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LARGE CAPACITY THIN FILM BATTERY
AND METHOD FOR MAKING SAME

This disclosure relates to thin-film batteries, and more particularly to methods
and batteries so formed using surface enlargement to provide high capacity functionality.

Micro power sources, such as all-solid-state thin film batteries (TFBs) are
currently seen as the future power sources in many stand-alone and small-scale autonomous
devices like sensor systems, RFID, medical implants and many more applications. State-of-
the-art TFBs are of a planar nature (2D) and can thus only store a relatively small amount of
energy per footprint area (~50 microAh/cm” per micron of cathode thickness).

It is known that Li can be intercalated into Si at a high concentration (4.4 Li
atoms per Si atom), giving a theoretical energy capacity of about 4000 mAh/gr of Si.
However, the expansion of the Si layer upon Li intercalation results in a degradation of the
layer, and limits the number of cycles. Moreover, diffusion through thick Si layers is slow
and limits the operation performance (power output and charging speed) of the battery.

The surface enlargement (and thus energy/power output enhancement), which
can be realized by means of providing the substrate with a plurality of cavities, is generally
done by dry etching processes such as Reactive lon Etching and Ion Beam Etching, which
are expensive and slow. Further, the etch rate drops dramatically when very high aspect ratio
structures (e.g., very deep cavities) need to be processed. Moreover, the tool costs and
investment are also very high.

In accordance with the present principles, an all-solid-state thin film energy
source with very high energy storage properties per footprint area is provided. This can be
realized through 3D surface enlargement of a bottom substrate. In accordance with one

embodiment, a highly-controllable nanowire structure is grown for creating a 3D backbone
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or skeleton structure on a planar substrate. This backbone can be covered by a complete thin
film battery stack. A battery comprising, e.g., LiMOx cathodes, solid-state electrolytes and
Li-intercalation anodes (such as LiAl, LiSi, Liln, LiZn, ...) may be employed. These new
3D TFBs can theoretically deliver over 20 times the amount of energy per footprint area for
the same cathode thickness, compared to their planar counterpart. The planar battery systems
result from surface area enlargement generated by selectively etching 3D features in standard
planar substrates by means of reactive ion etching (RIE) for example.

The present principles instead grow nanowires up from a substrate rather than
etching structures into the substrate. Additionally, the surface coverage or wire density can
be tuned accurately in a wide range (from 0.1% to over 50%). One advantage is that by
using a skeleton structure, the battery stack does not suffer from degradation upon cycling, as
the active intercalation/storage electrodes can remain very thin. This implies that employing
surface area enlargement results in a battery device in which the same amount of energy can
be stored per footprint (as compared to planar geometries), using thinner active electrodes.
This is combined with a very high storage capacity, stability and fast diffusion through the
thin active layers. Applications in which this power source can be utilized may include, for
example, autonomous sensors for body area networks (BAN) and wireless sensor networks
(WSN), lighting applications (presence detection), medical implants, etc.

A Vapor-Liquid-Solid (VLS) growth mechanism for semiconducting
nanowires provides a mechanism for growing wires, e.g., from group IV, III-V and [I-VI
compound semiconductor materials. Other materials such as conductive materials and even
msulating materials may also be employed for wires. The process controls impurity doping
(p- and n-type), growth rate in the vertical and radial direction, and the fabrication of
heterostructures. By using silicon nanowires, the expansion of the crystal is accommodated

by the geometry and diffusion is fast across short distances. A storage capacity of, e.g., 3000
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mAh/gr can be provided by such a system. However, the wires may show degradation after
several charge/discharge cycles due to a collapse of the wire structures. Therefore,
protection structures and formation methods are provided in accordance with the present
principles to provide a robust skeleton structure to support a high performance and reliable
thin film battery.

A method for fabricating a battery includes growing wires on a substrate to
form a three-dimensional skeleton structure to increase a surface arca. A battery stack is
deposited on the skeleton structure and includes thinner active electrodes, which increases
stability and a lifetime of the battery.

A method for fabricating a battery includes growing wires on a substrate to
form a three-dimensional skeleton structure. The skeleton structure resists degradation due
to intercalation cycling and an active intercalation material is deposited on the skeleton
structure. A thin film battery (TFB) includes a substrate, and a plurality of vertical vapor-
liquid-solid (VLS) grown nanowires attached to the substrate to form a three-dimensional
skeleton structure. The skeleton structure resists degradation due to intercalation cycling. A
shell layer is formed over the wires and preferably forms an active electrode of a battery
stack. The battery stack is deposited on the skeleton structure. The battery stack includes an
active intercalation material. The shell layer may be an anode or cathode of the battery. The
anode may be defined as a negative electrode of the battery (¢.g., the active electrode of the
battery having the most negative potential). This is because in a rechargeable battery system
the word anode or cathode actually depends on the whether the battery is being charged or
discharged.

These and other objects, features and advantages of the present disclosure will
become apparent from the following detailed description of illustrative embodiments thereof,

which is to be read in connection with the accompanying drawings.
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This disclosure will present in detail the following description of preferred
embodiments with reference to the following figures wherein:

FIG. 1 is a diagram showing a formation of a catalyst particle and the growth
of a nanowire in accordance with the present principles;

FIG. 2 is a cross-sectional view of a nanowire having a shell layer and
optional barrier layer formed thereon;

FIG. 3 is a cross-sectional view of a skeleton structure of grown nanowires in
accordance with the present principles;

FIG. 4 is a cross-sectional view of the skeleton structure of FIG. 3 with a
battery stack formed thereon in accordance with the present principles;

FIG. 5 is a diagram showing a formation of catalyst particles on sides of
nanowires and grown to form branches in accordance with the present principles; and

FIG. 6 is a flow diagram showing steps for fabricating a battery in accordance
with an illustrative embodiment.

The present disclosure describes an all-solid-state thin film energy source with
very high energy storage properties per footprint area realized through 3D surface
enlargement of the (bottom) substrate. Highly-controllable nanowire growth is employed for
creating a 3D backbone or skeleton structure on a planar substrate. Additionally, the surface
coverage or wire density can be tuned accurately in a wide range (from 0.1% to over 50%).
Due to the inert nature of the skeleton material, the structure does not suffer from degradation
upon cycling. This is combined with a very high storage capacity, stability and fast
diffusion, which are achieved through the thin active layers. Based on experimental and
theoretical evidence of planar solid-state thin film batteries, thinner active layers (active
intercalation or storage electrodes) show substantially better performance with respect to

lifetime (e.g., cycling). Therefore, enlargement of the surface area of the support (e.g.,
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substrate) by a factor of X leads to the same storage capacity per footprint for a 1/X thickness
of the active electrodes, compared to the planar situation. This reduction in active electrode
thickness is a contributor to extended lifetime of the battery device.

It should be understood that the present invention will be described in terms of
an illustrative battery structure and with illustrative materials; however, the teachings of the
present invention are much broader and are applicable to any battery structures including any
number of three dimensional shapes or components that can be mounted on, positioned on or
otherwise placed on a substrate. Further other suitable materials may be employed in
accordance with the present principles.

Referring now to the drawings in which like numerals represent the same or
similar elements and initially to FIG. 1, a diagram depicts stages of nanowire growth on a
substrate 10. Substrate 10 may include any suitable material that is compatible with the
nanowires material selection. The substrate 10 may include an isolation material a
conductive material or a semiconductive material, e.g., Si, Ge, GaAs, etc. Vertical nanowires
are grown on the substrate 10 using, e.g.., a Vapor-Liquid-Solid (VLS) growth mechanism at
a low temperature. In one embodiment, the temperature for growth may be, ¢.g., about 400 —
450 °C (preferably about 420°C). The VLS mechanism condenses a vapor to form catalyst
particles 12 on substrate 10. The droplets or particles 12 settle to become elliptical in shape
14 to provide a position for growing nanowires 18. A deposition of the material for forming
nanowires 18 causes the nanowires to grow below particles 14. As time 16 ¢lapses, the
nanowires 18 grow larger. These nanowires 18 have a small diameter (preferably about 20-
50 nm) and grow to between about a hundred nm to several microns. To benefit from the
area enlargement in a 3D TFB, a surface area enlargement of about 5 or greater, preferably
10 or greater, and more preferably 25 or greater, is achieved to provide better performance.

The larger the surface area, the better the performance is.
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A doping type and density of the nanowires 18 is controlled, such that in one
embodiment we have at least about 10" cm™ free carriers to have a conductive system.
Controlling the doping density and doping type is performed by adjusting in-situ processing
parameters, such as the type of doping element and temperature of evaporation, etc. The
material of a first layer which forms the nanowires 18 may be from group IV, III-V or II-VI.
For example, group I1I-V materials may include, e.g., GaN or InP. A group II-VI compound
may include, ¢.g., ZnO. Growth of the nanowire skeleton (e.g. wires 18) is terminated by
decreasing the temperature and discontinuing a precursor flow.

Referring to FIG. 2, in a next step, a shell layer 22 is formed around the
vertical nanowires 18. For example, the temperature may be greater than 420°C, but depends
on the material selected for the shell layer 22. The thickness of layer 22 is controlled by the
deposition time, and the layer 22 may include any semiconductor material, for example, Si,
Ge, another group IV element, a 1I-VI material or III-V material may be employed. In one
embodiment, a deposition of a Sb shell (e.g., about 10 nm in thickness) is formed around a Si
core (nanowire 18). This yields an electrochemically stable structure, as long as one remains
in the proper voltage limits (in this case the voltage needs to remain above 0.7V), in which
the Si core is thermodynamically unable to store Li, whereas the shell (Sb), is able to
reversibly insert/extract Li. For multiple materials this is shown in Table 1. The shell layer
22 preferably forms an active electrode of a TFB battery stack. In cases where the shell layer
22 is not an active battery electrode may include a situation where a non-doped skeleton
structure is employed with a doped shell layer that can be utilized as a current collector, or

the shell layer may be employed as a barrier layer.
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Table 1: Lithium Insertion and Extraction Voltages are shown for selected materials.

Lithium Lithium
Anode material Insertion Extraction

Si 0.25 0.45 V vs. Li/Li+
Ge 0.35 0.55 V vs. Li/Li+
Sn 0.5 0.6 V vs. LilLi+
Pb 0.4 0.5 V vs. Li/Li+
Al 0.25 0.5 V vs. Li/Li+
Zn 0.3 0.6 V vs. LilLi+
SnO 0.4 0.6 V vs. LilLi+
SnNx 0.3 0.5 V vs. LilLi+
InNx 0.8 0.8 V vs. LilLi+
Bi 0.8 0.9 V vs. Li/Li+
Sb 0.9 1 Vvs. LilLi+
Ga 0.5 0.8 V vs. LilLi+
GaP 0.5 0.7 V vs. LilLi+
InP 0.5 0.7 Vvs. LilLi+
In203 0.8 1 Vvs. LilLi+
SiO 0.1 0.35 V vs. Li/Li+
SiNx 0.2 0.4 V vs. Li/Li+
ZnS 0.5 1 Vs, LilLi+
Zn3P2 0.4 0.6 V vs. Li/Li+

Referring to Table 1, for example, if a Si core/skeleton structure is covered
with a Sb shell, then operating this (anode) structure in a voltage range (vs. a Li/Li" reference
couple) from 0.8V — 1.2V, one can reversibly store Li in the Sb shell, but not in the Si core
(as this reversibly stores lithium in the 0.25 — 0.45V range). The core/shell structure material
can be selected to provide a desired response for a battery in a desired voltage range. The
shell layer 22 is used as an active electrode material that reversibly stores lithium, while the
core material 18 is electronically conductive as it is used as a current collector. In one
embodiment, any semiconductor material may be employed for the core material 18, and
preferably a doped semiconductor material. In another embodiment, carbon nanotube/wires
(which reversibly store Li between 0 — 0.3V) may be grown on a substrate using VLS
growth. The carbon nanotubes/wires can be covered with a shell material that reversibly
teracts with Li at potentials higher than that of carbon.

The shell layer 22 protects the wires 18 from degradation and collapse during

charge/discharge cycles of intercalation cycling. Protection is provided by shell layer 22 to
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provide a robust skeleton structure to support a high performance and reliable thin film
battery.

In one embodiment, an effective lithium barrier layer 24, such as Ta, Ti, TaN
or TiN can be deposited on the core wires 18 (preferably before depositing the shell layer 22)
to prevent Li diffusion into the wire structure (and the accompanying volume changes). This
allows a much wider range of materials that can be used for both the shell layer 22 and/or
core materials for wires 18. This TiN/Ta barrier layer 24 is impenetrable to, ¢.g., Li, but is an
electronic conductor and therefore is a good current collector as well as a barrier layer. With
use of the barrier layer 24 to chemically separate the core 18 and the shell 22 (or active
electrode layers), a wide range of material combinations becomes possible, even those
materials where the thermodynamics dictates that reversible Li storage of shell layer
materials will occur at potentials more negative than those related to Li storage potentials of
the core material.

Catalyst 14 may remain embedded in the structure. Optionally, the catalyst 14
can be removed, e.g., using a wet chemical etch based on, ¢.g., cyanide (CN) or iodide (I5).

Referring to FIGS. 3 and 4, after deposition of the wires 18 has been
completed, the surface-enhanced substrate 30 is ready for the next step. The surface-
enhanced substrate 30 can subsequently be used to deposit a full battery stack 40 thereupon.
The battery stack 40 comprises formation of battery stack components, such as back-to-back
layer depositions of an anode, a solid electrolyte and a cathode (or vise versa). One of active
electrodes (a cathode or an anode) of a battery stack may be formed as the shell layer 22.

To be able to step-conformally deposit the battery stack layers, a low pressure
deposition technique may be employed. This technique may include, e.g., a Low Pressure
Chemical Vapor Deposition (LPCVD), an Atomic Layer Deposition (ALD) or special types

of Physical Vapor Deposition (PVD), such as, biased sputtering. The battery stack 40 may
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include, e.g., LiMOx cathodes, solid-state electrolytes and Li-intercalation anodes (such as
LiAl, LiSi, Liln, LiZn, ...). In one illustrative embodiment, using LPCVD, step conformal
anodes (silicon), solid electrolytes (LisPO4) and cathodes (LiC0O,) can be manufactured.
Other materials and processes may also be employed.

The present principles employ highly-controllable nanowire growth for
creating a 3D backbone or skeleton structure on a planar substrate, which can additionally be
covered by a layer of active (Lithium intercalation) material, ¢.g., solid electrolytes (LisPOy)
and cathodes (LiCo0O,) of a battery stack. Additionally, the surface coverage or wire density
can be tuned accurately in a wide range (from about 0.1% to over 50%). The tuning of the
wire density may be controlled by chamber temperature and pressure during catalyst
deposition/formation (12, 14). Further, the wire density may be controlled by creating
conditions for forming a 3D skeleton. This may include depositing a second generation of
catalyst particles on side walls of the nanowires and growing branches.

Catalysts used for either or both of the first and second generations may
include Au, Ag, Cu, Ni, Fe, Co (transition metals), etc., preferably metals with a low melting
temperature. However, catalyst materials may comprise the same element(s) as the
nanowires 18 to be grown, such as, e.g., Ga, In, Zn, Al, etc.

Referring to FIG. 5, a sequence for growing branches 54 from nanowires 18 is
illustratively depicted. A second generation of catalyst particles 52 is deposited on side walls
of the nanowires 18. Using VLS, branches 54 are grown outward from the nanowire 18.
This provides a greater topography and may increase the surface area of the skeleton
employed for forming a thin-film battery. As with the nanowire 18, due to the inert nature
of the skeleton material, the structure, which may be employed in batteries, does not suffer
from degradation upon intercalation cycling, and provides a very high storage capacity,

stability and fast diffusion through the thin active layers.
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Referring to FIG. 6, a method for fabricating a battery in accordance with an
illustrative embodiment is depicted. In block 102, a substrate is provided. In block 104,
wires are grown on the substrate to form a three-dimensional skeleton structure. The
skeleton structure resists degradation due to intercalation cycling through material selection.
In block 106, in a preferred embodiment, a vapor-liquid-solid (VLS) mechanism is employed
to grow the wires from the substrate. The VLS mechanism includes depositing catalyst
particles on the substrate and growing the wires in a substantially vertical form at the sites of
the catalyst particles. The wires are preferably nanowires and have a diameter of between
about 20nm and 50 nm. In one embodiment, the wires include at least one of a group IV
material, a II-IV material, a III-V material, and/or suitable combinations thereof. In
particularly useful embodiments, the wires may include at least one of GaN, InP and ZnO.
The wires on the substrate are formed at a first temperature, which is preferably less than or
equal to 420 degrees Celsius. In block 108, a density of the wires is tunable in accordance
with process parameters. The density can be adjusted from between about 0.1% to about
50%.

In block 110, a second deposition of catalyst particles may be formed on sides
of the wires and the VLS mechanism is again applied to form branches from the sides of the
wires. In block 112, doping type and density of the wires is controlled to ensure conductivity
in the wires. In block 114, a barrier layer is optionally formed over the wires that ensures
that no electrochemically active species (which may include Li(0) or Li+ in the case of
lithium-ion batteries) can diffuse from active intercalation material which would be
subsequently formed onto the underlying skeleton structure (e.g., a shell layer).

In block 116, a battery stack is formed over the wires of the skeleton
structure. The battery stack layer includes a shell layer. The shell layer is formed in contact

with the barrier layer or the wires of the skeleton structure. The shell layer may include at
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least one of Si, Ge, and a III-V material if the wires are formed from II-1V material or a I1I-V
material. The shell layer includes an active intercalation material deposited on the barrier
layer/skeleton structure. The active intercalation material may include a lithium compound,
and is preferably part of a battery stack formed over the skeleton structure. The shell layer
preferably forms a first active electrode, followed by an electrolyte and a second active
electrode to form the battery stack.

In interpreting the appended claims, it should be understood that:

a) the word "comprising” does not exclude the presence of other
elements or acts than those listed in a given claim;

b) the word "a" or "an" preceding an element does not exclude the
presence of a plurality of such elements;

c) any reference signs in the claims do not limit their scope;

d) several "means" may be represented by the same item or
hardware or software implemented structure or function; and

e) no specific sequence of acts is intended to be required unless
specifically indicated.

Having described preferred embodiments for a large capacity thin film battery
and methods for making same (which are intended to be illustrative and not limiting), it is
noted that modifications and variations can be made by persons skilled in the art in light of
the above teachings. It is therefore to be understood that changes may be made in the
particular embodiments of the disclosure disclosed which are within the scope and spirit of
the embodiments disclosed herein as outlined by the appended claims. Having thus
described the details and particularity required by the patent laws, what is claimed and

desired protected by Letters Patent is set forth in the appended claims.
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CLAIMS:

1. A method for fabricating a battery, comprising:

growing (104) wires up from a substrate to form a three-dimensional skeleton
structure to increase a surface area; and

depositing (116) a battery stack on the skeleton structure with increased

surface area.

2. The method as recited in claim 1, wherein growing wires includes growing

nanowires having a diameter of between about 20nm and 50 nm.

3. The method as recited in claim 1, wherein growing wires includes applying

(106) a vapor-liquid-solid (VLS) mechanism to grow the wires from the substrate.

4. The method as recited in claim 3, wherein applying (106) the VLS
mechanism includes depositing catalyst particles on the substrate and growing the wires in a

vertical form at sites of the catalyst particles.

5. The method as recited in claim 4, further comprising depositing (110)

second catalyst particles on sides of the wires and applying the VLS mechanism to form

branches from the sides of the wires.

6. The method as recited in claim 1, further comprising controlling (112)

doping type and density of the wires to provide conductivity in the wires.

7. The method as recited in claim 1, further comprising forming (116) a shell
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layer over the skeleton structure wherein the shell layer includes an electrochemically stable
structure which is thermodynamically unable to store or is able to reversibly insert and

extract an active species material of the battery stack.

8. The method as recited in claim 1, further comprising forming (114) a

barrier layer over the wires to reduce diffusion of an active species of the battery stack.

9. The method as recited in claim 1, wherein the battery stack includes a

lithium compound.

10. The method as recited in claim 1, further comprising tuning (108) a

density of the wires in accordance with process parameters.

11. The method as recited in claim 10, wherein the density is adjusted from

between about 0.1% to about 50%.

12. A method for fabricating a battery, comprising:

growing (104) wires on a substrate to form a three-dimensional skeleton
structure by applying a vapor-liquid-solid (VLS) mechanism to grow the wires from the
substrate;

forming (116) a shell layer over the wires an a first active electrode which is
thermodynamically unable to store or is able to reversibly insert and extract an active species
of a battery stack; and

depositing (116) an electrolyte layer and a second active electrode to form the

battery stack over the skeleton structure.
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13. The method as recited in claim 12, wherein growing wires includes

growing nanowires having a diameter of between about 20 and 50 nm.

14. The method as recited in claim 12, wherein applying (106) the VLS
mechanism includes depositing catalyst particles on the substrate and growing the wires in a
vertical form at sites of the catalyst particles, and depositing (108) second catalyst particles
on sides of the wires and applying the VLS mechanism to form branches from the sides of

the wires.

15. The method as recited in claim 12, further comprising controlling (112)

doping type and density of the wires to provide conductivity in the wires.

16. The method as recited in claim 12, further comprising forming (114) a

barrier layer over the wires to reduce diffusion of the active species of the battery stack.

17. The method as recited in claim 12, further comprising tuning (108) a
density of the wires in accordance with process parameters, wherein the density is adjusted

from between about 0.1% to about 50%.

18. A thin film battery (TFB), comprising:

a semiconductor substrate (10);

a plurality of vertical vapor-liquid-solid (VLS) grown nanowires (18) attached
to the substrate to form a three-dimensional skeleton structure, the skeleton structure being

formed to enhance surface arca; and
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a battery stack (40) deposited on the skeleton structure, the battery stack
having active electrodes with a thickness less than active electrode layers used with planar
formed battery stacks of a same capacity resulting in increased lifetime and stability of the

battery stack.

19. The battery as recited in claim 18, wherein the nanowires include a

diameter of between about 20 and 50 nm.

20. The battery as recited in claim 18, further comprising branches (54)

attached to sides of the nanowires.

21. The battery as recited in claim 18, further comprising a barrier layer (24)

formed over the wires to reduce diffusion of an active species of the battery stack.

22. The battery as recited in claim 18, wherein the nanowires have a density

between about 0.1% to about 50%.
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