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Abstract Title: Energy storage array comprising peaks and troughs

(57) An energy storage device (e.g. a capacitor) comprising a substrate 112 having a two-dimensional array of peaks
114 and troughs 116 forming a three-dimensional structure; each trough 116 having a first 118a and a second 118b
face; the first 118a and/or second 118b face of the troughs 116 having a conductor 120 thereon; and the troughs
116 containing a material for storing electrical potential energy 199, e.g. a dielectric material. Also disclosed is a
method of conditioning a substrate comprising: providing the above substrate structure, supplying an AC voltage to
the conductor 120 on the first 118a or second 118b face of the trough 116; and creating a gap 192 between the
conductor 120 on the first 118a and second face 118b.
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ENERGY STORAGE

The present invention relates to an energy storage device.

The demand for sources of renewable energy has driven significant improvements in
the cost and efficiency of solar photovoltaic cells but existing technology still represents

a relatively expensive method of generating electricity.

The demand for sources of renewable energy has also driven improvements in energy
storage. The efficiency of energy storage must be increased and/or the cost of energy
storage must be decreased, if renewable energy is going to meet more of the world’s

energy demand.

The present invention aims to mitigate one or more of the disadvantages of existing

energy storage devices.

In accordance with a first aspect of the present invention there is provided an energy
storage device comprising:
a substrate having a three-dimensional array of peaks and troughs;
each trough having a first and a second face;
the first and/or second face of the troughs having a conductor thereon; and
the troughs containing a material for storing electrical potential energy.

The material for storing electrical potential energy may store the electrical potential
energy in the form of one or more of chemical energy, electrostatic energy,
pseudocapacitance and electrostatic double layer capacitance (EDLC). The

electrostatic energy may be referred to as an electric field.

The material for storing electrical potential energy may be and/or may be part of and/or
may comprise a battery. When the material for storing electrical potential energy may
be and/or may be part of and/or may comprise a battery, the material typically stores

the electrical potential energy in the form of chemical energy.

The material for storing electrical potential energy may be and/or may be part of and/or
may comprise a capacitor or supercapacitor. When the material for storing electrical

potential energy may be and/or may be part of and/or may comprise a capacitor, the
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material typically stores the electrical potential energy in the form of one or more of
electrostatic energy, pseudocapacitance and electrostatic double layer capacitance
(EDLC).

The first face of the trough is also the first face of the peak. The second face of the

trough is the second face of an adjacent and/or adjoining peak.

The first face of the trough is normally at a first angle relative to a normal from the
substrate and the second face of the trough is normally at a second angle relative to
the normal from the substrate. The first and second angles may be the same or
substantially the same or may be different. The first and second angles are normally
from 25 to less than or equal to 90°. The first and second angles are typically from 45

to less than 90°.

It may be an advantage of the present invention that the device provides a reliable way
to store energy and in particular the device is less prone to short circuits compared to
other known storage devices. Short circuits adversely affect the capacitance of the

material for storing electrical potential energy.

The capacitor may be a high dielectric capacitor. It is normally a high dielectric

capacitor in the troughs.

The energy storage device is typically an electrical energy storage device.

The material for storing electrical potential energy in the troughs may partially fill the
troughs, completely fill the troughs or overfill the troughs.

The conductor on the first and/or second face of the trough may be a metal. The
conductor on the first and/or second face of the trough may be a conductive non-metal.
The conductor on the first and/or second face of the trough is typically in contact,
normally electrical contact, with the material for storing electrical potential energy in the
trough. The conductor on the first and/or second face of the trough is typically an

electrical conductor.

The conductor on the first and/or second face of the trough may comprise one or more

of carbon, coated carbon, carbon coated carrier, aluminium, bismuth, cadmium,
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chromium, tellurium, copper, gallium, gold, indium, lead, magnesium, manganese,
samarium, scandium, silver, tin, zinc, terbium, selenium, molybdenum, yttrium,

holmium, calcium, nickel, tungsten, platinum, palladium and vanadium.

There is typically a gap between the conductor on the first face and the conductor on
the second face of the trough. The gap typically means that the conductor on the first
face of the trough is not in electrical contact with the conductor on the second face of

the trough. The gap is typically at the bottom of the trough.

It may be an advantage of the present invention that the trough defines a space
between the conductor on the first face and conductor on the second face of the
trough. The distance between the conductor on the first face and conductor on the
second face of the trough is typically accurately defined, normally relatively accurately

defined and/or consistent.

It may be an advantage of the present invention that the material for storing electrical
potential energy in the trough is less likely to suffer from the effects of voltage
breakdown compared to other known capacitor and supercapacitor structures. The
energy storage device according to the present invention has reduced individual

voltage across each trough.

The number of peaks and troughs relates to the operating voltage of the device. Unlike
other known capacitor/supercapacitor devices that require multiple laminated layers,
the energy storage device according to the present invention does not require multiple
laminated layers but rather uses a series of peaks and troughs in one layer. The
device shares the voltage over a number of troughs so that the voltage in each
individual trough is below the breakdown level for the material for storing electrical

potential energy.

The conductor on the first and/or second face of the trough and the material for storing
electrical potential energy in the trough are normally all in electrical communication.
The electrical communication is such that normally an electrical current can flow
between the conductor on the first and/or second faces of the trough and the material

for storing electrical potential energy.
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The flow of electrical current between the conductor on the first and second faces of
the trough and the material for storing electrical potential energy is typically complex
and/or multidirectional. The flow of electrical current is typically between neighbouring

troughs, through neighbouring peaks.

In a first arrangement, the electrical current may flow between one or more of a first to
a second peak; the first to a third peak; the first to a fourth peak; the first to a fifth peak;
the first to a sixth peak; the first to a seventh peak; and first to an eighth peak. Each

peak may be surrounded by any number of neighbouring peaks.

In a second arrangement, the electrical current may flow between one or more of a first
to a second peak; the first to a third peak; and the first to a fourth peak. Each peak
may therefore be surrounded by four nearest neighbouring peaks. There are typically
another four further neighbouring peaks. The second arrangement may be and/or may

be referred to as a square arrangement.

The peaks may be in and/or may be referred to as a triangular or diamond

arrangement.

The three-dimensional array of peaks and troughs may be a random distribution of
peaks and troughs. That is to say the distribution of the peaks across the surface of
the substrate is random and therefore the space between neighbouring peaks is varied
and the size and/or shape of the troughs is varied. The three-dimensional array of

peaks and troughs may be a pseudo random distribution of peaks and troughs.

The material for storing electrical potential energy in the troughs may be from 50 to
2000nm deep and/or thick, normally from 100 to 1000nm deep and/or thick and
typically from 100 to 500nm deep and/or thick.

The conductor on the first face of the peaks may be from 20 to 1000nm deep and/or
thick, normally from 30 to 500nm deep and/or thick and typically from 30 to 200nm
deep and/or thick.

The conductor on the second face of the peaks may be from 10 to 1000nm deep
and/or thick, normally from 10 to 500nm deep and/or thick and typically from 10 to
200nm deep and/or thick.
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The energy storage device may also be an optoelectronic device. The first face of
each trough may be coated with, that is may have a coat of, a semiconductor and the
second face of each trough may be coated with, that is may have a coat of, the
conductor. The first and second faces of each of the troughs may be coated with the

semiconductor.

The material for storing electrical potential energy is typically a high dielectric material.
It may be an advantage of the present invention that the high dielectric material aids
operation of the optoelectronic device by smoothing out energy demand spikes, such
as a surge when devices are turned on. The high dielectric material may be a high

dielectric capacitor.

The semiconductor and the conductor may be in contact with another semiconductor in
the trough. The material for storing electrical potential energy typically one or more of
coats, is on top of, and covers the another semiconductor in the trough. The material
for storing electrical potential energy normally fills any remaining volume of the trough
not occupied by the semiconductor, conductor on the first and/or second face of the
trough and/or the another semiconductor. The material for storing electrical potential

energy may be a dielectric and/or insulator between two neighbouring troughs.

It may be advantageous for the material for storing electrical potential energy to overfill
the trough, such that the material completely fills any remaining volume of the trough
and also extends outside the and/or the volume of the trough. The material for storing
electrical potential energy may overfill a plurality of troughs in this way to the extent that
the material for storing electrical potential energy bridges across a plurality of troughs,
forming a layer over them. The material for storing electrical potential energy may be a
dielectric between two or more adjacent troughs. Overfilling the trough(s) may result in
greater adhesion of the material for storing electrical potential energy to the device,

and/or may increase the resulting capacitance of the device.

The second face of the trough may be coated with the semiconductor and the first face
of the trough coated with a third semiconductor. The third semiconductor is typically a
proton conductor. The third semiconductor may comprise one or more of molybdenum
oxide, tungsten oxide, vanadium oxide, nickel oxide, copper oxide and other materials

with similar properties.
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The capacitor or supercapacitor typically provides the function of a supercapacitor, also
referred to as an ultracapacitor. The function of the supercapacitor may be provided by
the supercapacitor alone or may require the interaction of the supercapacitor with one
or more of the semiconductor, conductor on the first and/or second face of the trough

and another semiconductor.

In use, the optoelectronic device typically generates electrical energy. The
optoelectronic device may be in electrical communication with a load. The load is
typically an electrical component that consumes electric energy. The load may for

example be a light source, such as a light bulb.

In use, the material for storing electrical potential energy typically stores electrical
energy or charge that the load does not consume. In this way, excess electrical energy
can be stored for future use by the load. There is therefore electrical energy available

to the load when the optoelectronic device is not generating electrical energy.

The first and second faces of the trough are typically from 100nm to 30microns high,

optionally from 7 to 15 microns high, normally from 1 to 3microns high.

The length of the first and second faces of the trough may be at least substantially the
same or different.

At a second side of the trough there may be a gap between the semiconductor on the
second face of the trough and the another semiconductor in the trough. It may be an
advantage of the present invention that, in use, the gap between the semiconductor on
the second face of the trough and the another semiconductor in the trough one or more
of stops, mitigates and substantially reduces the occurrence of shunting across the
trough and therefore typically between the first and second sides of the trough by

displacing the another semiconductor.

The gap is typically an air gap. The gap may be filled with another material, preferably
a non-conducting and/or electrically insulative material. The gap is typically a form of
electrical insulation between the semiconductor on the second face of the trough and
the another semiconductor in the trough. In an alternative embodiment the material for

storing electrical potential energy in the trough is replaced with an air gap containing
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air. Air is a material for storing electrical potential energy, albeit typically a relatively

weak capacitor or supercapacitor.

The gap may be filled with the material for storing electrical potential energy. The gap
between the semiconductor and the another semiconductor at the second side of the
trough, typically means that the another semiconductor is not in contact and/or is

insulated from, the semiconductor.

The gap between the semiconductor on the second face of the trough and the another
semiconductor in the trough may be at least 100nm in length, normally at least 300nm

in length, typically at least 500nm in length and often from 400 to 600nm in length.

It may be an advantage of the present invention that the gap makes the optoelectronic
device less susceptible, typically resistant, to shorting and/or shunting across the
trough. The gap between the semiconductor and the another semiconductor is
designed to mitigate a charge transfer path/route from the semiconductor on one face
of the trough, through the another semiconductor and into the semiconductor on the
opposite face of the trough. This typically makes the optoelectronic device less

susceptible to shunting.

The semiconductor may be a layer of semiconductor material. The conductor on the
first and/or second face of the trough may be a layer of conductor material. The layer
of semiconductor material is typically on top of the layer of conductor material. The
layer of conductor material is typically underneath the layer of semiconductor material.
The conductor material is normally in contact with the first face and/or the second face

of the trough and the semiconductor material.

The conductor on the first and/or second face of the trough is normally one or more of
on, in contact with and coated on the first and/or second face of the trough. The
semiconductor is normally one or more of on, in contact with and coated on the first

and/or second face of the trough.

The first and/or second faces of the trough may each be coated with an adhesive. The
adhesive may be a layer of adhesive material. The layer of adhesive material is

typically in contact with one or more of the first face of the trough, second face of the
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trough, the conductor on the first and/or second face of the trough and the

semiconductor.

The adhesive may also be a conductor, typically an electrical conductor. The
conductor on the first and/or second face of the trough and the adhesive may be the

same material and/or the same layer.

The trough may be any shape, may be symmetrical, may be an asymmetric v-shape.
The first face of the trough may be longer than the second face of the trough or the

second face of the trough may be longer than the first face of the trough.

When the first face of the trough is longer than the second face of the trough the first
face is typically at least 1000nm long and the second face is typically at least 300nm
long. When the second face of the trough is longer than the first face of the trough the
second face is typically at least 1000nm long and the first face is typically at least

300nm long.

When the first face of the trough is longer than the second face of the trough or the
second face of the trough is longer than the first face of the trough, the trough typically

has an asymmetric shape.

The another semiconductor typically contacts only the first face of the trough and/or the
semiconductor on the first face of the trough and the another semiconductor contacts
only the second face of the trough and/or the conductor on the second face of the

trough.

The semiconductor may coat and/or cover from 20 to 80%, normally from 40 to 60%
and optionally about 50% of the first face of the trough. The semiconductor may coat
and/or cover about 75% of the first face of the trough. The conductor on the first and/or
second face of the trough may coat and/or cover from 20 to 80%, normally from 40 to
60% and optionally about 50% of the first and/or second face of the trough. The
conductor on the first and/or second face of the trough may coat and/or cover about

75% of the first and/or second face of the trough.

It may be an advantage of the present invention that when the conductor on the first

and/or second face of the trough and/or semiconductor coat and/or cover about 50%,
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preferably about 75%, of the first and/or second face of the trough, one or more of the
efficiency, electrical current generated, power output and photoelectric conversion

efficiency of the optoelectronic device is increased.

The coat of the conductor on the first and/or second face of the trough and/or
semiconductor may be from 20nm to 1000nm thick, normally from 25nm to 500nm thick
and typically from 30nm to 200nm thick. The coat of the conductor on the first and/or
second face of the trough and/or semiconductor may therefore be referred to as a

relatively thin coating.

It may be an advantage of the present invention that when the another semiconductor
thickness is about 200nm, one or more of the efficiency, electrical current generated,
power output and photoelectric conversion efficiency of the optoelectronic device is
increased. When the another semiconductor thickness is about 200nm, the width of
the trough may be about 1um, although this may vary for different trough shapes.

There is typically an aperture in the another semiconductor. The aperture may be
referred to as a gap and/or crack. The shape of the aperture is typically substantially
conformal with the shape of the trough. The shape of the aperture may match the
shape of the trough. The material for storing electrical potential energy normally fills

the aperture in the another semiconductor.

The material for storing electrical potential energy may be and/or may be referred to as
a dielectric and/or insulator material. The insulator material is typically an electrical
insulator material. It may be an advantage of the present invention that the insulator
material makes the optoelectronic device less susceptible to shorting and/or shunting
across the trough. The insulator material may increase the length of and/or mitigate a
charge transfer path/route across the top of the trough and this typically makes the

optoelectronic device less susceptible to shunting.

The semiconductor is typically an n-type semiconductor. The another semiconductor is
typically a p-type semiconductor. In an alternative embodiment the semiconductor is a

p-type semiconductor and the another semiconductor is an n-type semiconductor.

The n-type and p-type semiconductors may comprise one or more of silicon,

amorphous silicon, hydrogenated amorphous silicon, aluminium, germanium, gallium
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nitride, gallium arsenide, aluminium phosphide, aluminium arsenide, copper iodide,
zinc oxide, lead sulphide, selenium, boron phosphide, boron arsenide, gallium, indium
nitride, indium phosphide, cadmium selenide, cadmium sulphide, cadmium telluride,
zinc sulphide, zinc selenide, zinc telluride, copper chloride, copper sulphide, copper
oxide, tin sulphide, tin telluride, zinc phosphide, titanium oxide, tin oxide, lithium
niobate, lead iodide, gallium selenide, tin sulphide, iron oxide, nickel oxide, copper
indium selenide, copper zinc tin sulphide, iron disulphide, copper zinc antimony

sulphide, tungsten oxide, niobium pentoxide, lead oxide.

The n-type semiconductor typically comprises one or more of silicon, germanium,
phosphorus, selenium, tellurium, cadmium sulphide, zinc, indium, titanium, niobium,

nickel, tin, oxides of the above and doped semiconducting oxides.

The p-type semiconductor typically comprises one or more of silicon, germanium,
cadmium telluride, copper indium gallium selenide ('CIGS"), copper indium gallium
diselenide, copper indium selenide (CIS), copper gallium selenide, copper oxide, nickel
oxide, tungsten oxide, boron, beryllium, zinc, cadmium, copper zinc tin sulphide

(CZTS), perovskite, calcium titanium oxide, calcium titanate and lead sulphide.

The another semiconductor may be an electron blocking material such as molybdenum
trioxide. The electron blocking material may be a hole transporting, electron blocking
material, such as vanadium pentoxide, tungsten oxide, tantalum pentoxide, spiro-
polymers, and p-dot polymers. The semiconductor may be a heterojunction, that is a
mixture of one or more of a p-type semiconductor, n-type semiconductor and donor

acceptor material.

The semiconductor and another semiconductor may meet at an interface and/or
boundary. The interface is typically referred to as a p-n junction. The interface is
typically and/or may be referred to as a diode. The semiconductor and another

semiconductor may together be referred to as an active material.

The conductor on the first and/or second face of the trough is typically ohmic and/or an
ohmic contact to the another semiconductor. The semiconductor is typically rectifying

and/or a rectifying contact to the another semiconductor.
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The active material in the trough and/or in a cavity of the trough and on the first and
second faces of the trough may provide ohmic and rectifying contacts for insertion or
extraction of charge from the active material. The active material may be one or more

of photovoltaic, light emitting and ion conducting.

The substrate of the optoelectronic device typically provides an interconnected
electrical circuit comprising one or more of the conductor, the semiconductor and the
another semiconductor. The interconnected electrical circuit typically comprises a

complex series of interconnected p-n junctions and/or diodes.

It may be an advantage of the present invention that the interconnected electrical
circuit produces a higher voltage or electrical energy per unit surface area compared to

other known optoelectronic devices.

A surface of the substrate comprising the peaks and troughs may be referred to as a
structured surface. The structured surface is typically not flat. The substrate may have

another surface that is flat.

The substrate may comprise a curable resin and in particular a UV curable resin. The
substrate may comprise one or more of an acrylic resin coated onto polyvinyl chloride
(PVC), acrylic resin coated onto polyethylene terephthalate (PET), acrylic resin coated
onto polyethylene naphthalate (PEN), a biopolymer coated onto polyvinyl chloride
(PVC), a biopolymer coated onto polyethylene terephthalate (PET) and a biopolymer
coated onto polyethylene naphthalate (PEN).

The optoelectronic device is typically a solar photovoltaic cell.

It may be an advantage of the present invention that filing the troughs with the another
semiconductor may be easier than filing other structures, including grooves of a
grooved structure. The three-dimensional array of peaks and troughs may be and/or
may be referred to as, a series of surface perturbations. It may be an advantage of the
present invention that the series of surface perturbations of the three-dimensional array

of peaks and troughs is easier to fill than a substrate comprising a series of grooves.

The three-dimensional array of peaks and troughs may be referred to as a convoluted

shaped surface.



10

15

20

25

30

35

12

The peaks may be cones and/or cone shaped. The peaks are typically pyramids. The
peaks may have a pointed or a rounded apex or vertex. The peaks may have a
circular or triangular or square base or regular or irregular polygonal base. The peaks
typically have a circular base with radius r. All the peaks may have the same radius r
or the radius r may vary. The radius r may be from 6 microns to 300 nhanomaters,
normally from 3 microns to 300 nanometers and typically from 1.5 microns to 500
nanometers. The radius r may be greater than or equal to 20 microns for the peaks of
the energy storage device. When the have a square base, the length of one side of the

base may be greater than or equal to 20 microns.

The substrate provides a substantially planar surface and the troughs typically extend a
first distance from the substantially planar surface and the peaks typically extend a
second distance from the substantially planar surface. The first and second distances
are typically the same. The first and second distances are typically measured from a

half way point between a bottom of the troughs and a top or apex of the peaks.

The second distance the peaks extend from the substantially planar surface may be
referred to as the height of the peaks. The height of the peaks is typically related
and/or dependent on the size of the base of the peaks. The height of the peaks is
typically from 0.3 to 10um, normally from 0.3 to 6um. The width of the base of the
peaks is typically from 0.3 to 10um, normally from 0.3 to 6um.

The distance between the apex or vertex of two peaks may be substantially the same,
typically the same. The distance between the apex or vertex of two peaks is typically
from 0.3 to 100um, normally from 0.3 to 5um. The distance between the apex or

vertex of two peaks typically defines the trough.

The peaks may be square. That is the base of the peak is square and the top of what
would be the apex or vertex of the peak is also square. The peaks may be polygonal

shapes and/or polygonal in shape.

The another semiconductor may be a perovskite. The another semiconductor may
comprise a perovskite. The semiconductor may comprise titanium oxide or other
electron extraction layer. The inventors of the present invention appreciate that a

perovskite in isolation is not typically referred to as a semiconductor, but in the context



10

15

20

25

30

35

13

of the present invention, a perovskite can provide the optoelectronic device with the

same function as the semiconductors described herein.

Statistical variation in the distance between the metal conductors on the first and
second faces means that, in use, some short circuits may occur in the device if left
untreated. After the conductors have been applied to the substrate, a short circuit
detection and mitigation/removal process may be implemented. For example, the
capacitance of the conductively coated substrate may first be measured. The
measured capacitance may allow an assessment as to whether any short circuits are
present therein. If mitigation or removal of any short circuits is then desired, a variable-

frequency AC voltage may be passed through the conductors.

According to a second aspect of the present invention there is provided a method of
conditioning a substrate, the method comprising the steps of:

providing a substrate having a three-dimensional array of peaks and troughs,
each trough having a first and a second face, the first face of the trough having a
conductor thereon, the second face of the trough having a conductor thereon and the
trough containing a material for storing electrical potential energy;

supplying an AC voltage to the conductor on the first or second face of the
trough; and

creating a gap between the conductor on the first face and the conductor on the

second face.

The conductor on the first and second face of the trough is typically the same material.
The conductor on the first and/or second face of the trough may be a metal. The
conductor on the first and/or second face of the trough is typically in contact, normally
electrical contact with the material for storing electrical potential energy in the trough.
The conductor on the first and/or second face of the trough is typically an electrical

conductor.

The step of supplying the AC voltage to the conductor on the first or second face of the
trough typically supplies energy in the form of heat to the conductor on the first or

second face of the trough to create the gap.

The method normally includes the step of dissipating the energy in the form of heat

across the conductor on the first and/or second face of the trough.
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The gap is typically created at the bottom of the trough. This is statistically where the
cross-section of the conductor on the first and/or second face of the trough is the

thinnest.

Short circuits typically occur when the conductor on the first face of the trough is in

contact with the conductor on the second face of the trough.

The waveform of the AC voltage may be adjusted so that the magnitude of the current
which passes through the short circuit is high enough to raise the temperature of the
conductor. The energy in the form of heat is typically enough to overheat the short
circuit. This typically causes the short circuit to fail. Consequently, short circuits are
removed. Removal of the short circuits changes the overall impedance of the
substrate, making it more difficult for a fixed AC frequency to overheat any remaining
short circuits. Accordingly, the input frequency may be altered throughout the process
in order to adjust to the capacitive reactance changes and changes to the overall

impedance. Thus, substantially all the short circuits may be removed.

If the AC input frequency is too high, the method will use more power, and may mask
the successful removal of short circuits, since the variation in impedance upon their
removal will be very small. Therefore, itis preferable to use an AC input frequency that
is neither too high nor too low for the short circuit mitigation/removal application. The
highest and lowest frequencies needed may be predicted based on the trough

dimensions and the number of short circuits detected.

Alternatively, a suitable pulsed power supply can be used as an input, wherein a
pulsed waveform comprises all the component frequencies that are estimated to be
required over the impedance range of the circuit of conductors. In this scenario,
variable AC frequencies do not need to be supplied separately as they are all

contained within the pulsed waveform.

Features and optional features of the second aspect of the present invention may be

incorporated into the first aspect of the present invention and vice versa.
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Embodiments of the invention will now be described by way of example only and with
reference to the accompanying drawings, in which:

Figure 1 is a perspective views of the surface of the substrate of the energy
storage device;

Figures 2a-d area cross-sectional view of troughs of the energy storage device;

Figures 3a and 3b are cross-sectional views of troughs of the energy storage
device according to another embodiment; and

Figure 4 is a cross-sectional view of troughs of the energy storage and

optoelectronic device.

Figure 1 shows an energy storage device 10 comprising a substrate 12 having a three-
dimensional array of peaks 14 and troughs 16. Each peak 14 has a first 18a and a

second face 18b.

Figures 2a-d show an energy storage device 110 comprising a series of peaks 114 and
troughs 116 and material for storing electrical potential energy 199. The walls of the

troughs 116 have a coat of a conductor 120.

The energy storage device 110 comprises a substrate 112 having a three-dimensional
array of peaks 114 and troughs 116. Each trough 116 has a first 118a and a second
118b face. The first 118a and second 118b faces of the troughs 116 have a conductor
120 thereon. The troughs 116 contain a material for storing electrical potential energy
199.

The conductor 120 on the first face 118a of the trough 116 is not in electrical contact
with the conductor 120 on the second face 118b of the trough 114. There is a gap 192
at the bottom of the trough 116 between the coat of conductor 120 on the first face
118a of the trough 116 and the coat of conductor 120 on the second face 118b of the
trough 116.

In Figure 2a the material for storing electrical potential energy 199 overfills the troughs
116, and is above the top of the peaks 114. In Figure 2b the material for storing
electrical potential energy 199 fills the troughs 116, and is level with the top of the
peaks 114. In Figure 2c the material for storing electrical potential energy 199 only
partially fills the troughs 116. In Figure 2d the material for storing electrical potential

energy 199 is tilted with respect to the plane of the substrate 112.
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Figure 3a shows an energy storage device 210 comprising a series of peaks 214 and
troughs 216 and material for storing electrical potential energy 299. The faces of the
troughs 216 have a coat of a conductor 220. Features of Figures 3a and 3b that are

also shown in Figures 2a-d have been given the same reference numbers with the

prefix ‘2’ instead of ‘1°.

Figure 3a also shows a layer or coat of carbon 230 on the first face 218a of the trough
216 and another layer or coat of carbon 232 on the second face 218b of the trough
216.

In Figure 3a the material for storing electrical potential energy 299 fills the troughs 216,
and is level with the top of the peaks 214. In Figure 3b the material for storing
electrical potential energy 299 overfills the troughs 216, and is above the top of the
peaks 214.

Figure 4 shows a combined energy storage and optoelectronic device 310 comprising
a substrate 312 comprising a trough 316 having a first 318a and a second 318b face

and material for storing electrical potential energy 399 in the trough 316.

Features of Figure 4 that are also shown in Figure Figures 2a-d and Figures 3a and 3b
have been given the same reference numbers with the prefix ‘3’ instead of ‘1’ or 2.

The first face 318a of the trough 316 is coated with a conductor 320 and the second
face 318b of the trough 316 is coated with a conductor 320. The first face 318a of the
trough 316 is also coated with molybdenum oxide 350 and the second face 318b of the
trough 316 is also coated with a semiconductor 352. The molybdenum oxide 350 and

semiconductor 352 are in contact with another semiconductor 340 in the trough.

The first face 318a, second face 318b, molybdenum oxide 350 and semiconductor 352

are in contact with the another semiconductor 340.

The material for storing electrical potential energy 399 covers the another
semiconductor 340 in the trough 316 and fills the remaining volume of the trough 316

not occupied by the semiconductor 352, molybdenum oxide 350 and the another
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semiconductor 340. In one trough 316 there is an aperture or crack 342 in the material

for storing electrical potential energy 399.

The material for storing electrical potential energy 399 stores electrical energy

generated by the optoelectronic device 310.
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CLAIMS

1. An energy storage device comprising:
a substrate having a three-dimensional array of peaks and troughs;
each trough having a first and a second face;
the first and/or second face of the troughs having a conductor thereon; and

the troughs containing a material for storing electrical potential energy.

2. An energy storage device according to claim 1 wherein the material for storing
electrical potential energy stores the electrical potential energy in the form of one or
more of chemical energy, electrostatic energy, pseudocapacitance and electrostatic

double layer capacitance (EDLC).

3. An energy storage device according to claim 1 or claim 2 wherein the material

for storing electrical potential energy comprises a battery.

4. An energy storage device according to claim 3 wherein the material for storing
electrical potential energy stores the electrical potential energy in the form of chemical

energy.

5. An energy storage device according to claim 1 or claim 2 wherein the material
for storing electrical potential energy comprises a capacitor or supercapacitor.

6. An energy storage device according to claim 5 wherein the material for storing
electrical potential energy stores the electrical potential energy in the form of one or
more of electrostatic energy, pseudocapacitance and electrostatic double layer
capacitance (EDLC).

7. An energy storage device according to any preceding claim wherein the first
face of the trough is at a first angle relative to a normal from the substrate and the
second face of the trough is at a second angle relative to the normal from the

substrate, the first and second angles are from 45 to less than 90°.

8. An energy storage device according to any preceding claim wherein the

conductor on the first and/or second face of the trough is a metal.
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9. An energy storage device according to any of claims 1 to 7 wherein the

conductor on the first and/or second face of the trough is a conductive non-metal.

10. An energy storage device according to any preceding claim wherein there is a
gap between the conductor on the first face and the conductor on the second face of
the trough, such that the conductor on the first face of the trough is not in electrical

contact with the conductor on the second face of the trough.

1. An energy storage device according to any preceding claim wherein the
material for storing electrical potential energy in the troughs is from 100 to 500nm
deep.

12. An energy storage device according to any preceding claim wherein the energy
storage device is also an optoelectronic device, the first face of each trough having a

coat of a semiconductor.

13. An energy storage device according to claim 12 wherein the semiconductor on
the first face and the conductor on the second face of the trough are in contact with
another semiconductor in the trough and the material for storing electrical potential
energy one or more of coats, is on top of, and covers the another semiconductor in the

trough.

14. A method of conditioning a substrate, the method comprising the steps of:

providing a substrate having a three-dimensional array of peaks and troughs,
each trough having a first and a second face, the first face of the trough having a
conductor thereon, the second face of the trough having a conductor thereon and the
trough containing a material for storing electrical potential energy;

supplying an AC voltage to the conductor on the first or second face of the
trough; and

creating a gap between the conductor on the first face and the conductor on the

second face.

15. A method of conditioning a substrate according to claim 14 wherein the step of
supplying the AC voltage to the conductor on the first or second face of the trough
supplies energy in the form of heat to the conductor on the first or second face of the

trough to create the gap.
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16. A method of conditioning a substrate according to claim 14 or claim 15 wherein

the gap is created at the bottom of the trough.
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