Sn, and the low solubility of Sn in Si (~6-8 x 10"cm ™3, i.e. ~0.15 at% at 1100-1200°C)>. At
. high Sn concentration, the equilibrium Si-Sn alloy is a two-phase mixture composed of the diamond-like
- Si phase and the Sn phase which transforms from the diamond-like a-Sn (grey tin) to tetragonal 3-Sn
. (white tin) at 286.3K (13.2°C).

: The optical band gap of Si-Sn NCs would be direct and not indirect like in silicon and it could be
© tuned since it depends on both the tin content and the NC size. According to Jensen ef al.%, at 2.2% ten-
- sile strain, the band gap becomes direct with a magnitude of 0.85eV. Increasing tin content up to 25 at%
. decreases almost linearly the bandgap® whereas diminishing the NC size. For photovoltaics application
: as well as in optoelectronic*’, such a material would find a wide utilization thanks to the possibility to
- precisely tune the energy levels and optoelectronic properties by the combined effects due to Si-alloying
. and quantum confinement.

: Recently, the synthesis of Si-Sn NCs exhibiting quantum confinement properties was achieved by
: nanosecond laser ablation in water of an amorphous Si-Sn target®. Laser ablation in liquids (LAL) usu-
: ally reaches yields of ~100mg h™!. Resorting to electrical discharges in liquids might increase them up
© to 100gh™L

Submerged arcs generated in the liquid®!! are characterized by spatial confinement with very high
. pressure, which might allow the growth of alloy NCs by chemical reaction. Practically, it turns out that
. if two electrodes with different materials are employed, NCs of each type of materials are produced but
* no alloy is formed'% Sintered targets are then preferred to get alloyed NCs'>!%. By this technique, rather
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Figure 1. Large-view TEM image of a Si-Sn sample synthesized with a current of 1 A with examples
(white circles) of crystalline domains.

similar plasma conditions to ns laser ablation can be generated with nonetheless a significantly improved
production yield. Another advantage lies in a better control and knowledge of plasma conditions, which
can also help to better understand how these NCs are formed.

In this manuscript, we explore the possibility to synthesize Si-Sn NCs by discharges in liquid nitrogen
which is an oxygen-free strong dielectric. In addition to characterization of NCs, time-resolved optical
emission spectroscopy is used to investigate the dynamics of the plasma and to correlate it with material
results. Special attentions are paid to target erosion and mechanisms which could lead to the synthesis
of SiSn NCs.

Results and Discussion

Nanocrystals Characteristics. When the synthesized products are removed from liquid nitrogen, air
oxidation contributes to convert metallic or semiconductor NCs into oxides (SnO,, SiO, and (Si,_Sn,)
0,). Oxidation is relatively fast and we were unable to avoid it.

In Fig. 1, a large-view transmission electron microscope (TEM) image, which is representative of
the analysed samples obtained with a current of 1 A, shows the presence of crystalline nanoparticles
spread in an amorphous matrix. Identifying the various phases synthesized by pulsed discharges in liquid
nitrogen is complex. Indeed, one might expect to find Si, a-Sn, 3-Sn, SiO,, SnO,, Si,_Sn, and (Si,_Sn,)
O,. Unreported micro-energy dispersive spectroscopy (EDS) analysis shows that our samples contain in
average 80.7 at%Si, 6.2 at %Sn and 13.1 at %O, giving a Sn/Si atomic ratio which is almost the same as
in the target. To ease identification, electron energy loss spectroscopy (EELS) is used prior to indexation
of micro-diffraction patterns. Figure 2a shows EEL spectra at the Si-L;, edge of a representative sample
of NCs synthesized with a current of 1 A. The presence of amorphous SiO, (am-SiO,) is observed in
all samples, where various NCs are embedded. The EEL spectrum at the Sn-M,; edge indicates that
tetragonal SnO, (3-SnO,) NCs are present (Fig. 2b and see Supplemental Material 4 for high-resolution
TEM images of diamond tetragonal 3-SnO, NCs), however no Si,_Sn, or (Si;_,Sn,)O, can be observed.
If silicon NCs were to be present, these would have been largely oxidized, making it difficult to detect
the presence of any crystalline Si (c-Si) material. Indeed, air oxidation is efficient and turns Si NCs into
amorphous’®. Unreported results about discharges in liquid nitrogen between two crystalline silicon elec-
trodes show clearly that Si NCs with larger diameters lying in the range 10-20 nm are synthesized. When
diameters are large enough, oxidation is limited by the synthesis of a passive SiO, outer shell, leaving an
oxygen-free silicon core. These results agree well with those obtained by Kobayashi et al.'®.

When the ballast resistance is only 1kS2, the current is 10 A and spark discharges are much stronger.
The erosion mechanism of the sintered target is then completely different. Very large grains of silicon
decorated by tin nanoparticles with diameters ranging from 50 to 70nm are heated by the discharge
and shelled. The mean size of the loose grains collected in these conditions corresponds to that of sil-
icon grains of the target. In Fig. 3a,b, two grains are shown, one collected directly by scratching the
target before treatment, and one collected by sedimentation after treatment. The grain in Fig. 3a shows
only two phases: a large silicon crystalline grain decorated by tin nanoparticles. Micro-EDS analysis
(Fig. 3c) shows that silicon does not contain any tin before treatment. The grain in Fig. 3b, obtained
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Figure 2. (a) EEL spectra at the Si-L;, edge of a representative sample synthesized with a current of

1 A. Reference spectra (amorphous and crystalline silicon and amorphous SiO,) taken from* are given for
comparison. (b) EEL spectrum at the Sn-M, ; edge of a representative sample synthesized with a current
of 1 A. Reference spectra taken from® are given for comparison.

by sedimentation after treatment, shows three phases: a large silicon crystalline grain decorated by tin
nanoparticles and an amorphous phase. The amorphous irregular layer contains up to 5wt.% (~1.2 at%)
tin after treatment (micro-EDS analysis in Fig. 3d). The amorphous nature is probably due to the very
high tin content, which is about 8 times the solubility of tin in solid silicon at 1100-1200°C®. The amor-
phous phase was likely formed by melting the outermost part of the silicon crystal followed by rapid
quenching as seen in Fig. 3b (areas delimited by squares); this could not be observed in Fig. 3a. During
the initial heating and melting, Sn from surrounding nanoparticles has alloyed with the outermost part
of the large silicon grains yielding the amorphous alloyed Si-Sn layer. We infer that heating of the sili-
con grains by the spark discharge promotes the diffusion of tin into silicon, leading to the synthesis of
a Sij_,Sn, amorphous phase. While micro-EDS confirms the presence of Sn in the amorphous phase,
no fingerprint of any Si,_Sn, phase is observed in EEL spectra which show only c-Si and Sn (Fig. 4).
This is certainly due to the low amounts of Si)_Sn,. It is interesting to note that irradiation of the amor-
phous Si-Sn layer by the TEM electron beam, induces tin segregation on the surface of the amorphous
Si-Sn phase (see Supplemental Material 5), which further confirm the presence of alloyed tin. The TEM
beam-induced segregation forms nano-sized (2-5nm diameter) “exsolved” tin spheroids. The amorphous
phase is expected to be far from thermodynamic equilibrium and the electron irradiation easily leads to
the formation of two stable phases (silicon and tin), which could also be a reason for the absence of the
Si-Sn EELS fingerprint.

In summary, depending on the ballast resistance and consequently on the discharge current, either
nanocrystals of silicon and tin with size close to 10nm are synthesized and further oxidized in air or
grains are heated and shelled from the sintered target, leading to the synthesis of a small amount of a
Si; ,Sn, amorphous layer surrounding the large silicon crystals decorated by tin nanoparticles. To our
knowledge, this latter mechanism is the first of its kind ever described. Applied to alloys with nano-sized
grains, like those produced by mechanical alloying for instance, this method might give dispersed nan-
oparticles with proper size and composition. The discharge simply “scratches” the surface to shell grains
and this explains why complex phase compositions can be kept.
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Figure 3. (a) TEM image of a Si grain decorated by Sn spheroids scratched from the sintered material.

(b) TEM image of a Si grain decorated by Sn spheroids obtained after treatment. The SijsSn, 5 layer is
delimited by squares. (¢) Micro-EDS spectrum corresponding to the silicon crystal in image (a). (d) Micro-
EDS spectrum corresponding to the SiyosSn, 5 layer in image (b).

Synthesis characteristics. Time-resolved optical emission spectroscopy was performed with a bal-
last resistance of 10k) only (i.e. a current of 1 A). Si I, Si II and Sn I transition lines were observed
(Fig. 5). Conversely, no N I lines were found. This lack of nitrogen lines was already reported!”. Nitrogen
seems not having a chemical role in the synthesis process. By selecting three lines appearing within a
short range of wavelengths (see Supplemental Material 6)-one of Si I at 288.2nm, and two of Sn I at 284
and 286.3nm -, we could record the time evolution of these lines at one stroke (Fig. 6).

We notice that the silicon line appears slightly before or, say, at the same time as the emission of tin
lines, although the corresponding transitions involved upper levels with almost identical energies (see
Supplemental Material 6).

Particles synthesis mechanism. This experimental result is rather unexpected. Indeed, the melting
temperature of tin (505K-232°C) is much lower than that of silicon (1687 K-1414°C). If the electrode
surfaces were heated by radiation, a mechanism usually put forward to explain the formation of craters
in conductive electrodes during electrical discharge machining!?, the emission of the tin vapour should
occur much sooner than the emission of the silicon vapour. Heating of silicon is then ensured by another
mechanism.

At 77K, the conductivity of intrinsic silicon is as low as 107> Q! m~!18, Even doped, it is still about
107* Q! m~'"® whereas the conductivity of tin is 5 x 10> Q! m~1%, still at 77K. The ohmic current is
negligible and only a strong displacement current flows through the silicon wafer acting as a capacitor.
Then, heating is ensured by the Eddy currents, like in any induction system. It induces a fast temperature
rise by local Joule effect, which is responsible for the early emission of silicon. Furthermore, the cool-
ing of Sn by liquid nitrogen is more efficient than that of Si because of its higher thermal conductivity
(60W m~! K12 vs 0.16 W m~! K712 at 77K). As no nanoparticles of Si,_,Sn, are synthesized in these
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Figure 4. (a) EEL spectra at the Si-L;, edge of a representative sample synthesized with a current of 10

A. Reference spectra (amorphous and crystalline silicon and amorphous SiO,) taken from* are given for
comparison. (b) EEL spectrum at the Sn-M, ; edge of a representative sample synthesized with a current of
10 A. Reference spectra taken from® are given for comparison.
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experimental conditions, the simultaneous presence of the two vapours does not lead to alloyed NCs, as
expected. This confirms the difficulty to create from two different vapours alloyed nanoparticles, even if
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these vapours are emitted simultaneously.
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Figure 7. Proposed growth mechanism explaining how the Si, o;Sn, o; phase at the edges of large silicon
crystals (~500nm) decorated by 3-Sn spheroids are synthesized by high intensity discharges.

When the ballast resistance is only 1k(2, the current is 10 A and spark discharges are much stronger.
The erosion mechanism of the sintered target is then completely different. Synthesis of Sij 9sSn g5 in large
silicon crystals (~500nm) decorated by 3-Sn spheroids is achieved as described in Fig. 7. To our knowl-
edge, this latter mechanism is the first of its kind ever described. When the discharge hits the sintered
material, very large grains of silicon decorated by tin spheroids are heated. Diffusion of tin in silicon is
activated and the amorphous layer, made of SiyosSn, s around the silicon grain is synthesized. Because
the discharge is very powerful, thermal gradients are likely strong enough to induce sufficient stress to
shell the crystals. Moreover, the mean size of the loose particles collected in these conditions corresponds
to that of silicon grains in the target, i.e. the sintered material. Then, it is important to stress here that
alloying is achieved and permits the synthesis of a small amount of Si,_,Sn, surrounding large silicon

crystals and decorated

by tin nanoparticles.
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Conclusion
Discharges in liquid nitrogen between a silicon pin-electrode and a sintered Si-Sn target gave unexpected
results:

- Depending on the discharge current, either 3-Sn nanocrystals embedded in a Si matrix are synthe-
sized and oxidized in the air after evaporation of liquid nitrogen (high ballast resistance-low current)
or large composite grains made of tin nanparticles and crystalline silicon are heated and shelled from
the sintered target (low ballast resistance-high current),

- An amorphous phase containing up to 5 at%Sn is synthesised around the large silicon grains,

- Time-resolved optical emission spectroscopy shows Si I, Si II and Sn I transitions but no nitrogen
lines. The absence of nitrogen in the nanoparticles is likely related to this specific behaviour.

- Silicon vapour is emitted slightly before tin vapour by a fast heating of silicon due to local joule effect.

No Si-Sn nanocrystals could be produced in the discharge, although vapours of both elements reach
their maximum emission simultaneously. On the other hand, we showed the possibility of alloying Si
and Sn in an amorphous phase with controlled composition by using the discharge as a tool to shell the
grains of the sintered target. Our work shines light on important mechanisms taking place during pulsed
discharges which are essential to tailor future synthesis processes. New experiments are now needed to
study thoroughly the influence of the target microstructure and achieve highly controlled synthesis of
alloyed NCs.

Methods

The experimental setup used in this work is described in detail in one of our former works" (see also
Supplemental Material 1). Briefly, a DC high voltage power supply (Technix SR15-R-1200:15kV-80mA)
fed a high-voltage solid-state switch (BEHLKE HTS-301-03-GSM) controlled by a low-frequency signal
generator. A pulsed high voltage (PHV) of +10kV was thus applied to the power electrode, the other
electrode being grounded. The corresponding maximum current was either 10 A or 1 A according to the
resistance of the ballast resistor: 1k(2 or 10k2, respectively. The on-time of one pulse was 200ns. The
operating frequency of the PHV was 3 Hz typically. No increase in the liquid temperature was measured
even after 1000 successive discharges because the deposited energy in a single discharge is only ~10p]J.

The setup was arranged in a pin-to-plate configuration. The inter-electrode distance was set at
100 + 10 pm thanks to a micrometric screw. A silicon tip faced a Si-10 at %Sn cylinder (diameter: 10 mm-
purity 99.999%) elaborated by R-DEC Co., Ltd. (Ibaraki, Japan) using spark plasma sintering. The cur-
vature radius of the Si-tip, evaluated by optical microscopy, is about 100pm. The pin-electrode was
mounted on a XZ-stage to control its position relative to the plate-electrode. Thus, the inter-electrode
gap distance could be set accurately and a free movement over a surface line was possible.

A typical x-ray diffraction (XRD) pattern (see Supplemental Material 2) shows that the sintered mate-
rial was made of crystalline «-Sn, 3-Sn and Si phases but no Si;_,Sn, phase. The a-Sn phase was likely
stabilized by epitaxial growth on silicon during the sintering process.

Optical emission spectroscopy was performed with a 550 mm focal length monochromator (Jobin-
Yvon TRIAX 550) equipped with a 100 grooves mm™' grating for overall spectra in the range 250-
900nm and a 1800 grooves mm™' grating to record specific transitions at high spectral resolution. The
spectrometer was coupled with a HORIBA Jobin-Yvon i-Spectrum Two iCCD detector. Each measure-
ment is averaged over 25 spectra recorded 40 times (i.e. 1000 events) with an exposure time of 100ns.
After each of these 40 times, the pin-electrode had to be moved by about 100um to avoid the formation
of a too large crater where the discharge could penetrate, which would limit the collected light. Even
with this procedure, relatively noisy data were obtained. Recording the emitted light was only possible
at low current (1 A). At high current (10 A), the erosion rate was too fast, leading to huge craters and
weak observable emission (see Supplemental Material 3).

A double quartz-beaker forming a Dewar-like cell (volume: 80 cm?®) was filled with standard liquid
nitrogen (purity: 99.995%) provided by Air Liquide. On the bottom of the vessel, an aluminium substrate
was deposited to collect the particles synthesized after 1000 successive discharges. These particles were
transferred on a holey carbon film on a TEM copper grid simply by rubbing the surface of the aluminium
substrate. Contamination by dissolved gases, dusts and other contaminants adsorbed on the vessel walls,
as well as debris emitted by the surface or synthesized NPs, change the electrical conductivity of the
liquid. The ageing of the liquid also affects the discharge itself. To limit this effect, the cell was cleaned
and the liquid renewed between two series of discharges.

TEM investigation was performed on as-grown NCs with a JEOL ARM 200F-Cold FEG TEM/STEM
running at 200kV (point resolution 0.19nm) fitted with a GIF Quatum ER. EELS experiments were
performed in diffraction mode. The spectrometer is set to an energy dispersion 0.05eV/channel. The
condenser aperture, spectrometer entrance, camera length were respectively 150pm, 2.5mm and 4cm
leading to a collection half angle of 20 mrad and an energy resolution of 0.5e¢V measured at full width
at half maximum (FWHM) of zero loss peak.

SCIENTIFIC REPORTS | 5:17477 | DOI: 10.1038/srep17477 7



www.nature.com/scientificreports/

References
1. Kohandehghan, A. et al. Nanometer-scale Sn coatings improve the performance of silicon nanowire LIB anodes, J. Mater. Chem.
A 2, 11261-11279 (2014).
2. Svréek, V. et al. Semiconducting quantum confined silicon-tin alloyed nanocrystals prepared by ns pulsed laser ablation in water
Nanoscale 5, 6725-6730 (2013).
3. Akasaka, Y., Horie, K., Nakamura, G., Tsukamoto, K. & Yukimoto, Y. Study of Tin Diffusion into Silicon by Backscattering
Analysis Jpn. J. Appl. Phys. 13, 1533-1540 (1974).
4. Jensen, R. V. S., Pedersen, T. G. & Larsen, A. N. Quasiparticle electronic and optical properties of the Si-Sn system J. Phys. Cond.
Matter 23, 345501 (2011).
5. Kurt, A. J. & Ashcroft, N. W. Electronic structure of ordered silicon alloys: Direct-gap systems Phys. Rev. B 54, 14480-14486
(1996).
6. Sato, S., Mori, K., Ariyada, O., Atsushi, H. & Yonezawa, T. Synthesis of nanoparticles of silver and platinum by microwave-
induced plasma in liquid Surf. Coat. Technol. 206, 955-958 (2011).
7. Yonezawa, T., Hyono, A., Sato, S. & Ariyada, O. Preparation of zinc oxide nanoparticles by using microwave-induced plasma in
liquid Chem. Lett. 39, 783-785 (2010).
8. Liu, S.-M., Kobayashi, M., Sato, S. & Kimura, K. Synthesis of silicon nanowires and nanoparticles by arc-discharge in water Chem.
Commun. 37, 4690-4692 (2005).
9. Delaportas, D., Svarnas, P,, Alexandrou, I. & Hall, S. Plasma of arc discharge in water for the formation of diverse nanostructures
dependent on the anode material IEEE Trans. Plasma Sci. 39, 2628-2629 (2011).
10. Ashkarran, A. A, Iraji zad, A., Ahadian, M. M. & Mahdavi Ardakani, S. A. Synthesis and photocatalytic activity of WO,
nanoparticles prepared by the arc discharge method in deionized water Nanotechnol. 19, 195709 (2008).
11. Sano, N. et al. Properties of carbon onions produced by an arc discharge in water J. Appl. Phys. 92, 2783-2788 (2002).
12. Chang, H. et al. Preparation of Co/Ag nanocompound fluid using ASNSS with aid of ultrasonic orthogonal vibration J. Alloys
Compounds 504, S376-S379 (2010).
13. Panuthai, N., Savanglaa, R., Praserthdam, P. & Kheawhom, S. Characterization of copper-zinc nanoparticles synthesized via
submerged arc discharge with successive reduction process Jap. J. Appl. Phys. 53, 05SHA11 (2014).
14. Mardanian, M., Nevar, A. A., Nedel’ko, M. & Tarasenko, N. V. Synthesis of colloidal CulnSe, nanoparticles by electrical spark
discharge in liquid Eur. Phys. J. D 67, 208-213 (2013).
15. Hamdan, A., Noél, C., Ghanbaja, ]. & Belmonte, T. Comparison of aluminium nanostructures created by discharges in various
dielectric liquids Plasma Chem. Plasma Process. 34, 1101-1114 (2014).
16. Kobayashi, M., Liu, S.-M., Sato, S., Yao, H. & Kimura, K. Optical evaluation of silicon nanoparticles prepared by arc discharge
method in liquid nitrogen Jpn. J. Appl. Phys. 45, 6146-6152 (2006).
17. Hamdan, A. et al. Plasma-surface interaction in heptane J. Appl. Phys. 113, 213303 (2013).
18. Sah, C. T. In Fundamentals of solid-state electronics: solution manual (Ed. by World Scientific Publishing) (Singapore, 1996).
19. Putley, E. H. & Mitchell, W. H. The electrical conductivity and Hall effect of silicon Proc. Phys. Soc. 72, 193-200 (1958).
20. Karamargin, M. C., Reynolds, C. A, Lipschultz, E P. & Klemens, P. G. Thermal and Electrical Conductivity of Pure Tin from 4.5
to 77° K Phys. Rev. B 5 2856-2863 (1972).
21. Glassbrenner C. J. & Slack G. A. Thermal Conductivity of Silicon and Germanium from 3°K to the Melting Point Phys. Rev. 134,
A1058-A1069 (1964).

Acknowledgements

The Leverhulme International Network (IN-2012-136 “Materials processing by atmospheric pressure
plasmas for energy applications”) and EPSRC (EP/K022237/1) are gratefully acknowledged for partial
funding of this work. We also wish to thank warmly Dr. Jan Benedikt from Ruhr-Universitit, Bochum,
Germany for helpful comments.

Author Contributions

H.K.and C.N. designed and realized the experiments. ].G. performed all TEM analyses and interpretations.
K.H. provide some material support to the work. D.M. and V.S. helped in defining the choice of the SiSn
material, contributed to the general understanding of discharge processes and to the presentation of
the work. T.B. supervised the whole work, proposed some of the basic mechanisms and prepared the
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The Authors declare no competing financial interests.

How to cite this article: Kabbara, H. et al. Synthesis of nanocrystals by discharges in liquid nitrogen
from Si-Sn sintered electrode. Sci. Rep. 5, 17477; doi: 10.1038/srep17477 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

= images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:17477 | DOI: 10.1038/srep17477 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Synthesis of nanocrystals by discharges in liquid nitrogen from Si–Sn sintered electrode

	Results and Discussion

	Nanocrystals Characteristics. 
	Synthesis characteristics. 
	Particles synthesis mechanism. 

	Conclusion

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Large-view TEM image of a Si-Sn sample synthesized with a current of 1 A with examples (white circles) of crystalline domains.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) EEL spectra at the Si-L3,2 edge of a representative sample synthesized with a current of 1 A.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) TEM image of a Si grain decorated by Sn spheroids scratched from the sintered material.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) EEL spectra at the Si-L3,2 edge of a representative sample synthesized with a current of 10 A.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Visible range spectrum obtained with a Si-10 at %Sn target and a Si pin-electrode immersed in liquid nitrogen with a current of 1 A.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Time evolution of three selected lines observed between 282 and 292 nm.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Proposed growth mechanism explaining how the Si0.



 
    
       
          application/pdf
          
             
                Synthesis of nanocrystals by discharges in liquid nitrogen from Si–Sn sintered electrode
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17477
            
         
          
             
                H. Kabbara
                C. Noël
                J. Ghanbaja
                K. Hussein
                D. Mariotti
                V. Švrček
                T. Belmonte
            
         
          doi:10.1038/srep17477
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep17477
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep17477
            
         
      
       
          
          
          
             
                doi:10.1038/srep17477
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17477
            
         
          
          
      
       
       
          True
      
   




