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[ while separated by grain-like column boundaries (14) running along the first
direction. The columns (12) include silicon and have an amorphous structure

in which nano-crystalline regions exist.
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Rechargeable battery and method for manufacturing the same

Field of the invention
The present invention relates to a rechargeable battery, in particular a lithium-
ion rechargeable battery provided with silicon-based anode material. In a further aspect

the present invention relates to a method of manufacturing a rechargeable battery.

Prior art

Current state of the art lithium-ion batteries typically employ graphite as anode
material, wherein storage capacity of graphite is around 370 mAh/g. It is known that
silicon anode material has a much larger theoretical capacity of around 4200 mAh/g,
but the intercalation process of lithium leads to a volume increase of the silicon anode
material as high as 300% or even more. One of the main problems with bulk silicon
anode material is that it pulverizes quickly during the intercalation process and that it
loses its functionality after a relatively small number of charging cycles.

In order to deal with the volume expansion of silicon anode material and to
reduce cracking and pulverization thereof during charging cycles, several silicon anode
solutions have been proposed, such as silicon nanowires, nanotubes, porous silicon or
to mix silicon with graphite, see for example Ning Ding, Journal of Power Sources 192
(2009) 644-651, “Improvement of cyclability of Si as anode for Li-ion batteries” and
Uday Kasavajjula, Journal of Power Sources 163(2007) 1003-1039, “Nano- and bulk-
silicon-based insertion anodes”.

Many of the proposed solutions to manufacture silicon anode material are
unattractive as various complex manufacturing steps are required, making the
manufacturing process rather expensive. Also, many of the proposed solutions are not

readily scalable to high yield industrial production levels for commercialization.

Summary of the invention

The present invention seeks to provide an rechargeable battery, in particular a
lithium ion battery comprising silicon anode material having an improved storage
capacity per unit weight and reduced capacity fading.

According to the present invention, a rechargeable battery of the type defined in

the preamble is provided comprising at least an electrolyte layer, a cathode layer and an
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anode layer. The electrolyte layer comprises a lithium salt compound and is arranged
between a cathode surface of the cathode layer and an anode surface of the anode layer.
The anode layer is a continuous nanostructured thin film layer comprising a plurality of
adjacent columns, the columns extending in a perpendicular direction from the anode
surface. The plurality of columns are arranged “continuous”, i.e., adjacent to each other
while separated by interfaces extending in the perpendicular direction. The plurality of
columns comprise silicon and have an amorphous structure.

The advantage of the rechargeable battery according to the present invention is
that lithium ion (de)intercalation in or out of the anode layer, i.e. the nanostructured
thin film layer, is greatly facilitated by the plurality of columns and the interfaces
between them. The plurality of columns and interfaces provide improved lithium ion
accessibility in and out of the amorphous structure of the columns that comprise silicon
in the anode layer during lithium ion insertion and extraction, so that the storage
capacity per unit weight of the anode layer is significantly increased and capacity
fading over multiple recharging cycles is reduced.

According to the embodiment, the anode layer thus consists of an amorphous
columnar material as defined above, in which nano-crystalline regions exist.

The anode layer comprises a silicon-based material.

According to an aspect of the invention, the material of the columns comprises
amorphous silicon.

According to an aspect of the invention, the amorphous structure comprises up
to about 80% of a nano-crystalline structure.

According to an aspect of the invention, the material of the columns comprises a
silicon alloy or silicon based mixture. According to an embodiment, the silicon alloy or
silicon based mixture has an amorphous structure.

The silicon alloy may be either an addition or an alternative to the amorphous
silicon. Thus, according to an aspect of the invention, the material of the columns
comprises at least one material selected from amorphous silicon and amorphous silicon
alloy.

According to a further aspect, the material of the columns comprises amorphous
silicon and nano-crystalline silicon alloy.

In some embodiments, the silicon alloy may be present in the anode layer as a

nano-crystalline phase.
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According to an embodiment, the silicon alloy or silicon based mixture is
selected from a group of alloys or mixtures comprising Si-C, Si-N, Si-Ge, Si-Ag, Si-Sn.

In a further aspect, the present invention relates to a method for manufacturing a
rechargeable battery comprising at least an electrolyte layer, a cathode layer and an
anode layer. The method comprises the steps of

forming on a metallic substrate a nanostructured thin film layer comprising
silicon as an anode layer, wherein the forming process comprises deposition of the
anode layer by low pressure PECVD and the PECVD process comprises the use of a
microwave plasma of a mixture comprising a silicon containing gas and hydrogen, Ha,
in which the forming process is configured to create the nanostructured thin film layer
comprising a plurality of adjacent columns, the columns extending in a perpendicular
direction from the substrate and arranged adjacent to each other while separated by
column boundaries extending in the perpendicular direction, wherein the plurality of
columns comprise silicon and have an amorphous structure in which nano-crystalline
regions exist.

The method further comprises providing a lithium salt compound as the
electrolyte layer and arranging the electrolyte layer between a cathode surface of the
cathode layer and an anode surface of the anode layer.

The advantage of the method of the present invention is that the forming process
is a self-organizing and spontaneous process for forming on a substrate a continuous
amorphous layer nanostructured with a plurality of columns and interfaces there
between, yielding a rechargeable battery having an increased storage capacity per unit
weight and a reduced capacity fading.

According to the method, the interfaces in the nanostructured amorphous anode
layer will locally be perpendicular to the surface with the electrolyte layer.

In some embodiments the method stimulates dendritic or multibranch growth of
silicon columns, wherein the grain-like or crystal-like engagement between adjoining
silicon columns is maintained.

The method of the present invention is essentially a single step manufacturing
process without the need for pre- or post-treatment method steps for e.g. the substrate
and/or the silicon anode layer, thereby facilitating industrial production levels for

commercialization.
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Short description of drawings

The present invention will be discussed in more detail hereinafter based on a
number of exemplary embodiments with reference to the drawings, in which

Figure 1 shows a cross section of an embodiment of a rechargeable battery
according to the present invention;

Figure 2 shows a screen image from an electron microscope depicting a cross
section of an embodiment of a nanostructured silicon thin film layer according to the
present invention; and

Figure 3 shows a screen image from an electron microscope depicting a top
view of an embodiment of a nanostructured silicon thin film layer according to the

present invention.

Detailed description of exemplary embodiments

Figure 1 shows a cross section of an embodiment of a rechargeable battery 1
according to the present invention. In the embodiment shown, the rechargeable battery
1 comprises at least an electrolyte layer 2, a cathode layer 4 and an anode layer 6,
wherein said layers 2, 4, 6 are enclosed by a housing la. The electrolyte layer 2
comprises a lithium salt compound that is arranged between a cathode surface 8 of the
cathode layer 4 and an anode surface 10 of the anode layer 6. The cathode layer 4 as
well as the anode layer 6 are each arranged on a respective substrate 5.

In Figure 2 an exemplary embodiment of an anode layer according to the
invention is shown. The anode layer 6 comprises a nanostructured silicon thin film
layer comprising a plurality of silicon columns 12 or columns 12 arranged on the
substrate 5. The nanostructured silicon thin film layer has a measured crystal fraction of
zero or substantially zero, so the nanostructured silicon thin film layer comprises
amorphous silicon (a-Si), in particular the plurality of silicon columns 12 or columns
12 comprise amorphous silicon, in which nanocrystalline regions exist.

In light of the present invention the term “amorphous silicon” should be
construed as comprising protocrystalline silicon, which is a definition for amorphous
silicon comprising a fraction of nano-crystalline silicon. This fraction may be up to
about 80% of the nanostructured silicon thin film layer. So for ease of reference the

term amorphous silicon will be used hereinafter to indicate that the nanostructured
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silicon thin film layer comprises amorphous silicon, in which nano-crystalline regions
of the nanostructured silicon thin film layer are present with a fraction of nano-
crystalline silicon upto about 80 %.

Furthermore, it is noted that additionally or alternatively to “silicon”, the
columns may comprise a silicon-based material, i.e., a silicon based alloy or silicon
based mixture. Thus the term “silicon” should also be construed as comprising silicon-
based materials, i.e., silicon based alloys or silicon based mixtures.

According to an embodiment, the nanostructured silicon thin film layer
comprises n-type or p-type dopants to obtain a nanostructured silicon thin film layer of
either n-type conductivity or p-type conductivity, respectively.

According to an embodiment, the silicon alloy is selected from a group of
silicon based alloys or silicon based mixtures comprising Si-C, Si-N, Si-Ge, Si-Ag and
Si-Sn.

According to the invention, the columns may comprise either amorphous silicon
or amorphous silicon alloy or a combination of amorphous silicon and amorphous
silicon alloy.

Also, the anode layer may comprise a mixture of an amorphous material and
nano-crystalline phase. For example, a mixture of amorphous silicon and nano-
crystalline silicon, or a mixture of amorphous silicon with nano-crystalline silicon
alloy, or an mixture of silicon and silicon based alloy predominantly in an amorphous
state comprising a fraction (upto about 80%) of the mixture in a nano-crystalline state.

According to the present invention, the amorphous silicon columns 12 are
extending in a perpendicular direction from the anode surface 10, i.e., the interface
between the anode layer and the electrolyte layer, in which the plurality of silicon
columns 12 are arranged adjacent to each other while separated by interfaces extending
perpendicularly to the anode surface 10.

The rechargeable battery 1 of the present invention exhibits a higher storage
capacity per unit weight than prior art lithium ion batteries as the plurality of silicon
columns 12 and interfaces 14 there between improve the accessibility and diffusion of
lithium 1ons in and out of the nanostructured silicon thin film layer during a charging
cycle, i.e. during lithium (de)intercalation. As a result, specific storage capacity of up to

4000 mAh/g is achievable with the rechargeable battery 1 of the present invention.
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In an embodiment, the interfaces 14 resemble grain-like column boundaries 14
between the columns that extend in the perpendicular direction. According to the
invention, the term “grain-like column boundaries” refers to a type of interface or
region between adjoining silicon columns 12 (domains) that resemble grain or crystal
boundaries as customarily defined for grains consisting of crystalline atomic lattices.
So, although the plurality of silicon columns 12 comprise amorphous silicon-based
material, the silicon columns 12 exhibit a grain-like engagement between adjoining
columns.

It is the interface boundary 14 between adjoining silicon columns 12 that
provides the rechargeable battery 1 of the present invention with improved storage
capacity per unit weight as well as improved lithium diffusion between the silicon
columns 12 due to sufficient porosity of the interfaces in the nanostructured silicon thin
film layer.

In some embodiments the nanostructured silicon thin film layer comprises at
least in part free space between the plurality of silicon columns 12 in addition to the
columnar interfaces engagement there between, in which the free space further
facilitates volumetric changes during charging and discharging cycles of the
rechargeable battery 1, hence reducing capacity fading.

In a further embodiment, the silicon columns 12 also comprise dendritic or
multibranch silicon columns 12, thus having the silicon columns 12 comprising tree-
like branches of amorphous silicon.

In these embodiments the above mentioned grain-like or crystal-like
engagement between adjoining silicon columns 12 remains present at particular contact
regions, points or lines between said columns 12.

To further explain the complex and novel structure of the nanostructured silicon
thin layer of the present invention, Figure 3 shows a top view of an embodiment of the
nanostructured silicon thin film layer. In the embodiment shown, the plurality of silicon
columns 12 are depicted as brighter areas or granular spots and form a grain-like or
“poly crystalline” pattern. The column boundaries 14 between the plurality of silicon
columns 12 are depicted as darker areas separating the granular spots. From Figure 3 it
is further seen that the grain or granular pattern resembles a poly-crystalline structure
even though the plurality of silicon columns 12 are proto-crystalline i.e., comprise

amorphous silicon and nano-crystalline silicon. This complex and unique granular
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pattern between the plurality of silicon columns 12 provides the nanostructured silicon
thin film layer with its improved storage capacity per unit weight as well as improved
lithium diffusion through the nanostructured silicon thin film layer.

Another advantage of the rechargeable battery 1 is that the plurality of silicon
columns 12 and interfaces 14 therebetween allow for volumetric changes of the
nanostructured silicon thin film layer when lithium ions are absorbed and released.
More precisely, the interfaces 14 or spaces between the plurality silicon columns 12
enable stress relaxation during volumetric changes thereof during lithium ion
(de)intercalation, so that cracking and pulverization of the nanostructured silicon thin
film layer is reduced. Charge retention of up to 85% after 100 recharging cycles of the
rechargeable battery 1 is feasible.

In an embodiment, the nanostructured silicon thin film layer (i.e. the anode layer
6) has a porosity of about 30% to about 60%, which is defined by a spatial distribution
and arrangement of the plurality of silicon columns 12 across the anode layer 6. The
porosity of the nanostructured silicon thin film layer provides improved diffusion of
lithium ions throughout the silicon anode layer 6 and to facilitate volumetric changes
and stress relaxation of the silicon anode layer 6 during the (de)intercalation process.
The porosity value has been deduced from optical measurements for samples of
nanostructured silicon thin films, in accordance with a method described by Braun in
Thin Solid Films, vol. 496 (2004) p505.

In most embodiments the spatial distribution or arrangement of the plurality of
silicon columns 12 is a substantially random distribution across the anode layer 6. That
is, the plurality of silicon columns 12 is randomly distributed in lateral sense with
respect to the planar direction, e.g. parallel to the anode surface 10. This random
distribution of silicon columns 12 and interfaces 14 there between does not only
provide improved lithium diffusion and stress relieve within the nanostructured silicon
thin film layer during volumetric changes thereof, but the random distribution of the
plurality of silicon columns 12 and interfaces 14 also facilitates the manufacturing
process as the spatial distribution need not be actively controlled. In essence the
nanostructured silicon thin film layer is a self-organized nanostructured silicon thin
film layer.

In an embodiment, the interfaces 14 form diffusion paths for lithium ions during

intercalation and de-intercalation. The diffusion paths provided by the interfaces 14
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improve accessibility for lithium ions to each of the plurality of silicon columns 12 and
to be absorbed and released by it during (de)intercalation. Consequently, energy storage
capacities of up to 4000 mAh/g are achievable. The interfaces 14 also reduce stress and
strain within the plurality of silicon columns 12 by allowing for volumetric changes
thereof upon lithium ion insertion and extraction, thereby minimizing cracking and
pulverization of the nanostructured silicon thin film layer.

In advantageous embodiments each one of the plurality of silicon columns 12 is
elongated in the perpendicular direction perpendicular to the anode surface that
interfaces with the electrolyte layer. In this embodiment the plurality of silicon columns
12 can be envisaged as nanostructured elongated columns 12 or posts 12 arranged
perpendicular or substantially perpendicular to the anode surface 10 and/or the
substrate 5 of the anode layer 6. The elongated shape of the plurality of silicon columns
12 increases the freedom for volumetric changes of each of the silicon columns 12
during (de)intercalation of lithium ions. For example, each of the silicon columns 12
has more freedom to expand or contract laterally with respect to the perpendicular
direction, so that cracking and pulverization of the plurality of silicon columns 12 is
reduced and hence capacity fading is kept to a minimum.

In an embodiment, the plurality of silicon columns 12 have a length (or height)
in the perpendicular direction of about 0.1 um to about 10 pm, thereby providing a
sufficiently thin silicon anode layer 6 that has an improved resistance to cracking and
pulverization over multiple recharging cycles.

In an embodiment, the length of the silicon columns is between about 3 um to
about 8 um.

In a further specific embodiment, each one of the plurality of silicon columns 12
has an average footprint of about 0.25 um? to about 0.5 um? along the anode surface of
the nanostructured silicon thin film layer, which provides an improved aspect ratio
between a base width and length/height in the perpendicular direction of each of the
silicon columns 12, which further facilitates volumetric changes during lithium
(de)intercalation hence reduced cracking and pulverization of each of the silicon
columns 12.

In an advantageous embodiment, the nanostructured silicon thin film layer is
arranged on a substrate comprising a metallic conductor layer, e.g. copper, nickel,

which provide excellent electrical conductivity.
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In the light of the present invention, various lithium salt compounds can be used
in conjunction with the nanostructured silicon thin film layer. For example, in a group
of embodiments the lithium salt compound may comprise LiCoO» (“Li-cobalt”),
LiMn;0O4 (“Li-manganese spinel”, “LMO”), LiFePOs (“Li-phosphate”), LiNiMnCoO»
(“NMC”), LiNiCoAlO; (“NCA”) or Li4TisO12 (“Li-titanate”, “LTO”). Each of these
lithium salt compounds can be found in particular applications, ranging from electric
vehicle (EV) batteries to portable computer batteries, cell phone batteries and the like.
The rechargeable battery 1 of the present invention can therefore be used in existing
battery configurations of commercial products.

In a further aspect, the present invention relates to a method of manufacturing a
rechargeable battery. Reference is made to the Figures 1, 2 and 3.

According to the invention, a method is provided for manufacturing a
rechargeable battery 1 comprising at least an electrolyte layer 2, a cathode layer 4 and
an anode layer 6. The method comprises the steps of forming on a substrate 5 a
nanostructured silicon thin film layer as an anode layer 6, wherein the forming process
is configured to create the nanostructured silicon thin film layer comprising a plurality
of adjacent silicon columns 12 ( i.e., silicon based columns). As explained above, a
nanostructured silicon thin film layer is capable of providing a significantly higher, e.g.
10 fold, energy storage capacity than prior art graphite anodes.

During the formation process, the silicon-based columns 12 are extending
perpendicular to a surface of the nanostructured thin film layer. The plurality of silicon
columns 12 is arranged adjacent to each other while separated by interfaces 14
extending in the perpendicular direction, with the separation distance of the interfaces
being substantially parallel to the surface of the nanostructured thin film layer. Once
formed, the plurality of silicon columns 12 comprise amorphous silicon (am-Si), as
verified by structural analysis of the thin film material.

As mentioned hereinbefore, the term amorphous silicon should be construed as
comprising proto-crystalline silicon, thus wherein amorphous silicon comprises
regions of nano-crystalline silicon in a fraction up to about 80% of the nanostructured
silicon thin film layer. Further, the term “silicon” should also be construed as

comprising silicon-based materials, i.e., silicon alloys.
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The method further comprises providing a lithium salt compound as the
electrolyte layer 2 and arranging the electrolyte layer 2 between a cathode surface 8 of
the cathode layer 4 and an anode surface 10 of the anode layer 6.

An advantage of the method is that the plurality of silicon columns 12 are
formed in a self organising fashion and randomly distributed across the substrate 5, so
it is not necessary to actively steer or control the column formation. The method of the
present invention is therefore a one-step, self organising, spontaneous process for
forming a nanostructured silicon thin film layer without pre- or post-method steps. As a
result the method is readily adapted to produce silicon based anodes at industrial levels
for commercialization.

Another advantage of the method is that a variety of substrates 5 can be used for
forming the nanostructured silicon thin film layer. The substrate 5 may comprise either
a metallic layer or a semiconductor layer. In most embodiments, however, the substrate
5 will be a metallic substrate or metallic substrate layer (e.g. copper, nickel) in view of
good electrical conductivity thereof.

In an embodiment, the forming process comprises deposition of the anode layer
6 by Plasma Enhanced Chemical Vapour Deposition (PECVD), thereby allowing for
deposition of a nanostructured thin film anode layer having a thickness of 0.05 pm to
10 pum.

In a further embodiment, the PECVD process comprises the use of a microwave
plasma of a mixture of a silicon compound gas and hydrogen, H,. The silicon
compound may be for example silane SiH4 or a chloro-silane e.g. SiCly or SiH2Cls.

The use of microwave frequencies reduces ion bombardment of anode growth
zones on the substrate during the forming process, so that growth rates of the anode
layer 6 are increased.

In an even further embodiment, the mixture of silicon compound gas and H,
further comprises argon (Ar). Using such a mixture allows for a sustained plasma at
lower pressures and to promote self organized growth of the nanostructured silicon thin
film layer, 1.e. the plurality of silicon columns 12 and column boundaries, i.e.,
interfaces 14 there between. Here, self organized growth means that the formation of
the plurality of silicon columns 12 and interfaces 14 there between occurs
spontaneously. The plurality of silicon columns 12 are deposited in a substantially

random fashion across and along the substrate 5, thus forming a substantially random
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arrangement. The self organized formation of the plurality of silicon columns 12 can be
viewed as a one step manufacturing process, circumventing pre- and post-treatment of
the substrate 5 or deposited silicon anode layer 6.

Additionally, the formation of the nanostructured thin film layer comprises
addition of a doping pre-cursor to obtain a doped nanostructured silicon thin film layer
of either n-type or p-type in dependence of the precursor type. In an embodiment, the
precursor is a gaseous species added to the mixture of silane and hydrogen.

In many embodiments the PECVD process is a low-pressure PECVD process.
For example, in an embodiment the low-pressure PECVD process comprises pressures
above 0.15 mbar, so that a sustainable plasma can be maintained when a mixture of the
silicon compound gas e.g. silane, SiH4, and hydrogen, H», is used. In another
embodiment the low-pressure PECVD process comprises pressures below 0.15 mbar
when the mixture of e.g., silane, SiHs, and hydrogen, Ha, further comprises argon (Ar).

In a further embodiment, the PECVD process is a microwave PECVD process.
To allow for large area production of silicon anode layers 6, in an advantageous
embodiment the microwave plasma is created by an elongated antenna wire, of which
each end of the wire is coupled to a microwave generator. The elongated antenna wire
provides a substantially linear and uniform field of microwave radiation in the plasma
reactor during the formation process, so that a more uniform deposition of the plurality
of silicon columns is achieved over a large area. In an embodiment the length of the
antenna wire is 50 cm or more, e.g. 60 cm. The length of the antenna wire directly
influences the surface produced of the nanostructure silicon thin film layer. Increasing
the length of the antenna wire typically increases the achievable surface area of the
nanostructured silicon thin film layer that can be manufactured.

Without any limitation of the inventive concept and without being bound to any
theory on the deposition mechanism, it is considered that according to an embodiment
the method for formation of the nanostructured silicon thin film, is configured to
provide growth conditions of the silicon thin film where the deposited silicon atoms
experience a relatively low surface mobility resulting in the typical columnar structure
of the nanostructured silicon thin film.

The present invention embodiments have been described above with reference
to a number of exemplary embodiments as shown in and described with reference to

the drawings. Modifications and alternative implementations of some parts or elements
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are possible, and are included in the scope of protection as defined in the appended

claims.
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CLAIMS

Rechargeable battery comprising at least an electrolyte layer (2), a cathode layer
(4) and an anode layer (6); the electrolyte layer (2) comprising

a lithium salt compound arranged between a cathode surface (8) of the cathode
layer (4) and an anode surface (10) of the anode layer (6);

the anode layer (6) being a nanostructured thin film layer comprising a plurality
of adjacent columns (12), the columns (12) extending in a perpendicular
direction from the anode surface (10), wherein the adjacent columns are
separated by column boundaries (14) extending in the perpendicular direction;
wherein the columns (12) comprise silicon and have an amorphous structure in

which nano-crystalline regions exist.

Rechargeable battery according to claim 1, wherein the columns comprise up to

80% of nano-crystalline silicon.

Rechargeable battery according to claim 1 or 2, wherein the columns further

consist of amorphous silicon.

Rechargeable battery according to any one of claims 1 - 3, wherein the columns

further comprise a silicon alloy.

Rechargeable battery according to claim 4, wherein the silicon alloy has an

amorphous structure.

Rechargeable battery according to any one of claims 4 - 5, wherein the silicon
alloy is selected from a group of alloys comprising Si-C, Si-N, Si-Ge, Si-Ag, Si-
Sn.

Rechargeable battery according to any one of claims 1 - 6, wherein the

nanostructured thin film layer has a porosity of about 30% to about 70%.
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11.

12.

13.

14.

14
Rechargeable battery according to any one of claims 1 - 7, wherein the column
boundaries (14) form diffusion paths for Li ions during intercalation and

deintercalation.

Rechargeable battery according to any one of claims 1 - 8, wherein the columns

are elongated in the perpendicular direction.

Rechargeable battery according to claim 9, wherein the columns have a length

in the perpendicular direction of about 0.1 um to about 10 um.

Rechargeable battery according to claim 9 or 10, wherein the columns have a

length in the perpendicular direction of about 3 um to about 8 pm.

Rechargeable battery according to any one of claims 9 - 11, wherein the
columns have an average footprint of about 0.25 to about 0.5 um?, along the

surface of the nanostructured thin film layer.

Rechargeable battery according to any one of the preceding claims 1 — 11,
wherein the nanostructured thin film layer is arranged on a substrate comprising

a metallic conductor layer or a semiconductor layer.

Method for manufacturing a rechargeable battery comprising at least an
electrolyte layer (2), a cathode layer (4) and an anode layer (6), comprising the
steps of’

forming on a metallic substrate a nanostructured thin film layer comprising
silicon as an anode layer (6), wherein the forming process comprises deposition
of the anode layer by low pressure PECVD and the PECVD process comprises
the use of a microwave plasma of a mixture comprising a silicon containing gas
and hydrogen, H», in which the forming process is configured to create the
nanostructured thin film layer comprising a plurality of adjacent columns (12),
the columns (12) extending in a perpendicular direction from the substrate and
arranged adjacent to each other while separated by column boundaries (14)

extending in the perpendicular direction, wherein the plurality of columns (12)
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17.
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19.

20.
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15
comprise silicon and have an amorphous structure in which nano-crystalline
regions exist,
the method further comprising
providing a lithium salt compound as the electrolyte layer (2); and
arranging the electrolyte layer (2) between a cathode surface (8) of the cathode

layer and an anode surface (10) of the nanostructured thin film layer (6).

Method according to claim 14, wherein the microwave plasma is created by an
elongated antenna wire, of which each end of the wire is coupled to a

microwave generator.

Method according to any one of claim 14 - claim 15, wherein the columns

comprise up to 80% nanocrystalline silicon.

Method according to any one of claims 14 — 16, wherein the columns further

consist of amorphous silicon.

Method according to any one of claims 14 — 17, wherein the columns further

comprise a silicon alloy.

Method according to any one of claims 14 - 18, wherein the silicon alloy is

amorphous.

Method according to any one of claims 14 - 18, wherein the columns comprise

amorphous silicon and nano-crystalline silicon alloy.

Method according to claim 20, wherein the mixture of a silicon containing gas

and H; further comprises an alloying component, for forming the silicon alloy.

Method according to any one of claims 14 - 21, wherein the formation of the
nanostructured thin film layer comprises adding a doping precursor of either n-

type or p-type for doping the nanostructured thin film layer either as an n-type
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23.

5
24.
25.

10

16

conductive layer or a p-type conductive layer.

Method according to any one of claims 21 - 22, wherein the mixture of a silicon

containing gas and H; further comprises argon, Ar.

Method according to any one of claims 14 — 23, wherein the substrate comprises

a metallic conductor layer or a semiconductor layer.

Method according to any one of claims 14 — 24, wherein the silicon containing

gas 1s selected from a group comprising silane and chlorosilanes.
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