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DESCRIPTION

POWER STORAGE DEVICE AND METHOD FOR MANUFACTURING THE
SAME

TECHNICAL FIELD
[0001]
One embodiment of the invention to be disclosed relates to a power storage

device and a manufacturing method thereof.

BACKGROUND ART
[0002]

In recent years, with an increase of environmental engineering, development of
power generation technologies (e.g., solar photovoltaic power generation) which pose
fewer burdens on the environment than conventional power generation methods has
been actively conducted. Concurrently with the development of power generation
technology, development of power storage technology has also been underway.

[0003]

As a power storage technology, for instance, there is a power storage device
such as a lithium ion secondary battery. Lithium ion secondary batteries are widely
prevalent since their energy density is high and because they are well suited for
miniaturiiation.

[0004]

As a positive electrode active material of a lithium ion secondary battery, for
example, there are a composite oxide containing at least alkali metal and transition
metal and a composite oxide containing at least alkaline earth metal and transition metal.
Specifically, an iron phosphate compound (AFePOs, where A is alkali metal such as
lithium (Li) or sodium (Na) or alkaline earth metal such as magnesium (Mg) or calcium
(Ca)) having an olivine structure can be given.

[0005]
For example, in lithium iron phosphate (LiFePO,) having an olivine structure,

lithium ions are arranged one-dimensionally in <010>, <001>, and <101> directions in
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such a manner that the ions are connected to each other. In lithium iron phosphate
having an olivine structure, lithium ions move in these directions to leave and enter the
lithium iron phosphate, whereby charging and discharging are performed. Lithium
ions move in a <010> direction more easily than in the other two directions. It is
known that lithium iron phosphate (LiFePO,4) having an olivine structure possesses
favorable characteristics owing to its lithium arranged one-dimensionally and has
excellent safety because it does not release oxygen even when heated to higher than 350
°C.

[0006]

A positive electrode active material layer which contains an iron phosphate
compound (AFePO,) having an olivine structure as an active material is formed in such
a manner that particles of lithium iron phosphate are mixed with a conductive agent
(e.g., carbon) and a binder and the mixture is shaped over a current collector (for
example, see Patent Document 1). Generally, when a ratio of a material which ions
can leave and enter (i.e., an active material; here, lithium iron phosphate) is increased in
an active material layer with the volume of the active material layer unchanged, the
amount of ions capable of leaving and entering the active material is increased, which
can lead to an increase in capacity of a battery.

[Reference]

[Patent Document]

[0007]

[Patent Document 1] Japanese Published Patent Application No. 2004-079276

DISCLOSURE OF INVENTION
[0008]

An object of one embodiment of the disclosed invention is to increase the
amount of ions capable of leaving and entering an active material so as to increase
capacity of a battery.

[0009]

One embodiment of the disclosed invention is a manufacturing method of a

power storage device which includes a positive electrode active material formed usilng a

composite oxide containing at least alkali metal and transition metal. The
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manufacturing method of the power storage device includes the steps of: forming a base
layer over a support substrate; forming a layer of sodium iron phosphate over the base
layer; and using a layer of single crystalline sodium iron phosphate having an olivine
structure with a crystal axis oriented in a <010> direction as the positive electrode
active material by converting the layer of sodium iron phosphate by a heat treatment.
[0010]

One embodiment of the disclosed invention is a manufacturing method of a
power storage device including a positive electrode active material formed using a
composite oxide containing at least alkali metal and transition metal. The
manufacturing method of the power storage device includes the steps of: forming a base
layer over a support substrate; forming a layer of lithium iron phosphate over the base
layer; and using a layer of single crystailine lithium iron phosphate having an olivine
structure with a crystal axis oriented in a <010> direction as the positive electrode
active material by converting the layer of lithium iron phosphate by a heat treatment.
[0011]

One embodiment of the disclosed invention is a power storage device
including: a positive electrode including a positive electrode active material provided in
contact with a base layer over a support substrate and formed using single crystalline
sodium iron phosphate having an olivine structure with a crystal axis oriented in a
<010> direction and a lattice constant being equivalent to that of a material of the base
layer, and a positive electrode current collector; a negative electrode including a
negative electrode active material and a negative electrode current collector; a separator
provided between the positive electrode and the negative electrode; and an electrolyte.
[0012] |

One embodiment of the disclosed invention is a power storage device
including: a positive electrode including a positive electrode active material provided in
contact with a base layer over a support substrate and formed using single crystalline
lithium iron phosphate having an olivine structure with a crystal axis oriented in a
<010> direction and a lattice constant being equivalent to that of a material of the base
layer, and a positive electrode current collector; a negative electrode including a
negative electrode active material and a negative electrode current collector; a separator

provided between the positive electrode and the negative electrode; and an electrolyte.
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[0013]

In one embodiment of the disclosed invention, the base layer is formed using a
material selected from B-Ta, Cu;[Cdp 79Feo17Mng 04]GeS4, CuFeGeSy, CuFeS,, CuGaS,,
Cu3[Asp.644Sbo356]S4, CugFesSi6, CaV307, WO3-H,0, Fe;SiOs, MgySiOs, LizPOy,
CusFes[VO4]s, [Feo202Mgo.708]2S104, NaSiOs, and LiAISiO4-H>O.

[0014]

According to one embodiment of the disclosed invention, the amount of ions

capable of leaving and entering an active material can be increased; thus, capacity of a

battery can be increased.

BRIEF DESCRIPTION OF DRAWINGS
[0015]

In the accompanying drawings:

FIG. 1 is a cross-sectional view illustrating a power storage device;

FIGS. 2A to 2D are cross-sectional views illustrating a manufacturing process
of a power storage device;

FIGS. 3A to 3C are cross-séctional views illustrating a manufacturing process
of the power storage device;

FIGS. 4A to 4D are cross-sectional views illustrating a manufacturing process
of the power storage device;

FIGS. 5A and 5B are a diagram illustrating a unit cell of LiFePO4 having an
olivine structure and a diagram illustrating a unit cell of NaFePO4 having an olivine
structure, respectively;

FIGS. 6A and 6B are a schematic diagram describing a change in activation
energy of diffusion of Li and a diagram illustrating a diffusion path of Li ions;

FIG. 7 is a cross-sectional view illustrating a power storage device; and

FIG. 8 is a cross-sectional view illustrating a power storage device.

BEST MODE FOR CARRYING OUT THE INVENTION
[0016]

Embodiments of the invention disclosed in this specification will be hereinafter
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described with reference to drawings. Note that the invention disclosed in this
specification can be carried out in a variety of different modes, and it is easily
understood by those skilled in the art that the modes and details of the invention
disclosed in this specification can be changed in various ways without departing from
the spirit and scope thereof. Therefore, the present invention is not construed as being
limited to description of the embodiments. Note that, in the drawings hereinafter
shown, the same portions or portions having similar functions are denoted by the same
reference numerals, and repeated description thereof will be omitted.

[0017]

[Embodiment]

In this embodiment, a power storage device, a manufacturing method thereof,
and a manufacturing method of a positive electrode are described with reference to FIG.
1, FIGS. 2A to 2D, FIGS. 3A to 3C, FIGS. 4A to 4D, FIG. 7, and FIG. 8.

[0018]

A structure of a secondary battery 130 of this embodiment is illustrated in FIG.
1. The secondary battery 130 has a housing 141, a positive electrode 148 including a
positive electrode current collector 142 and a positive electrode active material layer
143, a negative electrode 149 including a negative electrode current collector 144 and a
negative electrode active material layer 145, a separator 146 provided between the
positive electrode 148 and the negative electrode 149, and an electrolyte 147.

[0019]

Specifically, as the positive electrode active material layer 143, a single
crystalline active material layer 108 illustrated in FIG. 7 or that illustrated in FIG. 8 is
used. The single crystalline active material layer 108 is provided in contact with a
base layer 102 which is over a support substrate 101. The single crystalline active
material layer 108 is a layer of single crystalline sodium iron phosphate having an
olivine structure or a layer of single crystalline lithium iron phosphate having an olivine
structure with a crystal axis oriented in a <010> direction and a lattice constant being
equivalent to that of a material of the base layer 102.

[0020]
The base layer 102 is formed using a material selected from f-Ta,

CUQ[CdOJQFCoJ7MII0,()4]GCS4, CUzFCGCS4, CUFCSz, CuGaS;, CU3[ASo_644$b0~356]S4,
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CugFegSi6, CaV307, WO3H2O, FesSiOs, MgSiOs, LizPOy, CU3Fé4[VO4]5,
[Feo.292Mgo 708]2S104, NaSiOs, and LiAISiO4-H,0.
[0021]

Each of the above materials has a lattice constant which is equivalent to that of
lithium iron phosphate having an olivine structure or sodium iron phosphate having an
olivine structure. The layer of lithium iron phosphate or the layer of sodium iron
phosphate which is formed over the base layer 102 is epitaxially grown reflecting a
specific lattice plane of the base layer 102 so as to be a layer of single crystalline
lithium iron phosphate having an olivine structure or a layer of single crystalline sodium
iron phosphate having an olivine structure.

[0022]

In the layer of single crystalline lithium iron phosphate having an 6livine
structure dr the layer of single crystalline sodium iron phosphate having an olivine
structure, lithium ions or sodium ions are arranged one-dimensionally in <010>, <001>,
and <101> directions in such a manner that the ions are connected to each other.

[0023]

In the above manner, the layer of single crystalline sodium iron phosphate
having an olivine structure or the layer of single crystalline lithium iron phosphate
having an olivine structure with a crystal axis oriented in a <010> direction and a lattice
constant being equivalent to that of the material of the base layer 102 is obtained.

[0024]

Hereinafter, a method for forming the layer of single crystalline sodium iron
phosphate having an olivine structure or the layer of single crystalline lithium iron
phosphate having an olivine structure and a method for manufacturing a power storage
device will be described.

[0025]

First, the base layer 102 is formed over the support substrate 101 (see FIG. 2A).
A surface of the support substrate 101, over which the base layer 102 is formed, may
have a specific lattice plane. The "specific lattice plane” is a plane which allows a
material layer 103, which is to be the single crystalline active material layer 108 in a

later step, to be (epitaxially) grown to be a single crystalline layer. Examples of such a
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support substrate 101 are a silicon substrate, a sapphire substrate, and the like.
[0026]

In this embodiment, a silicon substrate is used as the support substrate 101 and
is placed so that the base layer 102 is formed on a (100) plane of the support substrate
101.

[0027]

Note that the support substrate 101 is not limited to the above substrates when
the base layer 102 is a layer allowing crystal growth in the material layer 103 to change
the material layer 103 into a layer which has a single crystal structure without the
support substrate 101. In that case, a glass substrate, a ceramic substrate or the like
can be used as the support substrate 101.

[0028]

As the base layer 102, a layer is formed using one of the aforementioned
materials.
[0029]

Those materials allow crystal growth (epitaxial growth) in the material layer
103, which is to be the single crystalline active material layer 108 in a later step, so as to
change the material layer 103 into a layer which has a single crystal structure. Since
the material contained in the base layer 102 has a lattice constant which is equivalent to
that of the single crystalline active material layer 108, the material layer 103 can be
converted to the single crystalline active material layer 108.

[0030]

In this embodiment, B-Ta (tantalum) is used as the material contained in the
base layer 102. Two kinds of crystal phases are known for a tantalum thin film: cubic
a-Ta in a stable phase having the same structure as a bulk and tetragonal -Ta in a
metastable phase. In this embodiment, a film of B-Ta is formed as the base layer 102.
[0031]

Specifically, the film of B-Ta is formed on the (100) plane of the silicon
substrate using a UHV DC magnetron sputtering apparatus in the following conditions:
vacuum evacuation is performed first in a chamber of the sputtering apparatus to obtain

a pressure less than or equal to 3.9 x 107 Pa; argon (Ar) is used as a sputtering gas; the
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pressure for the gas was set to 0.26 Pa; and the substrate temperature is room
temperature. |
[0032]

The lattice constants of the 3-Ta are as follows: a is 1.0211 (nm); b is 1.0211
(nm); and c is 0.53064 (nm). The lattice constants a and c and the lattice constants b
and c of the B-Ta are close to lattice constants a and c of the lithium iron phosphate
(LiFePO,) having an olivine structure or those of the sodium iron phosphate (NaFePOs)
having an olivine structure, which is used for the single crystalline active material layer
108. Therefore, smoother epitaxial growth in the material layer 103 (described later in
detail) is realized, whereby the layer of lithium iron phosphate (LiFePOs) having an
olivine structure or the layer of sodium iron phosphate (NaFePQ,) having an olivine
structure can be obtained.

[0033]

Note that the lattice constants of the lithium iron phosphate having an olivine
structure are as follows: a is 1.0371 (nm); b is 0.6047 (nm); and c is 0.4739 (nm). The
lattice constants of the sodium iron phosbhate having an olivine structure are as follows:
a is 1.0415 (nm); b is 0.6243 (nm); and c is 0.4738 (nm).

[0034]

Then, the material layer 103 is formed over the base layer 102 by a sputtering
method (see FIG. 2B).
[0035]

As the material layer 103, an amorphous material layer, a microcrystalline
material layer, a polycrystalline material layer or the like is formed. The material layer
103 is converted to a single crystalline layer by being provided with energy in a later
step.

[0036]

A process of conversion of the material layer 103, which is an amorphous
material layer, a microcrystalline material layer, a polycrystalline material layer or the
like, to the single crystalline active material layer 108 is described below. After
formation of the material layer 103, which is an amorphous material layer, a

microcrystalline material layer, a polycrystalline material layer or the like, energy is
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provided to the material layer 103. By the energy provided to the material layef 103,
epitaxial growth in the material layer 103 progresses reflecting an interface between the
material layer 103 and the base layer 102 which are in contact with each other. This
epitaxial growth progresses with a crystal axis being oriented in a <010> direction. In
this manner, the single crystalline active material layer 108 in which a crystal axis is
oriented in a <010> direction can be obtained from the material layer 103.

[0037]

The single crystalline active material layer 108 may be formed without
formation and conversion of an amorphous material layer, a microcrystalline material
layer, or a polycrystalline material layer, if possible. In that case, deposition of the
single crystalline active material layer 108 over the base layer 102 is performed.

[0038]

In this embodiment, a process of formation of a polycrystalline material layer
as the material layer 103 by a sputtering method and conversion thereof to a single
crystalline layer by heating is described below.

[0039]

As the material layer 103, a layer of lithium iron phosphate is formed in this
embodiment.
[0040]

A manufacturing method of a lithium iron phosphate target used in the
sputtering method is described below.
[0041]

As materials of the lithium iron phosphate, Li>COs, FngQ4, and NH4;H,PO,,
decomposition products of which are not easily corroded, are used. Mixture ratios of
the above materials are determined such that the stoichiometric ratio of lithium (Li) to
iron (Fe) to phosphorus (P) = 1:1:1. After the mixture ratios are determined, a
planetary ball mill which contains the materials and which uses zirconia balls each
having a diameter less than or equal to 3 mm is rotated at greater than or equal to 300
rpm; thus, a powdered and uniformly mixed material can be obtained. The powdered
and uniformly mixed material can lead to a uniform sintered lithium iron phosphate.
[0042]

For promotion of a solid phase reaction, the mixed material is pelletized and
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subjected to pre-bake which is performed in an argon atmosphere at a temperature of
350 °C for ten hours. By the pre-bake, removal of a cracked gas and a solid phase'
reaction are promoted. A reacted product is crushed in a mortar after the pre-bake, and
decomposition products formed by the pre-bake and lithium iron phosphate having
relatively low crystallinity in which a solid phase reaction is caused are powdered and
uniformly mixed using a ball mill.

[0043]

This pre-baked material is subjected to pressing at greater than or equal to 300
kgf so as to be pelletized. An obtained pellet is heated in an argon atmosphere at 600
°C to 800 °C so that a solid phase reaction is promoted and sintering is performed. In
this manner, a baked material of lithium iron phosphate can be obtained. Note that
although single crystalline LiFePO4 can be obtained when the temperature is lower than
or equal to 600 °C, this is not preferable because enough sintering cannot be achieved.
Note also that in the case where the temperature is higher than or equal to 800 °C,
by-product such as LisPOy is precipitated, which is not preferable.

[0044]

With a hot pressing apparatus, this baked material of lithium iron phosphate is
subjected to pressing at high pressure and baking in an argon atmosphere at a
temperature ranging from 600 °C to 800 °C so that a solid phase reaction is caused and
sintering is performed. In this manner, a sintered targei can be obtained.

[0045]

The sintered target which has been obtained and the support substrate 101 over
which the base layer 102 is formed are placed in a vacuum chamber, and the material
layer 103 is formed over the base layer 102 by a sputtering method using argon, for
example, as a sputtering gas.

[0046]

Next, the material layer 103 is melted in a linear shape (a band shape) and the
melted region is moved. That is, the material layer 103 which is the polycrystalline
material layer is melted and solidified. By melting and solidifying the material layer
103, the single crystalline active material layer 108 is formed (see FIGS. 2C and 2D,
FIG. 3C, and FIG. 4A).
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[0047]

A process of melting the material layer 103 to form the single crystalline active
material layer 108 is described below.
[0048]

First, a protective film 104 is formed over the material layer 103. The
protective film 104 prevents the material layer 103 which is melted in a heating step
from breaking into balls due to surface tension. As the protective film 104, for
example, a silicon oxide film may be used. Note that when the protective film 104 is
not necessary, formation thereof is not performed in some cases.

[0049]

The material layer 103 can be melted in a linear shape by a strip heater method
using a carbon rod having an elongated shape through which current flow as heat source,
a lamp method using a lamp in a linear shape, or the like, for example. In this
embodiment, a carbon rod having an elongated shape through which current flows is
used as a heater 105 having a linear shape (see FIGS. 2C and 2D).

[0050]

The material layer 103 is heated in a band shape from one side of the support
substrate 101 by the heater 105. The heater 105 is slowly moved to the other side as
indicated by an arrow. By this heating, part of the material layer 103 is melted to be a
melted region 106. The material layer 103 is melted and solidified so as to be the
single crystalline active material layer 108. :

[0051]

Alternatively, the single crystalline active material layer 108 can be formed by
heating the material layer 103 in a linear shape (a band shape) by the aforementioned
strip heater method, lamp method, or the like to promote solid phase growth (solid
phase epitaxial growth) in the material layer 103.

[0052] '

In addition, the heating may be performed by irradiation with laser beam 107
instead of the heater 105 (see FIGS. 3A and 3B). The laser beam 107 may be
generated with a continuous wave laser (hereinafter referred to as a CW laser) or a
pulsed laser with a repetition rate as high as greater than or equal to 10 MHz. By

being irradiated with the laser beam 107, part of the material layer 103 is heated and
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melted to be the melted region 106. The material layer 103 is melted and solidified to
be the single crystalline active material layer 108.
[0053]

Through the above process, the single crystalline active material layer 108 over
the base layer 102 can be obtained (see FIG. 3C).
[0054]

Since the single crystalline active material layer 108 is a single crystalline layer
having an olivine structure, lithium atoms or sodium atoms are arranged
one-dimensionally therein. Therefore, ions such as lithium ions or sodium ions easily
leave and enter the single crystalline layer. Since such a single crystalline layer having
an olivine structure which ions can easily leave and enter is used as the active material
layer, the amount of ions capable of leaving and entering the active material layer can
be increased. By this, capacity of a secondary battery including the single crystalline
active material layer 108 as a positive electrode active material can be increased.

[0055]

In the case where an amorphous material layer, a microcrystalline material
layer, or a polycrystalline material layer is used as an active material layer, distortion is
formed at a crystal boundary by charging and discharging. In this embodiment, on the
other hand, the single crystalline active material layer 108 is used as an active material
layer, thereby suppressing distortion at a crystal boundary. Therefore, a crystal
structure is prevented from being destroyed. In addition, by using the single
crystalline active material layer 108, alteration of a surface of the single crystalline
active material layer 108 caused by an electrolyte can be suppressed. As a result,
when the single crystalline active material layer 108 is used as an active material layer,
deterioration, an example of which is a reduction in capacity or the like, can be
suppressed.

[0056]

Then, the protective film 104 is removed (see FIG. 4A). Note that when the
protective film 104 is not necessary, formation thereof is not performed in some cases.
[0057]

Here, an example in which part of the single crystalline active material layer

108 is removed and a current collector 111 is formed so as to be in contact with the
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partly removed single crystalline active material layer 108 is illustrated in FIG. 4B.
[0058]

The current collector 111 is formed so as not to entirely cover a surface of the
single crystalline active material layer 108, in which an ion path for ions (e.g., lithium
ions or sodium ions) exists. In other words, the current collector 111 may be formed
so that an ion path for ions in the single crystalline active material layer 108 is exposed.
In FIG. 4B, the current collector 111 is formed so as to cover the support substrate 101,
the base layer 102, and part of the single crystalline active material layer 108; however,
the present invention is not limited thereto. The current collector 111 illustrated in FIG.
4B may be formed, for example, by plating or dipping.

[0059] .

As a material of the current collector 111, copper (Cu), aluminum (Al), nickel
(Ni), titanium (Ti) and the like, may be used alone or in a compound thereof.

[0060]

Further, in the case where the base layer 102 can be used as a current collector,
part of the base layer 102 serving as a current collector is exposed as illustrated in FIGS.
4C and 4D so that another wiring can be connected thereto. FIG. 4C is a top view of
FIGS. 4A and 4D. A cross-sectional view taken along line A-A’' in FIG 4C is
illustrated in FIG. 4A and that taken along line B-B' in FIG. 4C is illustrated in FIG. 4D.
The structure illustrated in FIGS. 4C and 4D may be obtained by forming the single
crystalline active material layer 108 and removing part thereof or may be obtained by
forming the material layer 103 so that part of the base layer 102 is exposed at the step
illustrated in FIG. 2B.

[0061]

Through the manufacturing process described above, a positive electrode of a
secondary battery, which includes the single crystalline active material layer 108 as a
positive electrode active material and the current collector, can be manufactured.

[0062]

A secondary battery in which the above-described single crystalline active

material layer 108 is used as a positive electrode active material will be described

below.
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[0063]

As already described, the secondary battery 130 has the housing 141, the
positive electrode 148 including the positive électrode current collector 142 and the
positive electrode active material layer 143, the negative electrode 149 including the
negative electrode current collector 144 and the negative electrode active material layer
145, the separator 146 provided between the positive electrode 148 and the negative
electrode 149, and an electrolyte 147 (see FIG. 1).

[0064]

As already described, either the current collector 111 or the base layer 102 may
be used as the positive electrode current collector 142 of the secondary bzittery 130.
[0065]

As the positive electrode active material layer 143 of the secondary battery 130,
the single crystalline active material layer 108 is used.

[0066]

~ As a material of the negative electrode current collector 144 of the secondary
battery 130, copper (Cu), aluminum (Al), nickel (Ni), titanium (Ti) and the like, may be I
used alone or in a compound thereof.
[0067]

As a material of the negative electrode active material layer 145 of the
secondary battery 130, a compound of a material capable of insertion and extraction of
alkali metal ions or alkaline earth metai ions and alkali metal, or a compound of a
material capable of insertion and extraction of ions or alkaline earth metal ions and
alkaline earth metal may be used. As examples of the material capable of insertion and
extraction of alkali metal ions or alkaline earth metal ions, there are carbon, silicon,
silicon alloy and the like. As an example of carbon capable of insertion and extraction
of alkali metal ions or alkaline earth metal ions, there is a carbon material such as a fine
graphite powder or a graphife fiber.

[0068]

When a silicon material is used as a material of the negative electrode active
material layer 145 of the secondary battery 130, a material obtained by depositing
microcrystalline silicon and then removing amorphous silicon from the microcrystalline

silicon by etching may be used. When amorphous silicon is removed from
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microcrystalline silicon, the surface area of the remaining microcrystalline silicon is
increased.
[0069]

Also, an alloy containing tin (Sn) may be used as a material of the negative
electrode active material layer 145 of the secondary battery 130.

{0070]

Alkali metal ions or alkaline earth metal ions enter and react with a layer
formed using the aforesaid material which alkali metal ions or alkaline earth metal ions
can leave and enter, and the negative electrode active material layer 145 is formed.
[0071]

As the separator 146, paper, nonwoven fabric, a glass fiber, a synthetic fiber
such as nylon (polyamide), vinylon (also called vinalon) (a polyvinyl alcohol based
fiber), polyester, acrylic, polyolefin, or polyurethane, or the like may be used.
However, a material which does not dissolve in the electrolyte 147 which is described
later should be selected.

[0072]

More specific examples of materials for the separator 146 are high-molecular
compounds based on fluorine-based polymer, polyether such as a polyethylene oxide
and a polypropylene oxide, polyolefin such as polyethylene and polypropylene,
polyacrylonitrile, polyvinylidene chloride, polymethyl methacrylate, polymethylacrylate,
polyvinyl alcohol, polymethacrylonitrile, polyvinyl acetate, polyvinylpyrrolidone,
polyethyleneimine, polybutadiene, polystyrene, polyisoprene, and polyurethane,
derivatives thereof, cellulose, paper, and nonwoven fabric, all of which can be used
either alone or in a combination.

[0073]

Also, the electrolyte 147 of the secondary battery 130 contains alkali metal ions
or alkaline earth metal ions, and these alkali metal ions and alkaline earth metal ions are
responsible for electrical conduction. The electrolyte 147 includes, for example, a
solvent and an alkali metal salt or an alkaline earth metal salt dissolved in the solvent.
Examples of the alkali metal salts include lithium chloride, lithium fluoride, lithium
fluoroborate, sodium chloride, sodium fluoride, sodium perchlorate, and sodium

fluoroborate. Examples of the alkaline earth metal salts include magnesium chloride,
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magnesium fluoride, magnesium perchlorate, magnesium fluoroborate, calcium chloride,
calcium fluoride, calcium perchlorate, and calcium fluoroborate. These can be used
either alone or in combination in the electrolyte 147. Note that in the present
embodiment, an electrolyte including a solvent and an alkali metal salt or an alkaline
earth metal salt is used; however, a solid electrolyte may be used as necessary.

[0074]

Examples of the solvent for the electrolyte 147 include cyclic carbonates such
as ethylene carbonate (hereinafter abbreviated as EC), propylene carbonate (PC),
butylene carbonate (BC), and vinylene carbonate (VC); acyclic carbonates such as
dimethyl carbonate (DMC), diethyl carbonate (DEC), ethylmethyl carbonate (EMC),
methylpropyl carbonate (MPC), methylisobutyl carbonate (MIBC), and dipropyl
carbonate (DPC); aliphatic carboxylic acid esters such as methyl formate, methyl
acetate, methyl propionate, and ethyl propionate; y-lactones such as y-butyrolactone;
acyclic ethers such as 1,2-dimethoxyethane (DME), 1,2-diethoxyethane (DEE), and
ethoxymethoxy ethane (EME); cyclic ethers such as tetrahydrofuran and
2-methyltetrahydrofuran; dimethylsulfoxide; 1,3-dioxolane and the like; alkyl
phosphate esters such as trimethyl phosphate, triethyl phosphate, and trioctyl phosphate
and fluorides thereof, all of which can be used either alone or in combination.

[0075]

In the manner described above, a secondary battery can be formed using the
positive electrode active material in this embodiment.
[0076]

Since a single crystalline active material layer is used as a positive electrode
active material layer in this embodiment, the amount of ions capable of leaving and
entering an active material layer can be increased. Thus, capacity of a secondary
battery can be increased.

[0077]

Further, since the single crystalline active material layer is used as the positive
electrode active material layer in this embodiment, distortion at a crystal boundary by
charging and discharging is suppressed. Thus, a crystal structure is prevented from
being destroyed and alteration of a surface of the single crystalline active material layer

caused by an electrolyte can be suppressed. In the above-described manner,
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deterioration of a secondary battery, an example of which is a reduction in capacity or
the like, can be suppressed.
[Example 1]
[0078]

Example 1 is described with reference to FIGS. 5A and 5B and FIGS. 6A and
6B.
[0079]

FIGS. 5A and 5B illustrate a unit cell of lithium iron phosphate (LiFePOj)
having an olivine structure and a unit cell of sodium iron phosphate (NaFePOy) having
an olivine structure, respectively.

[0080]
Calculation for lithium iron phosphate (LiFePO4) having an olivine structure

has shown a result that lithium (Li) ions move in a <010> direction (the direction

‘indicated by an arrow in FIG. SA) most easily. From the above result, in Example 1,

calculation was performed on the assumption that sodium (Na) ions in sodium iron
phosphate (NaFePO;) having an olivine structure move in a <010> direction (the
direction indicated by an arrow in FIG. 5B) most easily.
[0081]

Calculation results of activation energy in the case where lithium (Li) ions and
sodium (Na) ions move in a <010> direction in lithium iron phosphate (LiFePO,)
having an olivine structure and sodium iron phosphate (NaFePO,4) having an olivine

structure, respectively, are shown in Table 1.

[0082]
[Table 1]
Activation energy (meV)
LiFePO4 having an olivine structure 480
NaFePOj, having an olivine structure 530
[0083]

The activation energy of diffusion of lithium (Li) ions and sodium (Na) ions
was measured by an NEB (nudged elastic band) method. For example, in the case of
lithium iron phosphate (LiFePOs), a super-cell formed by doubling a primitive cell in a

c axis direction is supposed and an initial state is a state where a given ion out of eight
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lithium (Li) ions contained in the super-cell is removed.
[0084]

A final state is a state where a lithium (Li) atom has moved from a given
lithium (Li) site neighboring a lithium (Li) vacancy in the initial state (see FIG. 6A).
In an NEB method, at the time of calculation for an electronic state (calculation of
energy) in a transition state between the initial and final states, force or energy of a
virtual elastic band between given transition states is considered, whereby an activation
energy E, is found.

[0085]

As illustrated in FIG. 6B, it was found that a diffusion path of a lithium (Li) ion
was not straight but meandered. The lithium (Li) ion moved at a low energy level
being kept away from iron (Fe) which is a positive ion and approaching oxygen (O)
whose electronegativity is high.

[0086]

A battery voltage in the case of using lithium iron phosphate (LiFePO,) having
an olivine structure and that in the case of using sodium iron phosphate (NaFePOy)
having an olivine structure were simulated.

[0087]

A reaction formula of a lithium ion battery using lithium iron phosphate
(LiFePQO4) and metallic lithium for a positive electrode material and a negative electrode
material, respectively, is Formula 1.

[0088]
[Formula 1]
[0089]

On the assumption thét charging and discharging are completed, that is, when x
= 1 in Formula 1, the battery voltage can be expressed by Formula 2 using difference in
a chemical potential between lithium (Li) ions in the positive electrode and those in the
negative electrode. By this, energy E of each material was found and the battery
voltage V could be then calculated using the energy E.

[0090]
[Formula 2]
[0091]
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In the calculation of the battery voltage, as an initial state, a state was assumed
where the lithium iron phosphate (LiFePO4) which was an active material was filled
with lithium (Li). The total energy of the system in the above state was calculated.
[0092]

On the other hand, as a final state, a state was assumed where lithium (Li) were
all extracted from the lithtum iron phosphate (LiFePO4) which was the active material
and entered the metallic lithium (Li) which was the negative electrode. The total
energy of the system in the above state was calculated.

[0093]

The battery voltage V" could be found by calculation of energy gap between the
final state and the initial state using chemical reaction formulae of Formula 1.

[0094]
[Table 2]

LiFePO;, NaFePQO,

Calculated value 3.4918 [ V] 3.0210 [V]

Experimental value 3.5([V] —

[0095]

When sodium iron phosphate (NaFePQO4) having an olivine structure which
contains sodium having a larger Clarke number than lithium can be used as a positive
electrode active material, manufacturing cost of a secondary battery can be suppressed.
[0096]

Note that although the metallic lithium was assumed as the negative electrode
active material in the calculation in this example, carbon, silicon, silicon alloy or the
like can be used as a negative electrode active material, as described in Embodiment.
[0097]

A carbon material is particularly preferable as a negative electrode active
material because it has a potential which is lower than a standard hydrogen electrode
potential and is as low as the potential of metallic lithium.

[0098]
Specific description is as follows.

[0099]
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The difference between the potential of graphite and the potential of lithium
compared with a standard electrode potential is preferably greater than or equal to 0.01
V and less than or equal to 0.23 V, more preferably, greater than or equal to 0.07 V and
less than or equal to 0.23 V.

[0100]

The calculated value of the battery voltage V in the case of using metallic
lithium and lithium iron phosphate as a negative electrode active material and a positive
electrode active material, respectively, was 3.4918 V (see Table 2). Based on the
calculated value of the battery voltage in the case of using the metallic lithium and the
lithium iron phosphate as the negative electrode active material and the positive
electrode active material, respectively, a battery voltage in the case of using graphite
and lithium iron phosphate as a negative electrode active material and a positive
electrode active material, respectively, was 3.2618 V to 3.4218 V.

[0101]

From the above results, the calculated battery voltages can be seen
substantially the same both in a case of using metallic lithium as a negative electrode
active material and in a case of using a carbon material as a negative electrode active

material.

This application is based on Japanese Patent Application serial no.
2009-210242 filed with Japan Patent Office on September 11, 2009, the entire contents

of which are hereby incorporated by reference.
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CLAIMS

1. A manufacturing method of a power storage device including a positive
electrode active material formed using a composite oxide containing at least alkali metal
and transition metal, comprising;:

forming a base layer over a support substrate;

forming a layer of sodium iron phosphate over the base layer; and

forming a layer of single crystalline sodium iron phosphate having an olivine
structure with a crystal axis oriented in a <010> direction as the positive electrode
active material by performing a heat treatment on the layer of sodium iron phosphate to
convert the layer of sodium iron phosphate into the layer of single crystalline sodium

iron phosphate.

2. The manufacturing method of a power storage device according to claim 1,
wherein the base layer is formed using a material selected from the group consisting of
B-Ta, Cu[Cdo79Feq17Mng 04]GeS4, CusFeGeS4, CuFeS,, CuGaS,, Cus[Asg6445b0.356]S4,
CugFeqS15, CaV307, WOsHO, Fe;SiO4, MgsSiOs, LisPOs, CusFes[VOsls,
[Feo.20:Mgo.708]2S104, NaSiO3, and LiAlSiO4-H»O.

3. The manufacturing method of a power storage device according to claim 1,
wherein the layer of sodium iron phosphate is epitaxially grown to be the layer of single

crystalline sodium iron phosphate by the heat treatment.

4. The manufacturing method of a power storage device according to claim 1,
wherein the support substrate is selected from the group consisting of a silicon substrate,

a sapphire substrate, a glass substrate and a ceramic substrate.

5. The manufacturing method of a power storage device according to claim 1,
wherein the support substrate is a silicon substrate, and the base layer is formed over a

(100) plane of the silicon substrate.
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6. The manufacturing method of a power storage device according to claim 1,

wherein the layer of sodium iron phosphate is formed by a sputtering method.

7. A manufacturing method of a power storage device including a positive
electrode active material formed using a composite oxide containing at least alkali metal
and transition metal, comprising;:

| forming a base layer over a support substrate;

forming a layer of lithium iron phosphate over the base layer; and

forming a layer of single crystalline lithium iron phosphate having an olivine
structure with a crystal axis oriented in a <010> direction as the positive electrode
active material by performing a heat treatment on the layer of lithium iron phosphate to
convert the layer of lithium iron phosphate into the layer of single crystalline lithium

iron phosphate.

8. The manufacturing method of a power storage device according to claim 7,
wherein the base layer is formed using a material selected from the group consisting of
-Ta, Cuy[Cdg79Feo.17Mng04]GeSs, CurFeGeSs, CuFeS,, CuGaS,, Cus[Asg.644Sbo 356)S4,
CugFeoS1s, CaVi07, WO3H,0, FesSiOs, MgeSiOs, LisPOs, CusFes[VOs]s,
[Feo.292Mgo 70825104, NaSiO3, and LiAlSiO4-H>O.

9. The manufacturing method of a power storage device according to claim 7,
wherein the layer of lithium iron phosphate is epitaxially. grown to be the layer of single

crystalline lithium iron phosphate by the heat treatment.

10. The manufacturing method of a power storage device according to claim 7,
wherein the support substrate is selected from the group consisting of a silicon substrate,

a sapphire substrate, a glass substrate and a ceramic substrate.

11. The manufacturing method of a power storage device according to claim 7,
wherein the support substrate is a silicon substrate, and the base layer is formed over a

(100) plane of the silicon substrate.
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12. The manufacturing method of a power storage device according to claim 7,

wherein the layer of lithium iron phosphate is formed by a sputtering method.

13. A power storage device comprising:

a positive electrode including a positive electrode active material and a positive
electrode current collector, the positive electrode active material provided in contact
with a base layer over a support substrate and comprising single crystalline sodium iron
phosphate having an olivine structure with a crystal axis oriented in a <010> direction
and with a lattice constant being equivalent to that of a material of the base layer;

a negative electrode including a negative electrode active material and a
negative electrode current collector; and

a separator provided between the positive electrode and the negative electrode.

14. The power storage device according to claim 13, wherein the base layer is
formed using a material selected from the group consisting of -Ta,
Cu>[Cdy 79Fep17Mng 04]GeSs, CurFeGeSs, CuFeS,, CuGaS;, Cus[Asg44Sbo3s6]S4,
CugFeyS1s, CaV;0;, WO3H20, FesSiO4, MgsSiO4, LisPO4,  CusFes[VOsle,
[Feo.202Mgo.708)2S104, NaSiO3, and LiAlSiO4-H,O.

15. The power storage device according to claim 13, wherein the support
substrate is selected from the group consisting of a silicon substrate, a sapphire substrate,

a glass substrate and a ceramic substrate.

16. The power storage device according to claim 13, wherein the support
substrate is a silicon substrate, and the base layer is formed over a (100) plane of the

silicon substrate.

17. The power storage device according to claim 13 further comprising an
electrolyte, wherein the positive electrode and the negative electrode and the separator

are provided in the electrolyte.
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18. A power storage device comprising;:

a positive electrode including a positive electrode active material and a positive
electrode current collector, the positive electrode active material provided in contact
with a base layer over a support substrate and comprising single crystalline lithium iron
phosphate having an olivine structure with a crystal axis oriented in a <010> direction
and with a lattice constant being equivalent to that of a material of the base layer;

a negative electrode including a negative electrode active material and a
negative electrode current collector; and

a separator provided between the positive electrode and the negative electrode.

19. The power storage device according to claim 18, wherein the base layer is
formed using a material selected from the group consisting of p-Ta,
Cuy[Cdg 79Feg 17Mng04]GeS4, CurFeGeSs, CuFeS,;, CuGaS,;, Cus[Ase44Sbo356)S4,
CugFeeS16, CaVi;0;, WO;s3H20, FesSiO4, MgaSiOy, LisPOs, CusFes[VOy]s,
[Feo.292Mgo 708]2S104, NaSiOs, and LiAlSiO4-H,O.

20. The power storage device according to claim 18, wherein the support
substrate is selected from the group consisting of a silicon substrate, a sapphire substrate,

a glass substrate and a ceramic substrate.

21. The power storage device according to claim 18, wherein the support
substrate is a silicon substrate, and the base layer is formed over a (100) plane of the

silicon substrate.

22. The power storage device according to claim 18 further comprising an
electrolyte, wherein the positive electrode and the negative electrode and the separator

are provided in the electrolyte.
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EXPLANATION OF REFERENCE

101: support substrate, 102: base layer, 103: material layer, 104: protective film, 105:
heater, 106 melted region, 108: single crystalline active material layer, 111: current
collector, 130: secondary battery, 141: housing, 142: positive electrode curfent collector,
143: positive electrode active material layer, 144: negative electrode current collector,
145: negative electrode active material layer, 146: separator, 147: electrolyte, 148:

positive electrode, 149: negative electrode.
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