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and method for its production, where said method comprises the provision of a sensor substrate comprising a conducting thin film
at least partially covering at least two regions on at least one surface of a sensor substrate material to define a gap in the conduct-
ing thin film, the application of a mixture of zinc oxide nanostructures and a non-ionic polymer to at least a portion of the gap in
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ZINC OXIDE NANOSTRUCTURES AND SENSORS USING ZINC

OXIDE NANOSTRUCTURES
TECHNICAL FIELD

The present invention relates to the production of zinc oxide nanostructures. More particularly,

- but not exclusively, it relates to methods for producing Zine oxide nanostructures — especially |
nanorods — using arc discharge, the nanostructures produced by those methods, and the
application of zinc oxide nanostructures in, for example, optoelectronic, energy storage and field

emission devices, and sensors such as UV photasensors, gas sensors and humidity sensors.
BACKGROUND ART

Zinc oxide is a semiconductor with a wide band gap of 3.4 eV, which makes it transparent in
visible light. Zinc oxide absorbs in the ultraviolet (UV) to blue wavelengths. Zinc oxide
naturally has n-type character because of its native defects, such aé oxygen vacancies or zinc
interstitials. Over the last few years, thin film and bulk ZnO materials have been explored for

vatious applicatictis i éléctionics, optics and photonics.

Thé large surface areas of low-dimensional zinc oxide nanostructures, together with their optical
and electrical properties, make them desirable for applications such as UV and humidity sensing,
field emission and gas sensing. Differesit methods have been developed to produce one-
dimensional zinc oxide nanostructures, including: vapour-liquid-solid growth; thermal
evaporation; vapour phase transport; metal organic vapour phase epitaxy; chemical vapour
deposition; pulsed laser deposition (PLD); laser ablation; and'soluti.on processes. The répofced
zinc oxide nanostructures include, for example: nanowires; nanorods; nanotubes; nanowalls;

nanopropellers; nanocoral reefs; nanonetworks; and quantum wells.

These methods for producing zinc oxide nanostructures typically involve high cost and multiple
processing steps. There remains a need for low cost, reproducible, large scale production

techniques.

Accordingly, it is an object of the present invention to go some way to avoiding the above

disadvantages and/or to at least provide the public with a useful choice.

Other objects of the invention may become apparent from the following description which is

given by way of example only.
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In this specification where reference has been made to patent specifications, other external
documents, or other sources of information, this is generally for the purpose of providing a
context for discussing the features of the invention. Unless specifically stated otherwise,
reference to such external documents is not to be construed as an admission that such documents,

or such sources of information, in any jurisdiction, are prior art, or form part of the commion

general knowledge in the art.

SUMMARY OF THE INVENTION

In a first aspect, the present invention provides a method for producing zinc oxide
nanostructures, the method comprising:
e providing an anode and a cathode in an arc discharge chamber; .
o supplying current to the anode and the cathode to establish an arc discharge between the |
cathode and the anode to vapofisa. the anode and producé the zinc oxide nanostructures;
e terminating the current supply to the anode and the cathode; and

e collecting the resulting zinc oxide nanostructures.

In another aspect, the present invention provides zinc oxide nanostructures produced

substantially according to the above method.

In another aspect, the present invention-provides zinc oxide nanostructures produced by a
method comprising:
- providing an anode and a cathode in an arc discharge chamber;
¢ supplying current to the anode and the cathode to establish an arc discharge between the
cathode and the ahode to vaporise the anode and produce the zinc oxide nanostructures;
e terminating the current supply to the anode and the cathode; and

o collecting the resulting zine oxide narostructures,

In another aspect, the present invention provides zinc oxide nanostructures produced
substantially according to the above method for use in optoelectronic, energy storage and field

emission devices, and sensors.

In another aspect, the present invention provides zinc oxide nanostructures produced by a

method comprising:

e providing an anode and a cathode in an arc discharge chamber;
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e supplying current £o the anode and the cathode to establish an arc discharge between the
cathode and the anode to vaporise the anode and produce the zinc oxide nanostructures;

e terminating the current supply to the anode and the cathode; and

e collecting the resulting zinc oxide nanostructures;

for use in optoelectronic, energy storage and field emission devices, and sensors.

In another aspect, the present invention provides an optoelectronic device component comprising

zinc oxide nanostructures of the invention.

In another aspect, the present invention provides an energy storage device component

comprising zinc oxide nanostructures of the invention.

In another aspect, the present invention provides a field emission device component comprising

zinc oxide nanostructures of the invention.

In another aspect, the present invention provides a sensor component comprising zinc oxide

nanostructures of the invention.

-The present invention also provides a method for producing a sensor component, the sensor

component comprising zinc oxide nanostructures of the invention.

In another aspeet, the present invention provides a method for producing a sensor component,
the method comprising:

e providing a sensor substrate comprising a conducting thin film at least partially covering
at least two regions on at least one surface of a sensor substrate material to define a gap
in the conducting thin film;

o applying a mixture comprising zinc oxide nanostructures and a nonionic polymer to at
least a portiori of the gap in the conducting thin film and thereby bridge the. gap; and

s optionally, annealing the mixture of zinc oxide nanostructures and nonionic polymer

applied to the sensor substrate, to provide the sensor component.

In another aspect, the present invention provides a method for producing a sensor component,
the method comprising:

e providing an anode and a cathode in an arc discharge chamber;

e supplying current to the anode and the cathode to establish an arc discharge between the

cathode and the anode to vaporise the anode and prdduce the zinc oxide nanostructures;
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terminating the current supply to the anode and the cathode;

collecting the resulting zinc oxide nanostructures;

providing a sensor substrate comprising a conducting thin film at least partially covering
at least two regions on at least one surface of a sensor substrate material to define a gap
in the conducting thin film;

applying a mixture comprising the zinc oxide nanostructures and a nonionic polymer to at
least a portion of the gap in the conducting thin film and thereby bridge the gap; and
optionally, antiealing the mixture of zinc oxide nanostructures and nonionic polymer

applied to the sensor substrate, to provide the sensor component.

In another aspect, the present invention provides a sensor component produced substantially

according to the above method.

In another aspect, the present invention providés a sensor compo‘ﬁent' produced by a method

comprising:

. prdﬁding a sensor substrate comprising a conducting thin film at least partially covering:

at least two regions on at least one surface of a sensor substrate material to define a gap
in the conducting thin film; t

applying a mixture comprising zinc oxide nanostructures and a nonionic polymer to at
least a portion of the gap in the conducting thin film and thereby bridge the gap; and
optionally, annealing the mixture of zinc oxide nanostructures and nonionic polymer

applied to the sensor substrate, to provide the sensor component.

In another aspect, the present invention provides a sensor component produced by a method

comprising:

providing an anode and a cathode in an arc discharge chamber;
supplying current t6 the anode and the cathode to establish an arc discharge between the

cathode and the anode to vaporise the anode and produce the zinc oxide nanostructures;

terminating the current supply to the anode and the cathode;

collecting the resulting zinc oxide nanostructures;

providing a sensor substrate comprising a conducting thin film at least partially covering

at least two regions on at least one surface of a sensor substrate material to define a gap

in the conducting thin film;
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¢ applying a mixture comprising the zinc oxide nanostructures and a nonionic polymer to at
least a portion of the gap in the conducting thin film and thereby bridge the gap; and
. optionally, annealing the mixture of zinc oxide nanostructures and nonionic polymer

applied to the sensor substrate, to provide the sensor component.

In another aspect, the present invention provides a sensor component comprising:

e asensor substrate comprising a conducting thin film at least partially covering at least
two regions on at least one surface of a sensor substrate material to define a gap in the
conducting thin film; and

e amixture comprising zinc oxide ndnostructures and a nonionic polymer covering at least

a portion of the gap in. the conducﬁng thin film, thereby bridging the gap.

.This invention may also be said broadly to cbnsist in the parts, elements and features referred to
or indicated in the specification of the application, individually or collectively, and any or all
combinations of any two or more said parts, elements or features, and where specific integers are
mentioned herein which have known equivalents in the art to which this invention relates, such

known equivalents are deemed to be incorporated herein as if individually set forth.
As used herein the term “and/or” means “and” or “or” or both.

The term “comprising” as used in this specification means “consisting at least in part of”. When
interpreting each statement in this speciﬁcatibn that includes the term “comprising”; features
other than that or those prefaced by the term may also be present. Related terms such as

“comprise” and “comprises” are to be interpreted in the same manner.

It is intended that reference to a range of numbers disclosed herein (for example, 1 to 10) also
incorporates reference to all rational numbers within that range (for example, 1, 1.1, 2, 3,3.9, 4,
5,6,6.5, 7,8,9 and 10) and also any range of rational numbers within that range (for example; 2
to 8, 1.5 t0 5.5 and 3.1 to 4.7) and, therefore, all sub-ranges of all ranges expressly disclosed
herein are hereby expressly disclosed. These are only examples of what is specifically intended
and all possible combinations of numerical values between the lowest value and the highest
value enumerated are to be considered to be expressly stated in-this application in a similar

manner.
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Although the present invention is broadly as defined above, those persons skilled in the art will
appreciate that the invention is not limited thereto and that the invention also includes

embodiménts of which the following description gives examples.
BRIEF DESCRIPTION OF THE DRAWINGS
The invention will now be described with reference to thé Figures in which:
Figure 1 is a three dimensional model of one type of arc discharge apparatus;
Figure 2 is a schematic diagram of one embodiment of a sensor comprising zinc oxide nanorods;

Figures 3(a) and 3(b) are scanning electron microscopy (SEM) images of zinc oxide nanorods

formed on a substrate;

Figure 4 is an X-ray diffraction (XRD) spectrum of zinc oxide nanorods produced in one

embodiment;

Figures 5(a) and 5(b) are photoluminescence (PL) spectra, at room temperature and low

temperature, of zinc oxide nanorods formed on a substrate;

Figures 6(a) and 6(b) are SEM images of zinc oxide nanorods produced by arc discharge before

and after ultrasonication;

Figure 7 shows the I-V curves, under 340 nm illumination, for sensors formed from zinc oxide .
nanorods with and without the addition of BASF LUVISKOL® VA 64;

Figure 8(a) is the I-V curve, in the dark and under illumination with different wavelengths, of a

sensor comptising zinc oxide nanorods before annealing;

Figure §(b) is the I-V curve, ini the dark and under illumination with different wavelengihs, of a

sensor comprising zinc oxide nanorods after annealing;

Figure 9 depicts the dependency of responsivity, under illumination at different wavelengths, on

biased voltage for a sensor comprising zinc oxide nanorods;

Figure 10 shows the I-V curves, under 340 nm illumination, for sensors formed from zinc oxide

nanorods and from nickel-doped zinc oxide nanorods;
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Figure 11 depicts the dependency of resistance on relative humidity at 25 °C for a sensor

comprising zinc oxide nanorods;

Figure 12 depicts the variation of resistance with time at different relative humidity levels for a

sensor comprising zinc oxide nanorods;

Figute 13 is a plot of the field emission current against electric field for zinc oxide nanorods

_formed in one embodiment; and

Figure 14 is a plot of the field emission current against electric field for zinc oxide nanorods

formed under different oxygen partial pressures.
DETAILED DESCRIPTION OF THE INVENTION

A method for producing zinc oxide nanostructures, especially nanorods, using arc discharge has

been devised.

Accordingly, in a first aspect, the present invention provides a method for producing zinc oxide

nanostructures, the method comprising:
¢ providing an anode and a cathode in an arc discharge chamber;
e supplying current to the anode and the cathode to establiéh an arc discharge between the
cathode and the anode to vaporise the anode and produce the zinc oxide nanostructures;
e terminating the current supply to the anode and the cathode; and

o collecting the resulting zinc oxide nanostructures.
In one embodiment, the anode is a high purity zinc anode.

High purity zinc anodes are commercially available. In one embodiment, the zinc anode is at

least:99.0% pure, preferably at least 99.9% pure, mote preferably at least 99.99% pure.
In a preferred embodiment, the zinc anode is at least 99.999% pure.

In another embediment, the anode comprises zinc and is doped with one or more metallic donor.
In one embodiment, the anode is doped with one metallic donor. In another embodiment, the
anode is doped with two or more metallic donors. In these embodiments, the one or more

metallic donor comprises from about 0.1 atomic % to about 10 atomic % of the anode.
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In one embodiment wherein the anode comprises zinc doped with one or more metallic donor,
the zinc that is combined with the metallic donof is at least 99.0% pure, preferably at least 99.9%
pure, more preferably at least 99.99% pure, more preferably at least 99.999% pure. Preferably,
the one or more metallic donor that is combined with the zinc is at least 99.0% pure, preferably

at least 99.5% pure.

In one embodiment, the one or more metallic donor is selected from the group consisﬁng of: the
noble metals (including ruthenium, thodium, palladium, silver, osmium, iridiur, plaﬁnum and

gold); the magnetic metals (including iron, cobalt and nickel); and antimony.

In another embodiment, the one or more metallic donor is selected from the group consisting of:

pall.adi‘um; silver; platimum; gold; nickel; and antimony.

Ina preferred' embodiment, the metallic donor is nickel. In another preferred embodiment, the

zinc anode is doped with about 2.0 atomic % nickel.

- In one embodiment, the anode is a high purity zinc rod, preferably with a diameter between

about 5 mm and about 15 mm.
In one embodiment, the cathode is a high purity cathode.

In one embodiment, the cathode is at least 99.0% pure, preferably at least 99.9% pure, more -

preferably at least 99.99% pure.
In a preferred embodiment, the cathode is at least 99:999% pure.

In a preferred embodiment, the cathode is a graphite cathode. In another preferred embodiment,

the cathode is a copper cathode.

Preferably, the cathode is water-cooled. In a preférred embodiment, the cathode is a watet-

cooled graphite disc electrode and/or a water-cooled copper disc electrode.

In those embodiments wherein the cathode is a water-cooled copper disc, the disc is preferably
about 30 mm to about 100 mm in diameter with a thickness between about 10 mm and about 25

mm. Preferred water-cooled graphite cathodes have similar dimensions.

Those persons skilled in the art will be able to select a suitable cathode without undue

experimentation. The cathode must be able to withstand the conditions in the arc discharge
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chamber during the arc discharge. Cathodes other than those described above, for example a

zinc cathode or a multielement cathode, may also be useful in the invention.

Various arc discharge apparatus are known in the art and one type is illustrated in Figure 1. The
arc discharge apparatus in Figure 1 includes a chamber containing an anode and a cathode. The
chamber is sealed with a chamber 1id housing amotor and a slide assembly. The chamber is

equipped with a manometer and input and output taps.

In a preferred embodiment, the cathode is arranged horizontally in the arc discharge chamber and
the anode is arranged vertically. Without wishing to be bound by theory, it is thought that, in
this embodiment, heat rises towards the anode, assisting the thermalisation of excited atoms and

producing highly pure zinc oxide nanostructures.

In one embodiment, the distance between the anode and the cathode may be varied. For
example, an electric motor may be used to control the distance between the anode and the
_cathode. Preferably the distance between the anode and the cathode is between about 3 mm and

about 7mm. In one embodiment, the distance between the anode and the cathode is abouf 5 mnir

In one embodiment, the pressure in the arc discharge chamber may be varied. For example, a
rotary pump may be used in conjunction with a variable inlet gas flow to vary the pressure.
Preferably, the préssure in the arc discharge chamber is between about 300 Torr (40 kPa) and
about 700 Torr (93.3 kPa). In one embodiment, the pressure in the arc discharge chamber is
about 400 Torr (53.3 kPa). In another embodiment, the pressure in the arc discharge chamber is
“about 500 Torr (66.7 kPa).

In one embodiment, the atmosphere in the arc discharge chamber comprises air. Other
atmospheres may be used, for example: oxygen; and mixtures of oxygen with one or more other
gas, sitch as argon, neon, xenon, helium and nitrogen. In a‘ndther embodiment, the atmosphere in
the arc dischérge chamber comprises ozone or a mixture of ozone with one or more other gas,

such as oxygen, argon, neon, xenon, helium and nitrogen.

‘Inone embodiment, the atmosphere in the arc discharge chamber comprises a mixture of oxygen

and/or ozone with one or more of argon, neon and xenon.

In a preferred embodiment, the atmosphere in the arc discharge chamber comprises a mixture of

oxygen and argon.
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The atmosphere in the arc discharge chamber will typically comprise at least about 10% oxygen.
In one embodiment, the atmosphere in the arc discharge chamber comprises about~21% oxygen.
In another embodiment, the atmosphere in the arc discharge chamber comprises about 25%
oxygen. Inanother embodiment, the atmosphere in the arc discharge chamber comprises about
50% oxygen. In another embodiment, the atmosphere in the arc discharge chamber comprises

about 99.5% oxygen.

Tn one embodiment, the atmosphere in the arc discharge chamber comprises at least about 21%

oxygen, at least about 25% oxygen, at least about 50% oxygen; or at least ébout 99.5% oxygen.
Current may be supplied to the anode and the cathode using any conventional means.

In one embodiment, a DC power supply, such as an inveﬁer—type TIG welder, is used.

Advantageously, the positive terminal (anode) gets hoiter than the negative terminal (cathode)
for DC arcs.

~ Preferably, the current supplied to the anode and the cathode is between about 30 A and about
70 A. The resﬁlting voltage is a function of the electrode separation and the atmosphere within
the arc discharge chamber. In one embodiment, the current supplied to the anode and the
cathode is about 50 A. |

Typically, the arc discharge between the cathode and the anode is established for between about
10 seconds and about 50 seconds. In one embodiment, the arc discharge is established for about

20 seconds.

The current supplied to the electrodes creates a high temperature arc discharge between them.
The discharge vaporises the anode material, and the vaporised material reacts with the

‘dtmosphere within the arc discharge chamber.

The zinc oxide nanostructures. typically form as a white and/or yellow white powder, which
adheres to the cathode and other surfaces within the arc discharge chamber. The powder may be

collected by, for example, scréping it off these surfaces.

Advantageously, the zinc oxide nanostructures are typically obtained with high quality and high

putity and are suitable for use without further purification.
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In one embodiment, the method further comprises placing a nanostructure growth substrate in

the arc discharge chamber. Preferably, the nanostructure growth substrate is placed in the arc A
discharge chamber before establishiﬁg the arc discharge between the cathode and the anode, In
some embodiments, the nanostructure growth substrate may be placed in the arc discharge

chamber during the arc discharge.

During the arc discharge, a thin film of zinc oxide nanostructures forms on at least that surface of
the nanostructure growth substrate which faces the plasma. Zinc oxide nanostructures may also
form on other surfaces of the nanostructure growth substrate due to scattering from the chamber
walls. In this embodiment, the zinc oxide nanostructures are collected by removing the

nanostructure growth substrate from the arc discharge chamber.

Preferably, the nanostructure growth substrate is placed around the cathode at a distance of about

20 mm to about 100 mm fiom the cathode..

In some embodiments, the nanostructure growth substrate is retairied in the arc discharge

chamber for multiple arc discharges to build up a thicker film of zinc oxide nanostructures.

The nanostructure growth substrate must be able to withstand the conditions in the arc discharge:
chamber during the arc discharge without, for example, breaking down or outgassing. Suitable

nanostructure growth substrates will generally be stable at temperatures up to at least about
300 °C.

Suitable nanostructure growth substrates include, but are not limited to, silicon, glass and quartz.
In one embodiment, the nanostructure growth substrate is substantially planar.

The size of the nanostructure growth substrate will depend on factors such as the size of the arc
discharge chariber. In ofie embodiment, the nanostructure growth substrate is substantially -

planar with dimensions of about 1 cm by about 1 cm.

Prior to being placed into the arc discharge chamber, the nanostructure growth substrate may be

mechanically cleaned by, for example, spraying compressed air onto the surface.

In one embodiment, the nanostructure growth substrate comprises a plurality of individual pieces
of substrate that are moved sequentially or concurrently into the arc discharge chamber and then

moved out of the chamber after the zinc oxide nanostructures have been formed on the substrate.
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In another aspect, the present invention provides zinc oxide nanostructures produced

substantially according to the above method.

In another aspect, the present invention provides zinc oxide nanostructures produced by a
method comprising:
e providing an anode and a cathode in an arc discharge chamber;
. supplﬁng current to the anode and the cathode to establish an arc diséharge between the
cathode and thc; anode to vaporise the anode and produce the zinc oxide nanostructures;
¢ terminating the current supply to the anode and the cathode; and

¢ collecting the resulting zinc oxide nanostructirres.

The zinc oxide nanostructures typically form as nanorods. Using the method of the inventioh,
zine oxide nanorods have been obtained with diameters between about 20 nm and about 4QO~nm

and lengths between about 0.02 pm and about 10 pm.

In one-embodiment;-the zinc-oxide nanorods have lengths between about-0.1 um and about.5.um.
In another embodiment, the zinc oxide nanorods have lengths between about. 0.02 pm and about
10 pm. In another-embodiment, the zinc oxide nanorods have lengths between about 0.03 pm
and about 0.6 pm. In another embodiment, the zinc oxide nanorods have lengths between about

0.02 pm and about 0.2 pm.

The aspect ratio of the nanorods may depend upon the oxygen partial pressure of the atmosphere
in the arc discharge chamber. In one embodiment, the aspect ratio of the nanorods increases as

the oxygen partial pressure increases.

The large surface areas of the zinc oxide naﬁostructures, together with their optical and electrical
propetties, make them useful for application in, for example, optoelectronic (including, but not
limited to, photovoltaic), energy storage, and field emission devices, and sénsors such as UV

photosensors, gas sensors and humidity sensors.

Accordingly, in another aspect, the present invention provides zinc oxide nanostructures
produced substantially according to the above method for use in optoelectronic, energy storage
and field emission devices, and sensors. In another aspect, the present invention provides zinc
oxide nanostructures produced substantially according to the above method for use in

optoelectronic and field emission devices, and sensors.



WO 2010/120196 PCT/NZ2010/000068

-13 -

In another aspect, the present invention provides zinc oxide nanostructures produced by a
method comprising:
e providing an anode and a cathode in an arc discharge chamber;
e supplying current to the anode and the cathode to establish an arc discharge between the
cathode and the anode to vaporise the anode and produce the zinc oxide nanostructures;
e terminating the current supply to the anode and the cathode; and
e collecting the resulting zinc oxide nanostructures;

for use in optoelectronic, energy storage and field emission devices, and sensors.

In another aspect, the present invention provides an optoelectronic device component comprising

zinc oxide nanostructures of the invention.

In another aspect, the present invention provides an energy storage device component

comprising zinc oxide nanostructures of the invention.

In another aspect, the present invention provides a sensor component comprising zinc oxide -

nanostructures of the invention.

The present invention also provides a method for producing a sensor component, the sensor

component comprising zinc oxide nanostructures of the invention.

In another aspect, the présent invention provides a method for producing a sensor component,
the method comprising:
e providing a sensor substrate comprising a conducting thin film at least partially covering
‘at least two regions on at least one surface of a sensor substrate material to define a gap
in the conducting thin film;
e applying a mixture comprising zinc oxide nanostructures and a nonionic polymer to at
| ledst a portion of the gap in the conducting thin film and theréby‘ bridge the gap; and
. optionally, annealing the mixture of zinc oxide nanostructures and nonionic polymer

applied to the sensor substrate, to provide the sensor component. -

In a preferred embodiment, the zinc oxide nanostructures are produced substantially according to
the method of the first aspect.
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Accordingly, in another aspect, the present invention provides a method for producing a sensor
component, the method coﬁprising: _
e providing an anode and a cathode in an arc discharge chamber;
s supplying current to the anode and the cathode to establish an arc discharge between the
cathode and the anode to vaporise the anode and produce the zinc oxide nanostructures;
+ terminating the current supply to the anode and the cathode;
o collecting the resulting zinc oxide nanostructures;
o providing a sensor substraté comprising & conducting thin film at least partially covering
at least two regions on at least one surface of a-sensor substrate material to define a gap
in the conducting thin film; .
¢ applying a mixture comprising the zinc oxide nanostructures and a nonionic polymer to at
least a portion of the gap in the conducting thin film and thereby bridge the gap; and
e optionally, annealing the mixture of zinc oxide nanostructures and nonionic-polymer

applied to the sensor substrate, to provide the sensor component.

In one embodiment, the sensor substrate material is an electrical insulator. Suitable sensor
substrate materials will generally have a resistivity of at least about 1 x 10? Qm. Suitable sensor
substrate materials include, but are not limited to: silicon; SiO; sapphire; glass; Al;Os; silicon

nitride; silicon oxynitride; and various plastics, such as Kapton® (polyimide),

In one embodiment, the sensor substrate material essentially consists of a single material. In
other embodiments, the sensor substrate material comprises a first substrate material that is

coated with one or more other substrate materials.

In one embodiment, the sensor substrate material is silicon, Si0; or glass. In another
embodiment, the sensor substrate material is silicon or glass. In a preferred embodiment, the

sensor substrate miateiial is silicon coated with SiO,.

In one embodiment, the sensor substrate is substantially planar. In another embodiment, the
sensor substrate is substantially planar with dimensions of about 1 cm by about 1 cm. In the

embodiment shown ini Figure 2, the sensor substrate material is silicon coated with SiO,.

Conducting thin films are known in the art., Suitable conducting thin films will generally hayé an

electrical conductivity of at least about 100 Sm™. Suitable conducting thin films comprise
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metals, such as gold or aluminium, mixtures of metals, or other matetials, such as indium tin

oxide (ITO) and insulators with sufficient doping to satisfy the conductivity criterion.
" In the embodiment shown in Figure 2, the coﬁducting thin film comprises gold.

Prior to application of the conducting thin film, the sensor substrate material may be
mechanically cleaned by, for example, spraying coﬁipressed air onto the 'surfacel The sensor
substrate material may also be washed with a suitable solvent, such as ethanol, either with or
without ultrasonication. In some embodirients, the sensor substrate mateﬁal may be chemically
treated before applying the conducting thin film. However, in preferred embodiments, such

chemical treatment is not necessary.

The conducting thin film may be applied to the sensor substrate material using known
techniques. In one embodiment, the conducting thin film is applied to the sensor substrate
material using a sputter coater. However, other methods will be readily apparent to those

persons skilled in the art.

The thickness of the condueting thin film is typically between about 20 nm and about 100 nm.

However, in some embodiments, the thickness may be oufside this range.

The zinc oxide nanostructures are mixed with a nonionic polymer. Suitable nonionic polymers
include nonionic polymer surfactants and nonionic polymeric film-forming agents. Without
wishing to be bound by theory, it is thought that the nonionic potymer forms a layer around each

of the individual zinc oxide nandstructures, thereby reducing aggregation of the nanostructures.

In one embodiment, the nonionic polymer is selected from the group consisting of nonionic

polymer surfactants; nonionic polymeric film-forming agents; and mixtures of any two or more
thereof..

In one embodiment, the nonionic polymer is a nonionic polymer surfactant.

In another embodiment, the nonionic polymer is a nonionic polymeric film-forming agent. Ina
preferred embodiment, the nonionic polymer is a vinylpyrrolidone/vinyl acetate copolymer.

Preferably, the ratio of vinylpyrrolidone:vinyl acetate in the nonionic polymer is 60:40.

One such polymer is marketed as BASF LUVISKOL® VA 64.
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The nonionic polymer assists the formation of 3D networks of the zinc oxide nanostructures,
without influencing the conductivity properties of the sensor component as might be expected if,
for example, an ionic surfactant were used. Thus, the nonionic polymer improves the
conductivity of the sensor component comprising zinc oxide nanostructures, without affecting

the working mecharnism of the sensor component.

In a preferred embodiment, the mixture further comprises a solvent. The solvent is generally a

volatile organic solvent in which the nonionic polymer is soluble.

In one emb.odiment, the solvent is ethanol. Other suitable solvents include, but are not limited
to: other alcohols, such as methanol, iso-propanol and butanol; halocarbons, such as

dichloromethane and chloroform; ethérs-, such as tetrahydrofuran; esters, such as ethyl acetate;
ketones, such as acetone; and acefonitﬁle; Mixtures of any two ot more suitable sp‘lven’;s may

also be used.

_ The weight ratio of zinc oxide nanostructures to nonionic polymer in the mixture is typically in. .
the range about 1 : 1 to about 8 : 1. In those embodiments wherein the mixture further comprises
a solvent, the-weight ratio of zinc dxide nanostructures to nonionic polymer to solvent is
typically in the range about 1 : 1: 8 to about 8: 1 : 8. However, weight ratios outside of this

range may be used, depending on the specific nonionic polymer and solvent, if present.

In one embodiment, wherein the nonjonic polymer is BASF LUVISKOL® VA 64 and the
solvent is ethanol, a preferred weight ratio of zinc oxide nanostructures to nonionic polymer to

solvént is3:1: 8.

In one embodiment, the mixture comprising the zinc oxide nanostructures and the nonionie
polymer, together with the solvent, if present, is ultrasonicated. Ultrasonication assists in
breakirig up aity nanogtructiiré aggregates and dispersing the nanostructures throughout the

mixture. Other conventional techniques, such as vigorous stitring, may also be effective.

In a preferred embodiment, the mixture is ultrasonicated for between about one minute and about
30 minutes at a temperature from about 10 °C to about 60 °C. However, in some embodiments;
the ultrasonication time and/or temperature may be outside this range depending on, for example,

the boiling point of any solvent present in the mixture.

The mixture comprising the zinc oxide nanostructures and the nonionic polymer, together with

" the solvent, if present, is then applied to at least a portion of the gap in the conducting thin film
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on the sensor substrate. In the embodiment shown in Figure 2, the conducting thin film is a gold

thin film and the zinc oxide nanostructure/nonionic polymer mixture bridges a gap in the gold
film.

In one embodiment, the mixture is applied by dropping the mixture onto the surface of the sensor

substrate and drying in the open air to evaporate the solvent.

The amount of solvent in the mixture will affect the thickness of the resulting zinc oxide

nanostructurées/nonionic polymer film.

The resistivity of the zinc oxide nanostructures/nonionic polymer film is ~i1f1vers\'~>1y']groportionei1
to the thickness of the film. In some embodiments, multiple applications of the mixture may be

-used to build up a thicker film.

In one embodiment, the thickness of the zinc oxide rianostructures/nonionic polymer film is from

about 100 nm to about 5 pm.

Annealing the mixture of zinc oxide nanostructures and nonionic polymer applied to the sensor
substrate improves the mechanical strength of the sensor component by hardening the nonionic

polymer, and also improves the photoconductivity of the resulting seisor component.

Those persons skilled in the art will be able to select suitable annealing conditions without undue
experimentation. In one embodiment, the mixture of zinc oxide nanostructures and nonionic
polymer applied to the sensor substrate is anhealed in air at a temperatire between about 50 °C
and about 250 °C for between about 10 minutes and about 60 minutes. In other embodiments,
annealing temperatures and/or times outside these ranges may be used. In a preferred
embodiment, the mixture of zinc oxide nanostructures and nonionic polymer applied to the

sensor substrate is annealed in air at a temperature of about 200 °C for about 30 minutes.

In another aspect, the present invention provides a sensor component produced substantially

according to the above method.

In another aspect, the present invention provides a sensor component produced by a method
comprising:
* providing a sensor substrate comprising a conducting thin film at least partially covering
at least two regions on at least one surface of a sensor substrate material to define a gap

in the conducting thin film;
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applying a mixture comprising zinc oxide nanostructures and a nonionic polymer to at
least a portion of the gap in the conducting thin film and thereby bridge the gap; and
optionally, annealing the mixture of zinc oxide nanostructures and nonionic polymer

applied to the sensor substrate, to provide the sensor component.

In another aspect, the present invention provides a sensor component produced by a method

comprising:

providing an anode and a cathode in an arc discﬂarge chamber;

supplying current to the anode and the cathode to establish an arc discharge between the
cathode and the anode to vaporise the anode and produce the zinc oxide nanostructures;
terminating the current supply to the anode and the cathode;

collecting the resulting zinc oxide nanostructures;

providing a sensor substraté comprising a conducting thin film at least partially covering
at least two regions on at least one surface of a sensor substrate material to define a gap
in.the conducting thin film;

applying a mixture comprising the zinc 6xide nanostructures and a nonionic polymer to at
least a portion of the gap in the conducting thin film and thereby bridge the gap; and
optionally, annealing the mixture of zine oxide nanostructures and nonionic polymer

applied to the sensor substrate, to provide the sensor component.

In another aspect, the present invention provides a sensor component comprising:

a sensor substrate comprising a conducting thin film at least partially covering af least
two regions on at least one surface of a sensor substrate material to define a gap in the
conducting thin film; and

a mixture comprising zinc oxide nanostructures and a nonionic polymer covering at least

a portion of the gap in the conducting thin film, thereby bridging the gap.

In a preferred embodiment, the zinc oxide nanostructures are produced substantially. according to

the method of the first aspect.

Sensors may be fabricated from the sensor components of the invention by the addition of other

conventional components such as contacts, a power supply and electrical and/or optical

measuring apparatus. The sensor may further include components intended to protect and extend

the longevity of the mixture of zinc oxide nanostructures and nonionic polymer. For example, a
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quartz cover may be useful for a UV sensor and a moisture permeable mesh may be useful for a

humidity sensor.

Sensors fabricated using sensor components produced accordiﬁg to the above method have been
tested under UV illumination and also under varying relative humidity. The sensors behaved as
a variable resistor, with the resistance being inversely proportional to the applied illumination or
the relative humidity. Accordingly, the sensor components of the invention are useful for

producing photosensors, especially for use in the UV region, and humidity sensors.

The responsivity of most commercial UV photodetectors currently available in the market is in
the range of 0.1 to 0.2 A/W [E Monroy, F Omnes and F Calle Semicond. Sci. Technol. 18 33-51
(2003)]. Sensors fabricated using sensor components produced according to the above method
have been shown to exhibit responsivities of about 0.01 to 1.0 A/W under UV (340 nm)

illumination.

“The sensitivity factor (S¢) for a humidity sensor fabricated using a sensor component produced
according to the above method was calculated as S¢= Ros; / Rosy, = 8790. This is higher than the:
sensitivity for aniother zinc oxide nanorod sensor (S¢= 183) and a zinc oxide nanowire sensor (S¢

= 5442), both reported by Y S Zhang et al. [Appl. Surf. Sci. 242 212-217 (2005)].

Accordingly, the methods of the present invention enable the fabrication of sensors comprising
zine oxide nanostructures having very good sensitivities without employing the clean room

procedures typically used for inter-digitized electrode fabrication and packaging.

Electron field emission is the electric field induced emission of electrons from the surface of
condensed matter into vacuum, gas, liquid or a non-metallic solid with low electrical
conductivity. In contrast to thermionic electron emission, electric field induced emission of
eléct‘rqns does ot rely on high temperature (>800 °C) for oﬁeraﬁc')n'.- As a conisequénce, electron
field emitting materials can be termed cold cathode election emitters. Cold cathodes have
advantages over thermionic emitters such as instant turn-on, lower energy requirements and
lower energy spread. Cold cathode electron emitters have potential applications that include, but
are not limited to: field emission displays; vacuum fluorescent displays; plasma displays;
lighting elements; microwave generation; space-vehicle neutralization; and X-ray generation.
The electrons are emitted from the éurface under application of a sufficient electric field. This

electric field threshold for electron emission can be significantly improved by surface patterning.
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The development of low dimensional structures (on the nanoscale) provides surfaces where the

local electric field is enhanced by several orders of magnitude.

The observed field emission from the zinc oxide nanostructures of the invention make them
useful for the applications discussed above. Accordingly, in another aspect, the present
invention provides a field emission device component comprising zinc oxide nanostructures of

the invention.

The following non-limiting examples are provided to illustrate the present invention and in no

way limit the scope théreof.

EXAMPLES
Example 1 - Zinc oxide nanostructure formation on selected substrates

1x1 cm samples of glass, quartz and silicon (the substrates) were mechanically cleéned by
spraying compressed air onto the surface, and then placed around.the.cathode in an arc discharge
chamber. The andde was a 99.999% pure zinc anode and the cathode was either a water-cooled
high purity graphite disc or a water-cooled high purity copper disc. The distance between the
anode and the cathode was fixed at 5 mm. The arc discharge was carried out at an air pressure of
400 Torr. After discharge for 20 seconds at 50 A, a bulk quantity of zinc oxide material adhered
to the surface of the cathode and the inner wall of the chamber. A thin layer of material was also

deposited onto the substrates in the chamber.

The mofphology of the zinc oxide material was investigated by scanning electron microscopy
(SEM). Typical SEM images of the zinc oxide material are shown in Figures 3(a) and 3(b),
which show that the zinc oxide material predominantly comprises zinc oxide nanorods. The
SEM images show closely packed rod-shaped structures with lengths of 0.1 — 5 pm and
diameters of 20 — 400 nm.

The crystalline phase and preferred orientation of the zinc oxide nanorods was analysed by X-ray
diffraction (XRD). The XRD spectrum is plotted in Figure 4. The peaks were equivalent to d-
spacings of 0.2814, 0.2603, 0.2476, 0.1911, 0.1625, 0.1477 and 0.1302 nm corresponding to
(100), (002), (101), (102), (110), (112) and (103) plane reflections from hexagonal type zinc
-oxide with a = 0.32498 nm and ¢ = 0.52066 nm. XRD revealed that the zinc oxide nanorods are

high quality and singly crystalline. No diffraction peaks from any impurities wete detected.
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The optical properties of the zinc oxide nanorods were investigated using photoluminescence
(PL) at room temperature and at 4 K. The PL spectra of zinc oxide nanofods prepared on silicon
(ZnT-4-Sid) and quartz (ZnT-4-Qb) substratés along with two samples collected from the water-
cooled copper cathode disc (ZnT-1-Cu and ZnT-2-Cu) and commercially available ZnO powdef
obtained from the Aldrich Chemical Company (Aldrich) at room temperature are plotted in
Figure 5(a) and at 4 K in Figure 5(b).

The observed low temperature PL spectra are characteristic of ZnO emission at low temperature
from the loose powder samples showing clearly excitonic, showing high intensities and narrow

- line widths. Violet etnission was pbsewed from all of the samples and originates either from
donor-acceptor-pair transitions or surface states. Defect level emission in the green band from
oxygen vacancies was observed from the arc discharge samples and showed Cu-r¢lated LO-

phonon modulation.

At room temperature, the PL signals were strong, showing UV and green emission bands.. The
UV emission-is Tikely from the A free excitonic peak. The Aldrich sampledid not show
significant green emission. PL from the arc discharge samples was usually dominant, except for
sample ZnT-1-Cu. This sample had a high UV to green irtegrated emission ratio implying the:
best structural quality and least defects. A hlgh energy peak at 3.51 €V was observed for the
Aldrich sample and sample ZnT-1-Cu but no previous reports of an emission at this energy have

been published.
Example 2 — Zinc oxide nanostructure formation under different oxygen partial pressures

Gas mixtures with different oxygen partial pressures were introduced into the arc discharge '
chamber. The gas mixtures wete: 25% oxygen / 75% argon; 50% oxygen / 50% argon; and
99.5% O2. The anode was a 99.999% pure zinc anode and the cathode-was a water-cooled high.
purity graphite disc: The distance between the anode and the cathode was fixed at 5 mum. The
total pressure was maintained at 500 Torr. After discharge for 20 seconds at 50 A, a bulk
quantity of white material adhered to the surface of the graphite cathode and the inner wall of the

chamber. This material was collected from the arc discharge chamber for further analysis.

The morphology of the zinc oxide material formed under different oxygen partial pressures was
investigated by scanning electron microscopy (SEM). The SEM images showed that the zinc
oxide material predominantly comprises zinc oxide nanorods. The morphology, especially at the

top, and the length of the nanorods was observed to depend on the oxygen partial ptessure.
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Higher oxygen partial pressure during arc discharge resulted in the formation of nanorods having
a higher aspect ratio. When the oxygen partial pressure was as high as 99 %, the nanorods were
tapered at the top and had lengths in the range of 0.02 — 10 um. At lower oxygen partial
pressures during arc discharge, the top of the nanorods became Blunt and their length was
reduced. The length of nanorods decreased from a range of 0.03 — 0.6 pm at an oxygen partial
pressure of 50% to a range of 0.02 — 0.2 pm at an oxygen partial pressure of 25 %.

Example 3 — Formation of Ni-doped zinc oxide nanostructures

The arc discharge chamber was equipped with a rod formed from zinc (99.999% pure) doped
with 1.8 wt% nickel (99.6% pure) as the anode. The cathode was a water-cooled high purity
graphite disc. The distance between the anode and the cathode was fixed at 5 mm. The arc
discharge was catried out at an air pressure of 500 Torr. After discharge for 20 s;:conds at 50 A,
a'bulk quantity 6f material adhered- to the surface of the cathode and the inner ‘wall of the

chamber. This material was collected from the arc discharge chamber for further analysis.
Example 4 — Sensors comprising zine oxide nanorods

A glass substrate was cleaned in a sonicating bath of ethanol for about 30 minutes. The substrate
was then coated with a gold thin film with thickness of about 100 nm using a gold sputter unit.

A gap of about 1 mm was made on the surface of glass substrate.

BASF LUVISKOL® VA 64 (anonjonic polymeric film-forming agent) was mixed with zinc

. oxide nanorods prepared according to Example 1 and ethanol. The weight ratio of zinc oxide
nanorods, BASF LUVISKOL® VA 64 and ethanol was kept at 3 : 1 : 8. For comparison, a
sensor comprising zinc oxide nanorods was prepared without BASF LUVISKOL® VA 64, with

a weight ratio of 2 : 1 for the zinc oxide nanorods and ethanol.

The zirc oxide nanorod mixture was ultrasonicated and then used to form a thinned layer on the
substrate, by dropping the mixture onto the surface of the substrate and drying in the open air to

evaporate the ethanol.

The amount of ethanol was adjusted to vary the final layer thickness of the layer of zinc oxide
nanorods on the selected substrate. Thicknesses from about 100 nm to about 5 pm were

obtained.
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Two ends of the resulting film of zinc oxide nanorods . were fixed via conductive silver paste on
the gold-coated glass substrate. After annealing in air at 200 °C for 30 min, the silver paste
formed solid conductive silver electrodes and a sensor comprising zinc oxide nanorods was
obtained. After the sensor had cooled to room temperature, a light or datk gray material film
was observed on the surface of the substrate. A schematic diagram of the sensor is shown in -

Figure 2.

Figure 6 shows the SEM images of zinc oxide nanorods formed by arc discharge according to
Example 1. The SEM iimage in Figure 6(a) shows that the as-prepared product comprises closely
packed rod-shaped structures with lengths of 0.1 — 5 pm and diameters of 20 — 400 nm. Figure
6(a) shows that the as-prepared product comprises high quality zinc oxide nanorods with high
purity. These nanorods intersect to form 3D networks, which provide excellent structures for
scattering water molecules and behaving as a porous film. The huge surface area makes the
material suitable for sensor applications. After 30 minutes ulirasonication in ethanol with BASF

LUVISKOL® VA 64, the nanorods separate as shown in Figure 6(b).

The sensors were tested, using a standard electrical connection, under UV illumination and also
under varying relative humidity. The sensors were connected to a variable voltage sourceiwith

maximum compliance current set to 10 pA.
Photoresponsivity of sensors comprising zinc oxide nanorods

Photoresponse measurements were carried out under illumination in the range 0f310-470 nm

with different wavelength UV LED diodes (from Seoul Optodevice Com:) at room temperature.

Figure 7 shows the I-V curves under 340 nm illumination for sensors formed from zinc oxide
nanorods with and without BASF LUVISKOL® VA 64 (a nonionic polymeric film-forming
agent) in the precursor ¢thatiol/ziric oxide nanorod mixture. The ‘cohductivi_ty of the sensor-
irnprovéd when BASF LUVISKOL® VA 64 was used. The intensity for the sensor increased by
more than an order of magnitude from 6.41 x 10°® t0 2.36 x 1077 when the bias was set as 50 V,

which corresponds to the decrease of the resistance of the sensor.

Sensors formed from zinc oxide nanorods with BASF LUVISKOL® VA 64 were used in the

subsequent tests.
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Figure 8 show typical I-V characteristics of a zinc oxide nanorod sensor measured in the dark
and under different illumination before (Figure 8(2)) and after (Figure 8(b)) annealing in air,

The zinc oxide nanorod film is very resistive in the ﬁark, which is desirable for good sensor. The
photocurrent increased by 3 orders of magnitude from 5.51 x 10! At0327x 108 A at 18V for
the sensor without annealing. After annealing in air, the sensor exhibited a current increase of
nearly 4 orders of magnitude from 2.7 % 100 A t0 1.0 % 10°° A at 18 V under UV illumination at
340 nm. These results indicate UV-sensitive photoconduction-in the zinc oxide nanorod sensors.
The improved photoconductivity after annealing demonstrated that annealing in air at 200 °C
formed good chmic contacts to the zinc oxide nanorod film, which contributes to the increase of

the conductivity of the device.
The sensors used in the subsequent tests were annealed.

Figure 9 s‘h‘ows‘. the dependency of responsivity for the zinc oxide nanorod sensor on biased
voltage under different wavelengths of illumination. The internal photocurrent gain in the sensor
is not very high. ThéZitic 6xide nanorod sensor exhibited a résponsiVity. of about 0.01 t0 1.0
A/W under UV (340 nm) illumix}ation.

Figure 10 shows the IV curves under 340 nm illumination for sensors formed from zinc oxide
nanorods prepared according to Example 1 and nickel-doped zinc oxide nanorods prepared
according to Example 3. Both sensors showed a‘UV-sensitive photoconduction when the bias
increased from O V to 18 V. The intensity for the sensor using nickel-doped zinc oxide nanorods
increased by nearly four orders of magnitude from 5.21 x 10” t0 9.48 x 10°%. The intensity for

the sensor using undoped zinc oxide nanorods increased by about two orders of magnitude.
Humidity measurement

A zing oxide nanerod serisor was placed in a dark box with a fog generator that enabled the
relative humidity (RH) to be varied from 7 % to 95 % RH at an ambient temperature of 25 °C.
The RH levels were independently monitored using a standard hygrometer. A computer-
controlled Keithley semiconductor analyzer was used to measure the change of the sensor’s

resistance in the testing circuit.

Figure 11 is a plot of resistance as a function of RH at 25 °C. The resistance of the sensor
decreased almost linearly with increasing relative humidity. The resistance was about 4.35 x

10" in dry air (7 % RH) and decreased to about 4.95 x 10° in 95 % RH air. Therefore, the
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resistance decreased by approximately five orders of magnitude (10! - 10%) over the RH range

of 7— 95 % RH, showing very high sensitivity and good linearity.
The sensitivity factor Sg, was calculated as S¢= Ry, / Rosy, = 8790.

The sensor’s stability was tested by exposing it to air for 1 week, followed by measuring
resistance at various RH levels. A plot of the variation of resistance with time at different
relative humidity levels is shown in Figure 12. A slight variation in resistance shift is observed
over this time, which ditectly confirms the sensor’s stability and indicates that the éénsor is

suitable for use as a practical humidity sensor.

These results indicate that the resistance of the zinc oxide nanorod film is strongly affected by
water vapour iﬁ air, and that the resistance change resulting from the fluctuation of RH in air is
reversible. Water—:elated conduction in ceramic and porous materials mainly occuts as a surface
mechanism. The resistance change of the zin¢ oxide nanorod film with increased RH 'may also
relate to the adsorption of water molecules on the surface of the nanorods. As the RH increases
so does the number of water molecules available to adsorb to the surface of the nanorods.. -
Generally, water molecules act as a donor, contributing electrons to oxide semiconductor
materials. ‘Without wishing to be bound by theory, it is thought that the surface structure of the
zinc-oxide nanotods enables them to absorb moisture easily on their porous surface, Whlch

contributes to the decrease in resistance with increased RH.
Electrical properties of zinc oxide nanorods

The electrical properties of a thin film of zinc oxide nanorods on a glass substrate were measured
using the Hall probe technique. The nanorods are n-type having typical carrier concentrations
from -1.0 x10' — 5.0 x10" cm™, hole mobilities from 10— 700 cm?vs” and resistivities from

1 x10% = 1 x10% ohm cm,

Field emission from zinc oxide nanorods

The zinc oxide nanorods were mounted onto a metallic substrate using silver conductive paste
and electrically connected to a stainless steel block. The zinc oxide nanorods were the cathode
material and were placed in a vacuum system. at 107 mbar. The anode was a highly polished
stainless steel rod with a circular flat tip of 4 mm diameter. The anode was mounted on a micro-
adjustment system (2 pm resolution) to set the anode—cathbde separation. A DC voltage was

applied, and current measured, between the cathode and anode using a Keighley 237 source
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measure unit. The emission current was measured as a function of anode-cathode separation.
Figure 13 shows the field emission current measured against eleciric field for separations of 50

and 100 pm. The turn-on field, which is defined as 1 pA/em?, was typically in the range 3 — 10
V/pm.

Figure 14 shows the field emission current density as a finction of the applied electric field for
zinc oxide nanorods formed under different oxygen partial pressures according to Example 2.
The zinc oxide nanorods formed under 99.5% oxygen partial pressure showed a turn-on electric

field of 3 V/ um at a cutrént denisity of 10 pA/cin” and an emission current density of 1 mA/em?®
under the threshold field of 6.6 V/um.

Table 1 lists the turn-on field, threshold field and enhancement factor for ziric oxide nanorods

formed under different oxygen partial pressures.

Table 1
| O, partial pressire  Tuiti-ori field  Threshold field  Field enhancernant facior (B)
(V/pm) (V/mm) |
99.5% 3 6.6 ‘ 4750
50% 7.8 221~ . 1940
25% 115 36.5 : 580

It is not the intention to limit the scope of the invention to the above-mentioned examples only.
As would be appreciated by a skilled person in the art, many variations are possible without

departing from the scope of the invention as set out in the accompanying claims.
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CLAIMS

A method for producing zinc oxide nanostructures, the method comprising:
e providing an anode and a cathode in an arc discharge chamber;
e supplying current to the anode and the cathode to establish an arc discharge between

the cathode and the anode to vaporise the anode and produce the zinc oxide

nanostructures;
e terminating the current supply to the anode and the cathode; and

¢ collecting the resulting zinc oxide nanostructures.

A method as claimed in claim 1, wherein the anode is a high purity zinc anode.

. A method as claimed in claim 2, wherein the zinc anode is at least 99.0% pure, at least

99.9% pure, at least 99.99% pure, or at least 99.999% pure.

A method as claimed in claim 1, wherein the anode comprises zinc doped with one or

more metallic dorior.

A method as claimed in claim 4, wherein the one or more metallic donor comprises from

about 0.1 atomic % to about 10 atomic % of the anode.
A method as claimed in claim 4 or 5, wherein the metallic donor is nickel.

A method as claimed in any one of claims 1 to 6, wherein the cathode is a high purity

cathode.

A method as claimed in any one of claims 1 to 7, wherein the cathode is a graphite

cathode or a copper cathode.
A miethod as claimed in any one of claims 1 to 8, wherein the cathode is watet-cooled.

A method as claimed in any one of claims 1 to 9, wherein the cathode is arranged

horizontally in the arc discharge chamber and the anode is arranged vertically.

A method as claimed in any one of claims 1 to 10, wherein the pressure in the arc

discharge chamber is between about 300 Torr (40 kPa) and about 700 Torr (93.3 kPa).

A method as claimed in any one of claims 1 to 11, wherein the pressure in the arc

discharge chamber is about 400 Totr (53.3 kPa) or about 500 Torr (66.7 kPa).
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A method as claimed in any one of claims 1 to 12, wherein the atmosphere in the arc

discharge chamber comprises at least about 10% oxygen.

A method as claimed in any one of claims I to 13, wherein the atmosphere in the arc

discharge chamber comprises a mixture of oxygen and argon.

A method as claimed in any one of claims 1 to"13, wherein the atmosphere in the arc
discharge chamber comprises about 21% oxygen, about 25% oxygen, about 50% oxygen,

or about 99.5% oxygen.

A method as claimed in any one of claims 1 to 13, wherein the atmosphere in the arc

discharge chamber comprises air.

A method as claimed in any one of claims 1 to 16, wherein current is sﬁppl'ied to the

anode and the cathode by a DC power supply.

A method as.clainied.in any one of claims 1 to.17, wherein the.current supplied to.the .

anode and the cathode is between about 30 A and about 70 A.

A method as claimed in any one of claims 1 to 18, wherein the current supplied to-the

anode and the cathodé is about 50 A.

A method as claimed in any one of claims 1 to 19, wherein the arc discharge between the

~ cathode and the anode is established for between about 10 seconds and about 50 seconds.

21.

22,

23.

24,

A method as claimed in any one-of claims 1 to 20, wherein the arc discharge between the

cathode and the anode is established for about 20 seconds.

A method as claimed in any one of claims 1 to 21 further comprising placing a
nanostructure growth substrate in the arc discharge chamber before establishing the arc

discharge between the cathode and the anode.

A method as claimed in claim 22, wherein the nanostructure growth substrate is selected

from the group consisting of: silicon; glass; and quartz.

A method as claimed in claim 22 or 23, wherein the nanostructure growth substrate is

substantially planar.
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25. A method as claimed in any one of claims 1 to 24, wherein the zinc oxide nanostructures

are nanorods.

26. A method as claimed in claim 25, wherein the nanorods have a diameter between about

20 nm and about 400 nm arid a length between about 0.02 pm and about 10 pm.
7. Zinc oxide nanostructures produced by a method as claimed in any one of claims 1 to 26.

28. Zinc oxide nanostructures as claimed in claim 27 for use in optoelectronic, energy

storage and field emission devices, and sensors.

29. An optoelectronic device component comprising zinc oxide nanostructures as claimed in
claim 27.

30. An energy storage device component comprising zinc oxide nanostructures as claimed in

claim 27.

31. A field emission device component comprising zinc oxide nanostructures as claimed in

claim 27.
32. A sensor component comprising zinc oxide nanostructures as claimed in claim 27.

33. A method for producing a sensor component, the sensor component comprising zinc

oxide nanostructures as claimed in claim 27.

34. A method for producing a sensor component, the method cofnprisiﬁg:

e providing a sensor substrate comprising a conducting thin film at least partially
covering at least two regions on at least qne‘.surface of a sensor substrate material to
define a gap in the conducting thin.film;

¢ applyinga mi'xtu;e comprising Zinc oxide nahostructures and a nonionic polymerto
at least a portion of the gap in the conducting thin film and thereby bridge the gap;

" and
¢ optionally, annealing the mixture of zinc oxide nanostructures and nonionic polymer

applied to the sensor substrate, to provide the sensor component.

35. A method as claimed in claim 34, wherein the zinc oxide nanostructures are as claimed in

claim 27.
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36. A method as claimed in claim 34 or 35, wherein the sensor substrate material is selected
from the group consisting of: silicon; SiO,; sapphire; glass; Al,Os; silicon nitride; silicon

oxynitride; and various plastics.

37. A method as claimed in any one of claims 34 to 36, wherein the sensor substrate material

essentially consists of a single material.

38. A method as claimed in any one of claims 34 to 36, wherein the sensor substrate material
comprises a first substrate material that is coated with one or more other substrate

materials.

39. A method as claimed in any one of claims 34 to 37, wherein the sensor substrate material

is silicon, SiO; or glass.

40. A method as claimed in any one of claims 34 to 36 and 38, wheréin the sensor substrate

material is silicon coated with SiO,.

41. A method as claimed in any one of claims 34 to 40, wherein the sensor substrate is

substantially planar.

~ 42. A method as claimed in any one of claims 34 to 41, wherein the thickness ofthe -

conducting thin film is between about 20 nm and about 100 nm.

43. A method as claimed in any one of claims 34 to 42, wherein the nionionic polymer is
selected from the group consisting of nonionic polymer surfactants; nonionic polymeric

film-forming agents; and mixtures of any two or more thereof.

-44. A method as claimed in any one of claims 34 to 43, wherein the nonionic polymer is a

nohionic. polymeric film-forming agent.

45. A method as claimed in any one of claims 34 to 44, wherein the nonionic polymer is a

vinylpyrrolidone/vinyl acetate copolymer.

46. A method as claimed in claim 45, wherein the ratio of vinylpyrrolidone:vinyl acetate is
60:40.
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48.

49.

50.

51.

5.29.«

53.

54.

35.

56.

57.
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A method as claimed in any one of claims 34 to 46, wherein the weight ratio of zinc

oxide nanostructures to nonionic polymer in the mixture is in the range about 1 : 1 to

about 8: 1.

A method as claimed in any oné of claims 34 to 46, wherein the mixture further

comprises a solvent.

A method as claimed in claim 48, wherein the solvent is selected from the group

consisting of: alcoh,c';ls;» halocarbons; ethers; esters; ketones; and acetonitrile.
A method as claimed in claim 48 or 49, wherein the solvent is ethanol.

A method as claimed in any one of claims 48 to 50, wherein the weight ratio of zinc
oxide nanostructures to nonionic polymer to solvent is in the fange about1.:1:8to
about8:1:8.

A method as.claimed in claim 50, wherein the nonionic polymer is.a
vinylpyrrolidone/vinyl acetate copolymer, the ratio of vinylpyrrolidone:vinyl acetate is

60:40 and the weight ratio of zinc oxide nanostructures to nonionic polymer to ethanol is
3:1:8.

A method as claimed in any one of claims 34 to 52, wherein the thickness of the film
formed by the mixture of zinc oxide nanostructures and nonionic polymer is from about

100 nm to about 5 um.

A method as claimed in.any one of claims 34 to 53 wherein the mixture of zinc oxide

nanostructures and nonionic polymer applied to the sensor substrate is annealed.

A riiethod as claimed in claim 54, wherein the mixture of zinc oxide nanostrictures and
nonjonic polymer applied to the sensor substrate is annealed in air at a temperature
between about 50 °C and about 250 °C for between about 10 minutes and about 60

minutes,

A method as claimed in claim 54 or 55, wherein the mixture of zinc oxide nanostructures
and nonionic polymer applied to the sensor substrate is annealed in air at a temperature of

about 200 °C for about 30 minutes.

A sensor component produced by a method as claimed in any one of claims 34 to 56.
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58. A sensor component comprising:

e asensor substrate comprising a conducting thin film at least partially covering at
least two regions on at least one surface of a sensor substrate material to define a gap
in the conducting thin film; and ‘

¢ amixture comprising zinc oxide nanostructures and a nonionic polymer covering at

least a portion of the gap in the conducting thin film, thereby bridging the gap.

59. A sensor component as claimed in claim 58, wherein the zinc oxide nanostructures are as

claimed in claim 27.
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to one invention or to a group of inventions so linked as to form a single general inventive concept.

| In assessmg whether there is more than one invention claimed, I have given consideration to those features which can
be considered to potentially distinguish the claimed combination of features from the prior art. Where different claims
have different distinguishing features they define different inventions.

This International Searching Authority has found that there are differ_ent inventions as follows:

e Claims 1 to 26 are directed to a method for producing zinc oxide nanostructures, where the method comprises:
providing an anode and an cathode in an arc discharge chamber; supplying current to the anode and the
cathode to establish an arc discharge between the cathode and the anode to vaporise the anode and produce the
zinc oxide nanostructures; terminating the current supply to the anode and the cathode; and collecting the
resulting zinc oxide nanostructures. It is considered that the method for producing zinc oxide nanostructures
that comprises the above mentioned steps comprises a first distinguishing feature.

¢  Claims 27 to 33 are directed to zinc oxide nanostructures, method for their production and applications of zinc
oxide nanostructures for use in optoelectronic devices, energy storage devices, field emission devices and
sensors, It is considered that zinc oxide nanostructures as defined in claim 27 comprise a second distinguishing
feature ' : _

e Claims 34 to 59 are directed to a sensor component and method for producing a sensor component, where the
sensor component comprises: a sensor substrate that further comprises a conducting thin film at least partially

" covering at least two regions on at least one surface of a sensor substrate material to define a gap in the
conducting thin film; and a mixturé comprising zinc oxide nanostructures and a non-ionic polymer covering at
least a portion of the gap in the conducting thin film, thereby bridging the gap. It is considered that the sensor

- component and the method for producing the sensor component, where the sensor component comprises the
above mentioned features, COmprise a third distinguishing feature. :

| PCT Rule 13.2, ﬁrst sentence, states that unity of invention is only fulﬁlled when there is a techmcal relationship
among the claimed inventions involving one or more of the same or corresponding special technical features. PCT
Rule 13.2, second sentence, defines a special technical feature as a feature which makes a contribution over the prlor
art,

Each of the abovementioned groups of claims has a dlfferent distinguishing feature and they do not share any feature
which could satisfy the requirement for being a special technical feature. Because there is no common special technical
feature it follows that there is no technical relationship between the identified inventions. Therefore the claims do not

| satisfy the requirement of unity of invention a priori.
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