I*I Innovation, Sciences et Innovation, Science and CA 2829147 C 2019/04/30

Développement economique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (11)(21) 2 829 1 47
(12 BREVET CANADIEN
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2012/03/09 (51) Cl.Int./Int.Cl. C25F 3/72(2006.01),
S e . B23H 3/00 (2006.01), BE82Y 30/00(2011.01),
(87) Date publication PCT/PCT Publication Date: 2012/09/13 B82Y 40/00(2011.01), HOTL 33/34(2010.01)
(45) Date de délivrance/lssue Date: 2019/04/30 _
(72) Inventeurs/Inventors:
(85) Entree phase nationale/National Entry: 2013/09/05 LYSENKO, VOLODYMYR, FR:
(86) N° demande PCT/PCT Application No.: EP 2012/054124 KRAIEM, JED, FR;
o o MEDJAOUI MAHDI, FR
(87) N publication PCT/PCT Publication No.: 2012/120117 o
L (73) Proprietaires/Owners:
(30) Priorité/Priority: 2011/03/09 (FR1151926) INSTITUT NATIONAL DES SCIENCES APPLIQUEES

DE LYON, FR;
CENTRE NATIONAL DE LA RECHERCHE

SCIENTIFIQUE (C.N.R.S.), FR:
"APOLLON SOLAR" FR

(74) Agent: ROBIC

(54) Titre : PROCEDE DE FABRICATION DE NANOPARTICULES A BASE DE SILICIUM A PARTIR DE SILICIUM DE
GRADE METALLURGIQUE OU DE GRADE METALLURGIQUE AMELIORE

(54) Title: PROCESS FOR MANUFACTURING SILICON-BASED NANOPARTICLES FROM METALLURGICAL-GRADE
SILICON OR REFINED METALLURGICAL-GRADE SILICON

1

4 S
X

///////////m

; O

AP
12

(57) Abréegée/Abstract:

The present invention relates to a process for manufacturing silicon-based nanoparticles by electrochemical etching of a substrate
(7), characterized In that the substrate iIs made of metallurgical-grade or refined metallurgical-grade silicon, the substrate having an
iImpurity content higher than 0.01%.

50 rue Victoria e Place du Portage1l e Gatineau, (Québec) K1AOC9 e www.opic.ic.gc.ca i+

50 Victoria Street e Place du Portage 1 ¢ Gatineau, Quebec K1AO0C9 e www.cipo.ic.gc.ca C anada



WO 20127120117 A1 [HJ AT AP OO0 1O N A A

(43) Date de la publication internationale

CA 02829147 2013-09-05

(12) DEMANDE INTERNATIONALE PUBLIEE EN VERTU DU TRAITE DE COOPERATION EN MATIERE DE

BREVETS (PCT)

.

(19) Organisation Mondiale de la X

Propriété Intellectuelle
Bureau international

(10) Numéro de publication internationale

WO 2012/120117 Al

13 septembre 2012 (13.09.2012) WIPQ | PCT
(531) Classification internationale des brevets : (72) Inventeurs; et
C25F 3/12 (2006.01) B82Y 30/00 (2011.01) (75) Inventeurs/Deéposants (pour US seulement) . LYSENKO,
HO01L 33/34 (2010.01) B82Y 40/00 (2011.01) Volodymyr [UA/FR]; 4, allee Julien Duvivier, F-69100
B23H 3/00 (2006.01) Villeurbanne (FR). KRAIEM, Jed [FR/FR]; 73 rue de la
(21) Numéro de la demande internationale : ﬁfﬁ;ﬁlq[;%/l;ﬁ]%?g Bragr%(;ml"l{%lzfu 1(555) 13(/)[ EzJilggi
PCT/EP2012/054124 (FR) ’ ’ S
(£2) Dute te Gepot international 0 mars 2012 (09.03.2012) (79 Mandataire : TETAZ, Franck; Cabinct Regimbeau, 139
T rue Vendome, F-69477 Lyon Cedex 06 (FR).
(25) Langue de depot : francais (81) Ktats désignés (sauf indication contraire, pour tout titre
(26) Langue de publication : francais de protection nationale disponible) . AE, AG, AL, AM,
, o o AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(30) Donnees relatives a la pl’lOI’lte ) C A, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(71) Déposants (pour tous les Etats désignés sauf US) : INSTI- HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KK,
TUT NATIONAL DES SCIENCES APPLIQUEES DE KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
LYON [FR/FR]; 20 avenue Albert Einstein, F-69100 Vil- MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
leurbanne (FR). CENTRE NATIONAL DE LA RE- OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, 5C, SD,
CHERCHE SCIENTIFIQUE (CNRS) [FR/FR]; 3, rue SE, 5G, SK, SL, SM, ST, SV, 5Y, TH, 1J, TM, TN, IR,
Michel Ange, F-75016 Paris (FR). "APOLLON SOLAR" IT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
[FR/FR]; 66, cours Charlemagne Immeuble "Le Factory”, (84) FEtats désienés (sauf indication contraire, pour tout titre

F-69002 Lyon (FR).

de protection régionale disponible) . ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), eurasien (AM, AZ, BY, KG, KZ, MD, RU,
TJ, TM), européen (AL, AT, BE, BG, CH, CY, CZ, DE,

[Suite sur la page suivante]

(534) Title : PROCESS FOR MANUFACTURING SILICON-BASED NANOPARTICLES FROM METALLURGICAL-GRADE

SILICON OR REFINED METALLURGICAL-GRADE SILICON

(54) Titre : PROCEDE DE FABRICATION DE NANOPARTICULES A BASE DE SILICIUM A PARTIR DE SILICIUM DE
GRADE METALLURGIQUE OU DE GRADE METALLURGIQUE AMELIORE

O

FIG. 3
Y Y G

I I | I I

(57) Abstract : The present invention relates to a
process for manufacturing silicon-based nanopar-
ticles by electrochemical etching of a substrate
(7), characterized in that the substrate is made of
metallurgical-grade or refined metallurgical-grade
silicon, the substrate having an impurity content

higher than 0.01%.

(57) Abrégé : La présente invention concerne un
procede de fabrication de nanoparticules a base
de Silicium par gravure ¢lectrochimique d'un sub-
strat (7) caracterise en ce que le substrat est un si-
licilum de grade métallurgique ou de grade métal-
lurgique ameliore, le substrat comprenant un taux
d'impuretés supérieur a 0,01 %.




CA 02829147 2013-09-05

WO 2012/1201.1°7 A1 |00 00 O A 0

DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, Publiée :
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE,

SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA — avec rapport de recherche internationale (Art. 21(3))

GN, GQ, GW, ML, MR, NE, SN, TD, TG). — avant l'expiration du délai prévu pour la modification des
) ) . | revendications, sera republice si des modifications sont
Déclarations en vertu de la regle 4.17 recues (régle 48.2.h))

—  relative a la qualite d'inventeur (regle 4.17.1v))



10

15

20

25

30

CA 02829147 2013-09-05
1

PROCESS FOR MANUFACTURING SILICON-BASED NANOPARTICLES
FROM METALLURGICAL-GRADE SILICON OR REFINED METALLURGICAL-
GRADE SILICON

BACKGROUND

The present invention relates to the manufacturing of silicon-based

nanopowders/nanoparticles.

Such silicon-based nanopowders/nanoparticles can have different applications. They
are for example used in the field of counterfeiting, as identification means for the
marking of objects, in the field of energy for the storage and the production of

hydrogen, or in photovoltaics for the manufacturing of 3rd-generation solar cells.

BACKGROUND OF THE INVENTION

Different processes for manufacturing silicon-based nanostructures by chemical or
electrochemical etching of a silicon substrate are known. Document [G. Korotcenkov,

B.K. Cho, Crit. Rev. Solid State & Mat. Sci., vol. 35, 2010, pp. 153-260] describes an

example of process for manufacturing silicon-based nanostructures.

An example of process for manufacturing silicon nanoparticles comprises introducing
a single-crystal silicon wafer plunged into a hydrofluoric acid bath having an anode
and a cathode arranged therein. A current is applied and a chemical reaction occurs,
which results in the forming of pores in the silicon substrate. In parallel, the silicon
nanostructures hydrogenate. Afterwards, it is sufficient to mill the porosified substrate
to recover the hydrogenated nanopowder. An oxidation reaction due to water, for

example, or a thermal activation, enables to release the hydrogen contained in the

nanopowder.
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However, those skilled in the art can list several limitations in the previously-described

process:
- the first one relates to the relatively high energy consumption of the
nanostructure manufacturing process,
- the second one relates to the significant amount of energy necessary to

release the hydrogen.

The present invention aims at decreasing the energy consumption of the process and
thus at increasing the cost-effectiveness of processes for manufacturing silicon-based
nanoparticles and at decreasing the activation energy necessary to release the

hydrogen contain in the nanopowders to make the nanopowder more efficient.

SUMMARY OF THE INVENTION

For this purpose, the invention provides a process for manufacturing silicon-based
nanopowders, characterized in that it comprises the electrochemical etching of
substrates of metallurgical-grade or upgraded metallurgical-grade Si comprising an

impurity content greater than 10 ppm by weight.

For example, the invention may relate to a process for manufacturing silicon-based

nanoparticles by electrochemical etching of a substrate remarkable in that the sub-

strate is obtained from a metallurgical-grade or upgraded metallurgical-grade silicon,
the metallurgical-grade or upgraded metallurgical-grade silicon comprising an impurity
content greater than 0.001%, said impurities comprising at least boron, phosphorus,

calcium, and aluminum.

Three types of elementary silicon can be distinguished according to their impurity
contents:
- metallurgical-grade or upgraded metallurgical-grade silicon, having an

impurity content greater than 0.001%,
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- solar-grade silicon, having an impurity content ranging between 0.001% and
0.000001%, and

- microelectronic-grade silicon, having an impurity content lower than
0.000001%.

The present invention provides the use of metallurgical-grade or upgraded metallurgi-

cal-grade silicon to manufacture silicon-based nanopowders.

The inventors have discovered that the use of metallurgical-grade or upgraded
metallurgical-grade silicon enables to decrease the amount of energy necessary for
the manufacturing of nanopowders due to the presence of a strong concentration of

impurities and of a density of structural defects in the substrate, which enable to

decrease the substrate anodization voltage.

Further, the use of metallurgical-grade or upgraded metallurgical-grade silicon

enables to decrease manufacturing costs in the process, metallurgical-grade or

upgraded metallurgical-grade silicon being less expensive than solar- or

microelectronic-grade silicon.

The process according to the invention has the following preferred non-limiting
aspects:

- the substrate comprises boron, the boron concentration being greater than or
equal to 5 ppm by weight, preferably greater than 50 ppm by weight;

- the Impurities comprise at least aluminum, iron, calcium, phosphorus, and
boron;

- the concentration of each aluminum, iron, calcium, phosphorus, and boron
Impurity ranges between 1 and 10,000 ppm by weight;

- the substrate comprises:

o doping impurities such as boron, phosphorus, and aluminum,
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e metallic impurities such as iron, copper, titanium, nickel, chromium, and

tungsten,

o structural defects such as dislocations and grain boundaries with a density
> 10" defects/cm?;

- the electric current used for the electrochemical etching of the substrate is a
pulsed electric current;

- the electric current density used for the electrochemical etching of the sub-
strate ranges between 1 mA/cm? and 1 A/cm?, preferably ranging between 1
mA/cm? and 500 mA/cm?, preferably ranging between 1 mA/cm? and 250
mA/cm?;

- the process may further comprise a step of backside doping of the substrate,
the backside doping step comprising the sub-steps of:

» depositing aluminum on the back side of the substrate to obtain a substrate
comprising an aluminum layer, and
e annealing the substrate comprising the aluminum layer;

- the thickness of the aluminum layer ranges between 10 nm and 10 um;

- the process further comprises a step of removing the aluminum layer after the
anneal step;

- the process further comprises a step of front-side doping of the substrate
comprising illuminating the front side of the substrate by means of a source of

white light generating a luminous radiation.

The inventors have also discovered that the use of metallurgical-grade silicon enables
to decrease the amount of energy necessary to release the hydrogen contained in the
nanopowder originating from this metallurgical-grade or upgraded metallurgical-grade

silicon due to the presence of a high concentration of impurities and of a high density

of structural defects, which enable to decrease the activation energy.
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The invention also relates to silicon-based nanopowders comprising an impurity
content > 10 ppm by weight (comprising at least 1 ppm by weight of boron, phospho-

rus, iron, aluminum, and calcium).

Silicon-based nanopowders obtained by the process according to the invention can
be distinguished from nanopowders obtained by prior art processes especially by the
presence of more types of impurities, the different types of impurities being present by

a greater quantity.

The silicon-based nanopowders according to the invention have the following
preferred non-limiting aspects.

- the boron concentration is greater than or equal to 5 ppm by weight, preferably
greater than 50 ppm by weight, and more preferably still greater than 100 ppm
by weight;

- the impurities comprise at least aluminum, iron, calcium, phosphorus, and
boron:

- the nanopowders may further comprise at least one of the following impurities:
titanium, chromium, copper, molybdenum, nickel, vanadium;

- the impurities are present by the following proportions:

e Quantity of aluminum ranging between 1 and 5,000 ppm by weight,

preferably between 5 and 20 ppm by weignt,

e Quantity of calcium ranging between 1 and 5,000 ppm by weight, preferably
between 5 and 20 ppm by weight,

e Quantity of iron ranging between 1 and 5,000 ppm by weight, preferably
between 20 and 80 ppm by weight,

« Quantity of boron ranging between 5 and 5,000 ppm by weight, preferably
between 100 and 800 ppm by weight,

» Quantity of phosphorus ranging between 1 and 5,000 ppm by weight,
preferably between 100 and 800 ppm by weight.
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The invention also relates to the use of silicon-based nanoparticles/nanopowders such as

described hereabove for the production of hydrogen.

The inventors have indeed discovered that aithough the impurities present in the
nanoparticles significantly influence the mechanical, electric, and other properties of
silicon-based nanoparticles, the affinity of silicon-based nanoparticles for hydrogen is little
Impacted by the presence of such impurities. Conversely, they have even observed that

the presence of these impurities enables to decrease the amount of energy necessary to

release the hydrogen.

In accordance with one aspect, the invention provides a process for manufacturing

hydrogen via silicon-based nanopowders, comprising:

providing a substrate made of metallurgical-grade silicon or upgraded metallurgical-

grade silicon having an impurity content greater than 10 ppm by weight,

electrochemically etching said substrates to form silicon-based nanopowders having

a hydrogen release energy lower than the hydrogen release energy of a silicon

nanopowder obtained from electronic- or solar-grade silicon, and

producing hydrogen via the silicon-based nanopowders.

The invention also relates to silicon-based nanopowders having a hydrogen release energy
lower than the energy necessary to release the hydrogen of a nanopowder obtained with

electronic- or solar-grade silicon due to the presence of impurities by a greater

concentration.



6a

BRIEF DESCRIPTION OF THE DRAWINGS

Other features and advantages of the present invention will be discussed in detall in the
following non-limiting description of specific examples, In connection with the
accompanying drawings, that is, Figures 1 and 2, which illustrate different examples of

processes for manufacturing silicon-based nanoparticles from a metallurgical-grade

silicon substrate.

CA 2829147 2018-07-27
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DETAILED DESCRIPTION

1. Nanoparticle manufacturing process

Silicon does not exist naturally In its free state on Earth, but it iIs very abundant in the
form of oxides, for example, silica or silicates. The silicon 1s obtained by carbothermic
reduction of the silica in an arc furnace, that is, by metallurgical processes, and its
purity level depends on the purification processing operations that will be applied
thereto downstream. Three silicon purity levels can be distinguished:

o metallurgical-grade silicon (known as "MG-Si") directly obtained after the
carbothermic reduction of silica (purity ranging from 98 to 99.9%, that is, an
impurity content > 1,000 ppm by weight.)

e solar-grade silicon (known as "So(G-Si") generally obtained from MG-Si by
gas-phase chemical processes such as the simplified Siemens process
(purity greater than 99.9999%, that 1s, an impurity content of approximately
1 ppm by weight),

e electronic-grade silicon (known as "EG-SI'), also obtained by gas-phase
chemical processes, which are more complex in order to reach a higher
purity level (99.9999999% purity, that is, an Iimpurity content of
approximately 1 ppb).

There also exist other sub-classes of silicon such as upgraded metallurgical-grade
silicon (or "UMG-SI") which is obtained from metallurgical-grade silicon which has
been submitted to additional purification processing operations by successive

metallurgical processes (slag refining, segregations, etc...). Such a succession of
metallurgical processes provides a silicon having a purity greater than MG-Si and
lower than that of solar-grade Si (S0G). Typically, upgraded metallurgical-grade
silicon has a purity on the order of 99.99% (that iIs, an Iimpurity content of
approximately 100 ppm by weight), possibly on the order of 99.999% (that is, an
impurity content of approximately 10 ppm by weight).
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Such a metallurgical-grade or upgraded metallurgical-grade silicon is then shaped in
the form of multi-crystalline ingots (mc-Si). Multi-crystalline silicon ingots are formed in
a crucible, generally made of silica, covered on its internal walls with a silicon nitride
layer. Such a Si3N4 deposit is a release agent, it avoid for liquid silicon to stick to the

crucible and, at the same time, to generate strain in the silicon block. The crucible

 loaded with silicon is then placed in a melting furnace, and then taken to 1,430°C for

the melting of silicon, after which it is slowly cooled down to cause the block

solidification of the silicon meilt.

The obtained block Is called multi-crystalline ingot, and is then sawn into bricks and
then into wafers by means of a wire saw. The principle of this technique comprises
using a steel wire having a diameter on the order of 160 pm delivered by a
transmitting coll wound several hundreds of times on four wire guides, thus forming a
sheet. The wire, driven at a speed of some ten meters per second, is used as a
vehicle for a mixture of oil and abrasive agent (SiC particles) or of polyethylene glycol
(PEG) and abrasive agent (also called “slurry”) poured on the sheet, which cuts and
laps the silicon block which crosses the sheet. Other more modern saws use a
diamond wire, that is, a wire having diamond grains fixed thereon, which enables to

saw at greater speed. Due to this process, wafers of variable thickness can easily be

obtained.

Other processes enable to directly obtain multi-crystalline silicon wafers without using
a sawing step, for example, a strip solidification. In this case, this last technological
option combines the silicon crystallization and shaping steps and has the advantage
of minimizing the loss of material due to the sawing. It is obtained by driving a silicon

strip on a planar or tubular support from a molten silicon melt.

This Is followed by the step of electrochemical etching of the previously-obtained

silicon wafers.
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Existing processes for manufacturing silicon nanostructures by electrochemical
etching generally use solar-grade, or even electronic-grade silicon to obtain silicon-

based nanopowders/nanoparticles.

Indeed, this type of substrate has a homogeneous electric resistivity throughout its
entire volume. It is believed by those skilled in the art that a high-purity substrate is
necessary In order to have a homogeneous electrochemical etching providing silicon-

based nanopowders/nanoparticles.

Based on the knowledge of those skilled in the art, the electrochemical etching of
metallurgical-grade silicon should not allow a manufacturing of silicon-based
nanopowders/nanoparticles which is reproducible and controlled in terms of
nanopowders/nanoparticles functionalities, due to the presence of impurities by a high
concentration and to the inhomogeneity (in terms of chemical composition and

crystallinity) of metallurgical-grade silicon substrates.

Further, 1t is assumed by those skilled in the art that the presence of impurities in

nanoparticles degrades the physical, mechanical, and electronic properties of such

powders, which makes them unsuitable for their known uses.

Thereby, current processes for manufacturing silicon-based nanoparticles generally
use high-purity and homogeneous silicon substrates, that is, solar- or electronic-grade

silicon substrates.

Now, the energy consumption of the process for manufacturing nanostructures from

solar- or electronic-grade Si Is relatively high and the quantity of energy necessary to

release the hydrogen is also high.
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Further, high-purity substrates have a non-negligible cost, which decreases the cost-

effectiveness of silicon-based nanoparticle manufacturing processes.

The invention provides a process for manufacturing silicon-based nanoparticles which has

a better cost-effectiveness than existing manufacturing processes.

More specifically, the invention provides a process for manufacturing silicon-based
nanopowders/nanoparticles from a metallurgical-grade (MG-Si) or upgraded metallurgical-
grade (UMG-81) substrate.

Referring to Figure 1, a first vanation of the process for manufacturing silicon-based
nanoparticles has been illustrated, where the nanoparticles are obtained by etching of a

metallurgical-grade or upgraded metallurgical-grade silicon substrate 7, preferably bulk.

In the context of the present invention, "metallurgical-grade silicon”™ means a silicon

substrate having an impurity content greater than 0.001%.

In the context of the present invention, "bulk substrate” means any chemical compound
mainly formed of silicon atoms (Si) chemically bonded (covalently) together and having at
least one linear dimension of its size (height, width, length, diameter, etc.) greater than 1

mim.

Metallurgical-grade or upgraded metallurgical-grade silicon 7 is electrochemically etched.
For example, the etching is obtained by an electrochemical etching during which
metallurgical-grade or upgraded metallurgical-grade silicon 7 is in contact with an

electrolyte 5 comprising at least one acid (hydrofiuoric acid, for example).

This substrate conducts an electric current. Etching parameters such as the current

density, the chemical composition, the electrolyte concentration, the pressure, and

CA 2829147 2018-07-27
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the ambient temperature are selected according to needs (etch rate, porosity, etc.)

and will be discussed in further detail hereafter.

Silicon-based nanostructures are thus obtained, the etching parameters being
preferentially selected to provide, on milling of these nanostructures, nanoparticles
having a size smaller than or equal to 100 nanometers, preferentially smaller than or

equal to 50 nanometers, and more preferentially still smaller than or equal to 20

nanometers.

Conversely to the common belief of those skilled in the art relative to the
manufacturing of nanoparticles from metallurgical silicon, the inventors have
discovered that the presence of a strong concentration of impurities in the

metallurgical-grade silicon enables to decrease the substrate anodization voltage,
which voltage is applied between the cathode and the anode of the electrochemical

cell, which makes the process less energy intensive and thus more cost-effective.

The inventors have also discovered that such a low anodization voltage is due to the
presence of a very high concentration of impurities and of structural defects

(dislocations, grain boundaries, etc.) in the substrate, thus enabling to decrease the

surface resistivity of the substrate.

Indeed, comparing the electrochemical anodization for equivalent conditions of
electronic-grade silicon and metallurgical-grade Si wafers, the anodization voltage is
much lower in the case of metallurgical Si, which enables to envisage the etching of
much thicker wafers without causing any increase of this voltage and thus of the

electric power consumed during the etching of one unit thickness of the substrate.

For example, by maintaining the current density at 200 mA/cm? on a single-crystal Si
wafer with no backside ohmic contacts (type p, orientation 100, 500-um thickness, p =

3 mQ.cm, 60-cm? anodization surface), the average value of the anodization voltage
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is 10.5 V. However, during the etching of the multi-crystal metallurgical Si (type p,
random orientation), with a twice greater volume resistance (p = 6 mQ.cm) and 20

times thicker (1 cm) and still with no backside ohmic contacts, the anodization voltage

is lower: 9.5 V (for the same current density and etched surface area values).

This can be explained by a strong decrease of the contact resistances on both
interfaces of the anodized substrate (on the electrolyte side and on the dry electrode
side of the back side) due to the impurities and to the structural defects present in the

metallurgical St substrate.

Indeed, the presence of impurities at these two interfaces enables to decrease the
electric carrier injection energy on the back side or on the anode side and to decrease
the activation energy of the electrochemical etching process on creation of the
nanopores. It is indeed known that the use of metals (for example: Ag, Al, Fe, Pt, etc.)
deposited at the surface of single-crystal Si enables to ease (in certain cases, to
make it very efficient) its chemical etching in HF acid in the presence of an oxidizing
agent. See, for example, the following papers: a) Douani et al., Phys Stat. Sol A, vol.
205, 2008, p. 225; b) Hadjersi et al., Thin Solid Films, vol. 459, 2004, p. 271, c) LI et
al., Appl. Phys. Lett., vol. 77, 2000, p. 2572.

Thus, the higher the concentration of impurities in the metallurgical substrate, the

lower the energy necessary to manufacture the nanoparticles, and the less risks there

are of forming silicon clusters rather than nanoparticles.

Metallurgical-grade silicon comprises different types of impurities:

« doping impurities such as boron, phosphorus, and aluminum,

e metallic impurities such as iron, copper, titanium, nickel, chromium, and

tungsten,

e crystal defects such as dislocations and grain boundaries.
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The metallurgical-grade silicon substrate may comprise these different impurities. In
the context of the present invention, “comprising an impurity’ means comprising a
type of impurity by a concentration greater than that of traces, the notion of "fraces"

designating a content on the order of 1 ppb, preferably on the order of 1 ppm by
weignt.

Preferably, the silicon substrate used for the manufacturing of nanoparticles
comprises at least calcium, iron, phosphorus, aluminum, and boron. The concentra-

tion of each aluminum, calcium, phosphorus, and boron impurity may range between
1 and 10,000 ppm by weight.

The boron concentration of the substrate i1s preferably greater than or equal to 5 ppm

by weight, and more preferably still greater than 50 ppm by weight.

To improve the quality of the electrochemical etching of the metallurgical-grade silicon
substrate, and In particular that of upgraded metallurgical-grade silicon substrate,
since it contains less impurities, the process according to the invention may comprise
doping the substrate on at least one of its faces, and especially the back side thereof.
The manufacturing process may also comprise the substrate doping on two opposite
faces, for example, front and back sides 71 and 72 thereof. Of course, such doping

steps, described hereafter in relation with the etching of upgraded metallurgical-grade
silicon (UMG-SI) may be applied to the etching of metallurgical-grade silicon (MG-Si).

The doping of the back side and/or of the front side of the substrate enables to

homogenize the surface conductivity of the upgraded metallurgical-grade silicon
substrate so as to improve the quality of the electrochemical etching of a bulk
upgraded metallurgical-grade silicon substrate 7 to obtain silicon-based

nanoparticles.
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In an embodiment, the backside doping is performed by deposition of an aluminum
layer 6 on back side /2 of substrate 7,' and anneal of substrate 7 comprising
aluminum layer 6. The anneal step enables the aluminum to diffuse across the
thickness of upgraded metallurgical-grade silicon substrate 7 to improve the

conductivity thereof.

The deposition may be performed by different techniques known by those skilled In

the art. For example, the aluminum may also be deposited on substrate 7 by

sputtering, or also by an electrolytic deposition technique.

The duration of the anneal step may vary, for example, according to the thickness of
the aluminum layer. Preferably, the duration of the anneal step ranges between 1 min

and 1 hour.

Front side doping 71 may be performed by different techniques. An embodiment
provides an illumination thereof by means of a white light source generating a
luminous radiation. In this case, front side 71 of substrate 7 is illuminated all along the

electrochemical etching.

The illumination of front side 71 of substrate 7 enables to homogenize the photo-

induced resistivity and to ensure the good conductivity of the front side.

The operating principle of an alternative embodiment according to the invention will

now be described in further detail.

In a first step, a metal layer 6 such as aluminum is deposited on back side 72 of

upgraded metallurgical-grade silicon substrate 7 (optional step).
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Substrate 7 comprising aluminum layer 6 is then annealed. During the anneal, the

aluminum diffuses within substrate 7. This enables to homogenize the conductivity of

substrate 7 on back side 72.

It is possible to remove the aluminum layer after the anneal step. This step depends on
the number of substrates which are desired to be electrochemically etched in a same
path.

For example, if a single substrate is desired to be etched, it iIs not necessary to remove
aluminum layer 6: it is possible to arrange substrate 7 horizontally in a hydrofluoric acid
bath 5, with no contact between the aluminum surface and the hydrofluoric acid solution,

as illustrated in Figure 1.

If, however, several substrates are desired to be etched in parallel in the hydrofiuoric acid
bath, the aluminum layer of each substrate 7 will preferably be removed and the
substrates will be arranged vertically in hydrofluoric acid solution 5, as illustrated In

Figure 2.

As described hereabove, the steps of deposition, anneal, and possible removal of the
aluminum layer are optional and enable to improve the surface conductivity of the

substrate on its back side.

Backside-doped upgraded metallurgical-grade silicon substrate(s) are then arranged In

hydrofluoric acid solution 5.

Optionally, front side 71 of substrate(s) 7 is illuminated by using a source of white light

such as a lamp emitting a white luminous radiation.

CA 2829147 2018-07-27
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Finally, an electric current is applied in hydrofluoric acid solution 5. The
electrochemical etching of substrate 7 — possibly doped on both its faces 71, 72 —

then starts and provides silicon-based nanoparticles.

Once the electrochemical anodization has been performed, a porosified substrate
containing silicon nanostructures is available. This substrate is then milled, which

provides the silicon-based nanopowder, which is hydrogenated (cf. FR 2 858 313).

Finally, the inventors have also discovered that the use of metallurgical- or upgraded
metallurgical-grade silicon enables to decrease the amount of energy necessary to
release the hydrogen contained in the hydrogenated nanopowder originating from this
metallurgical-grade or upgraded metallurgical-grade silicon due to the presence of a
high concentration of impurities and of a high density of structural defects which

enable to decrease the activation energy.

Preferably, silicon-based nanopowders comprise an impurity content > 10 ppm by
weight (for example, at least 1 ppm by weight of boron, phosphorus, iron, aluminum,
and calcium). According to an alternative embodiment of the invention, the impurities
contained in the nanopowders may comprise boron by a concentration greater than or
equal to 5 ppm by weight, preferably greater than 50 ppm by weight, and preferably
still greater than 100 ppm by weight. According to another alternative embodiment of
the invention, the impurities contained in nanopowders may comprise at least
aluminum, iron, calcium, phosphorus, and boron. Further, the nanopowders may
comprise at least one of the following impurities: titanium, chromium, copper,
molybdenum, nickel, vanadium. In an embodiment of the invention, the nanopowders
may comprise the previously-mentioned impurities by the following proportions:

« Quantity of aluminum ranging between 1 and 5,000 ppm by weight,

» Quantity of calcium ranging between 1 and 5,000 ppm by weight,

o Quantity of iron ranging between 1 and 5,000 ppm by weight,

« Quantity of boron ranging between 5 and 5,000 ppm by weight,
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« Quantity of phosphorus ranging between 1 and 5,000 ppm by weight.

Silicon-based nanopowders obtained by the process according to the invention can
be distinquished from nanopowders obtained by prior art processes especially by the

presence of more impurities, by a greater quantity.

indeed, the presence of metal atoms at the surface of Si is known to catalyze its
chemical reactions in acid environments in the presence of oxidizers. It can then be
assumed that the oxidation of the metallurgical-grade Si nanopowder in oxidizing
environments (more or less basic) enabling to produce hydrogen will be made more
efficient by decrease of the time constant characteristic of this reaction due to the

presence of the impurities in the metallurgical-grade Si nanopowder.

Different embodiments of the invention and the results obtained by the inventors will

now be disclosed.

1. Examples
1.1 Substrate used

As previously indicated, the metallurgical-grade silicon is obtained industrially by

carbothermic reduction of silica in an electric arc furnace. Metallurgical-grade silicon
generally contains at last 98% of silicon and, as main elements, iron, aluminum and
calcium, titanium. Metallurgical-grade silicon also contains a certain quantity of
oxygen, carbon, and other elements, by a content < 0.1%, such as phosphorus,

boron, nickel, vanadium, etc.

The types and concentrations of the impurities contained in metallurgical-grade silicon

are quite different according to the selected initial quartz, to the reducing agent used
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(coke, charcoal, hard coal, etc.), and to the processing which follows the casting at
the coming out of the arc furnace.

In the different embodiments of the process described hereafter, a metallurgical-
grade silicon having the following composition is used:

e Aluminum (Al) = 0.237%,

o Boron (B) = 57.4 ppm by weight,

e (Calcium (Ca) = 0.335%,

o Chromium (Cr) = 13.3 ppm by weight,

o Copper (Cu) =40.9 ppm by weight,

e Iron (Fe)>0.4%,

e Nickel (N1) = <2 ppm by weight,

» Phosphorus (P) = 23.7 ppm by weight,

e Titanium (T1) = not measured,

e Vanadium (V) = 9.7 ppm by weight,

o Molybdenum (Mo) = <2 ppm by weight,

o Zirconium (Zr) = 19.5 ppm by weight.

The metallurgical-grade silicon is then loaded into a silica crucible, placed in a
melting/solidification furnace to be melted and crystallized in the form of multi-
crystalline ingots. Then, the ingot is cut into bricks and wafers by means of a wire

SAW.

Further, the characteristics of the cut metallurgical-grade silicon wafers used in the

different variations discussed hereafter are the following:
e Resistivity (p): 5 — 7 mQ.cm, of type p, and sometimes with a significant
doping difference within the same wafer (measured by the 4-point probes

method);

e Dimensions of the Siwafers /0 mm x 70 mm x 10 mm;
o Crystal orientation: poly-crystalline;

¢ Unpolished front and back sides.
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It should be obvious to those skilled in the art that this example of substrate is by no

means limiting and that metallurgical-grade silicon substrates having different

compositions may also be used.

T'hese metallurgical-grade silicon wafers are then anodized according to the following

embodiments:

1.2Embodiment 1

Anodization conditions.
o Stirring: yes normal,
o Electrolyte: HF (48%): ethanol 1:1 by volume,
o Electrolyte recycled: O times,

o Current density J = 200 mA/cm2,
e |=40A,
¢« Pulsed current: 999.9 s on: 0.1 s off,

o Initial voltage VO =114V,
e Final voltage Vt=74YV,

o [otal etching time: 99 min,
o Calculated etch rate = 7.5 pm/min,

e Electrode type: Gold,

 Rinsing of the nanoparticles five times with pure ethanol x 5, followed by a

washing of the wafer in water and alkali 1% (2 min dipping).
Once anodized, the substrate is milled to obtain the nanopowder.

This first embodiment has provided a mass of nanoparticles equal to 112 mg.
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It should be noted that a great number of [ayers of the initial silicon wafer have been
etched, which means that the efficiency of the process can be improved by varying

the parameters of the process.

Finally, a large amount of the electrolyte has evaporated, which means that too high a

quantity of energy has been provided, which has induced an increase in the

electrolyte temperature.

1.3Embodiment 2

Anodization conditions:

o Stirring: yes normal,
» Electrolyte: HF (48%): ethanol 1 :1 by volume,

o Electrolyte recycled: O times,

e J=200mA/cm2,

e [=40A,
e VO0=114YV,
e Vi=74YV,

o Pulsed current: 1 s on: 1 s off,

e Total time 99 min,

e (alculated etch rate = 3.6 um/min,
o Gold electrode,

e Rinsing: pure ethanol x 5, followed by a washing of the wafer in water and
alkali 1% (2 min).

Once anodized, the substrate is milled to obtain the nanopowder.

This second embodiment has provided a mass of nanoparticles equal to 192 mg, and

thus greater than in the first embodiment.



10

15

20

25

30

CA 02829147 2013-09-05
21

The metallurgical-grade silicon wafer has been etched across a smaller thickness

than for the first embodiment, whereby the efficiency is improved.

Finally, a lower quantity of the electrolyte has evaporated.

1.4 Embodiment 3

Anodization conditions:

o Stirring: yes normal,
« Electrolyte: HF (48%): ethanol 1:1 by volume,

e FElectrolyte recycled: 0 times,

e J=200mA/cm2,

e |[=40A,
e VO=114YV,
e Vi=74YV,

« Pulsed current: 1 s on: 2 s off,
e Total time 99 min,
e (alculated etch rate = 2.9 pm/min,

e Gold electrode,

¢ Rinsing: pure ethanol x 5, followed by a washing of the wafer in water and
alkali 1% (2 min).

Once anodized, the substrate is milled to obtain the nanopowder.

This third embodiment has provided a mass of nanoparticies equal to 155 mg.

The metallurgical-grade silicon wafer has been etched across a smaller thickness

than for the first embodiment, whereby the efficiency is improved.
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Finally, a smaller amount of the electrolyte has evaporated.

2. Conclusion relalive to the efch paramelers

The three embodiments discussed hereabove, carried out by varying parameters

linked to the electric current, provide the following comparative table:

Rate Etch rate powder mass | evaporation
999.9 s on: 0.1s off 7.5 um/min | 112 mg | + |
| son: 1soff 3.6 um/min 192 mg -
] son: 2 s off 2.9 um/min | 155 mg -

The tollowing can be deduced from these three embodiments:
o the use of a pulsed electric current of duty cycle 72, and/or

e the use of a pulsed electric current having a cycle ranging between 1
second and 4 seconds, preferably equal to 2 seconds, and/or

enable to improve the efficiency of the etching.

The value of the current density has then been varied to observe the impact of this

value on the efficiency obtained at the end of the process.
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The following results have been obtained:

Embodiment I, A 1, mA/cm” m, g
4 1 50 0.18886
5 | 2 100 0.26308
67 3 150 | 0.37288
67 5 250 0.13661
7 6 300 | 0.08914

The process may be implemented by using a current density ranging between 1
mA/cm? and 1 A/cm? preferably ranging between 1 mA/cm? and 500 mA/cm?,

preferentially ranging between 1 mA/cm? and 250 mA/cm?, and more preferentially

still equal to 150 mA/cm?.

It can be observed that for current densities ranging between:

e 1 and 50 mA/cm?, the etch rate is slow,
o 250 and 300, the etch rate is high.

The lower the etch rate, the longer the implementation of the process should be in

order to obtain a given quantity of nanoparticles.

The higher the etch rate, the more loss there Is and thus the more the efficiency of the

process decreases, the formed nanoparticles being dissolved as the process

advances.

It can be observed that current densities ranging between 100 and 150 mA/cm?

provide a very good compromise between the speed and the nanoparticle output.

3. Composition of the obtained nanopatrticles
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The composition of the nanopatrticles obtained from the substrate described at point

2.1 has been analyzed. This composition is:
o Aluminum (Al) = 10.8 ppm by weight,
o (Calcium (Ca) = 13.3 ppm by weight,
e Iron (Fe) = 56.8 ppm by weight,
e Phosphorus (P) = 10 ppm by weight,
e Titanium (Ti) = < 2 ppm by weight,
o Chromium (Cr) = 4.5 ppm by weight,
o Copper (Cu)=13.8 ppm by weight,
e Molybdenum (Mo) = < 2 ppm by weight,
o Nickel (Ni) = 3.5 ppm by weight,
e Vanadium (V) = <2 ppm by weight,
e Boron (B) =246 ppm by weight,
e Manganese (Mn) = < 5 ppm by weight.

It should be obvious to those skilled in the art that this composition may vary
according to the composition of the initial metallurgical-grade silicon used to

implement the process.

In all cases, the silicon-based nanoparticles obtained by electrochemical etching of
metallurgical-grade silicon comprise the following impurities: aluminum, calcium,

phosphorus, and boron.

Here again, "comprising an impurity” means comprising a type of impurity by a

concentration greater than that of traces.

The aluminum, calcium, phosphorus, and boron impurities may for example be

present by the following proportions:

e Quantity of aluminum ranging between 1 and 5,000 ppm by weight,

preferably between 5 and 300 ppm by weight,
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o Quantity of calcium ranging between 1 and 5,000 ppm by weight, preferably
between 5 and 300 ppm by weight,

e Quantity of iron ranging between 1 and 5,000 ppm by weight, preferably
between 5 and 300 ppm by weight,

« Quantity of boron ranging between 5 and 5,000 ppm by weight, preferably
between 100 and 800 ppm by weight,

o Quantity of phosphorus ranging between 1 and 5,000 ppm by weight,
preferably between 100 and 800 ppm by weight.

The boron concentration may be greater than or equal to 5 ppm by weight, preferably

greater than 50 ppm by weight, and more preferably still greater than 100 ppm by
weight.

The nanopowders may further comprise at least one of the following impurities: phos-

phorus, titanium, chromium, copper, molybdenum, nickel, vanadium.

4. Example of possible use

The inventors have then used the nanoparticles obtained by the process according to

the Invention to produce hydrogen (H2).

The inventors have thus discovered that even if the impurities present in the nano-
particles significantly influence the mechanical, electric, and other properties of
silicon-based nanoparticles, the affinity of silicon-based nanoparticles for hydrogen is

little impacted by the presence of such impurities.

The nanoparticles obtained by implementing the process according to the invention

can thus be used to produce hydrogen as described in document FR 2 858 313.
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In particular, a hydrogen reservoir comprising a substance capable of storing

hydrogen may be provided, said substance being formed of the previously-described

nanoparticles.

With the process according to the invention, silicon-based nanoparticles are easy to

produce by a large quantity and at low cost.
Of course, the above examples are non-limiting specific illustrations only.

For example, the process described hereabove may be implemented by using an

upgraded metallurgical-grade silicon substrate of type UMG1 or UMG2.
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CLAIMS

1. A process for manufacturing hydrogen via silicon-based nanopowders, comprising:

providing a substrate made of metallurgical-grade silicon or upgraded metallurgical-

grade silicon having an impurity content greater than 10 ppm by weight,

electrochemically etching said substrates to form silicon-based nanopowders having

a hydrogen release energy lower than the hydrogen release energy of a silicon

nanopowder obtained from electronic- or solar-grade silicon, and
prodaucing hydrogen via the silicon-based nanopowders.

2. The process according to claim 1, wherein the substrate comprises a boron content

greater than or equal to 5 ppm by weight.

3. The process according to claim 1 or 2, wherein the substrate comprises a boron content

greater than 50 ppm by weight.

4. The process according to any one of claims 1 to 3, wherein the impurity content

comprises an aluminum content, iron content, calcium content, phosphorus content, and

boron content.

5. The process according to claim 4, wherein the aluminum content, iron content, calcium

content, phosphorus content, and boron content each range between 1 and 10,000 ppm

by weight.

6. The process according to any one of claims 1 to 5, wherein the substrate further

comprises copper, titanium, nickel, chromium, and tungsten.

/. The process according to any one of claims 1 to 6, wherein the substrate further

comprises structural defects with a density greater than 104 defects/cm?.

8. The process according to any one of claims 1 to 7, wherein the electrochemical etching
Is performed by pulsed electric current.
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9. The process according to any one of claims 1 to 8, wherein the electrochemical etching

is performed by an electric current comprised between 1 mA/cm? and 1 A/em?Z.

10. The process according to any one of claims 1 to 9, wherein the electrochemical etching

Is performed by an electric current comprised between 1 mA/cm? and 500 mA/cm?.

11. The process according to any one of claims 1 to 10, wherein the electrochemical

etching is performed by an electric current comprised between 1 mA/cm? and 250 mA/cm?.

12. The process according to any one of claims 1 to 11, further comprising: forming an

aluminum layer on a backside of the substrate, annealing the substrate comprising the

aluminum layer for doping the substrate.

13. The process according to claim 12, wherein a thickness of the aluminum layer ranges

between 10 nm and 10 um.

14. The process according to claim 12, further comprising removing the aluminum layer

after annealing the substrate.

15. The process according to any one of claims 1 to 14, further comprising: illuminating a
front side of the substrate opposite a backside of the substrate by means of a source of

white light generating a luminous radiation for doping the substrate.
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