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METHODS OF FABRICATING NANOSTRUCTURED ZnO
ELECTRODES FOR EFFICIENT DYE SENSITIZED SOLAR CELLS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Patent Application Serial
No. 11/695,393 filed April 2, 2007, entitled Methods of Fabricating Nanostructured ZnO
Electrodes for Efficient Dye Sensitized Solar Cells. The disclosure of this application is

incorporated herein by reference in its entirety.
FIELD OF THE INVENTION

[0002] The present invention relates to metal oxide electrodes, photovoltaic cells
incorporating the electrodes, and methods for making the electrodes. The present metal
oxide electrodes possess plant-like morphology, may be made at low-temperatures on a
variety of substrates, and exhibit improved conversion efficiency relative to more

conventional electrodes.
BACKGROUND OF THE INVENTION

[0003] In recent years, research into nanotechnology and nanomanufacturing has
been increasing. Of particular interest are nanostructured electrode materials, which may be
used in unconventional energy sources such as dye sensitized solar cells, solid oxide fuel

cells, and microbial fuel cells.

[0004] More than seventy percent of the total power consumed in the world is
produced by burning fossil fuel. However, because of the continuously increasing cost of
fossil fuel, and concerns about global warming, the importance of developing alternative
energy sources has greatly increased. Several alternative sources of energy such as wind,
solar, hydro, and nuclear have been explored over the last several decades. Among these
unconventional energy sources, solar and nuclear sources are considered the most
promising. Because the production of energy from nuclear sources requires building an

extensive infrastructure, and has suffered from negative public perception, solar energy
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remains the most preferred and environmentally friendly alternative to conventional fossil

energy sources.

[0005] Although interest in solar energy is increasing, solar energy is still not able
to compete fully with fossil fuel energy sources because of a number of material challenges.
For example, conventional silicon-based solar cells require high-purity, defect free silicon.
The cost of producing such high-purity silicon is significant. Coupled with low energy
conversion efficiency, the cost of power produced by these cells is still several times more
than power produced by conventional energy sources. Because of these issues, the current
major challenge in this field is to radically reduce the overall cost of delivered solar
electricity by significantly lowering the cost of the cell and improving its energy conversion

efficiency.

[0006] In this context, Dye Sensitized Solar Cells (DSSCs) may be a viable
alternative to the more expensive first-generation inorganic solar cells, in terms of both
efficiency and cost-effectiveness. DSSCs operate through a process that is similar in many
respects to photosynthesis, the mechanism by which green plants derive chemical energy
from sunlight. The DSSC uses an organic ciye to absorb light energy in the visible region of
the electromagnetic spectrum. This dye then “injects” electrons into the semiconductor base,
which enhances electron collection and improves the photovoltage and photocurrent

characteristics of the solar cell.

[0007] Until recently the most common DSSC platforms under investigation were
based on electrodes consisting of sintered semiconducting nanoparticles (mostly TiO, or
ZnO) coated with an organic dye. The dye molecules absorb light in the visible region of the
electromagnetic spectrum and then “inject” electrons into the semiconductor electrode.
Nanoparticle-based DSSCs rely on trap-limited diffusion through the semiconductor
nanoparticles for the subsequent electron transport. This is a slow transport mechanism that
limits device efficiency, especially at longer (less energetic) wavelengths, because
recombination events become more likely. It is therefore desirable to develop other types of

electrodes to overcome the problems associated with conventional DSSCs.
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SUMMARY OF THE INVENTION

.{0008] The present invention provides methods of forming metal oxide
semiconductor nanostructures and, in particular zinc oxide (ZnO) semiconductor
nanostructures, possessing high surface area, plant-like morphologies on a variety of
substrates. The unique physical characteristics of the nanostructures make them particularly
attractive for use as the electrodes in a variety of optoelectronic devices. In contrast to
sintered nanoparticle-based optoelectronic devices, such as solar cells, the direct electrical
pathways provided by the present nanostructures ensure the rapid collection of carriers
generated throughout the material. As a result, the present nanostructures provide high
energy conversion efficiencies in optoelectronics. In addition to providing unique electrode
morphologies, the methods of the present invention use lower processing temperatures than

other available methods.

[0009] In their most basic embodiment, the methods of the present invention
involve forming a solution containing a d.issolved metal oxide and a nanostructure growth
compound, depositing a thin layer of the solution on the surface of a substrate, and treating
the coated substrate with heat to induce the self-assembly of metal oxide nanostructures
having plant-like morphologies on the surface of the substrate. The nanostructure growth
compound is a compound, such as an amine, that induces nanostructure growth in a coating

of the solution upon exposure to heat.

[0010] The basic method of forming metal oxide nanostructures on the surface of a
substrate may be carried out in six steps. In a first step, a bulk metal oxide, such as ZnO, is
dissolved in an acidic liquid medium to form a first solution. In a second step, a basic gas
(e.g., NH3) is passed through the first solution to form a second solutidn having a lower
acidity than the first solution. In a third step, a nanostructure growth compound (e.g.,
CsH)2Ny) is added to the second solution, preferably at an elevated temperature (e.g., about
80°C), to form a third solution. In a fourth step, the third solution is refluxed at an elevated
temperature to form a fourth solution comprising a homogeneous mixture. In a fifth step,
the fourth solution is deposited onto the surface of a substrate to form a thinly coated
substrate. The coated substrate is then allowed to dry. Finally, the coated substrate is

treated with heat to induce the self-assembly of metal oxide nanostructures having plant-like
3
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morphology on the surface of the substrate. Although this heat treatment step may be
carried out in an oven, it is desirably carried out using with a visible light source, such as a

laser, which uniformly or selectively illuminates the coated substrate surface.

[0011] Once an initial layer of metal oxide semiconductor nanostructures are
formed on the surface of the substrate, additional layers may be formed sequentially over

underlying layers by repeating the method described above.

[0012] Optoelectronic devices incorporating the metal oxide nanostructures are
also provided. These devices generally include a first electrode, a second electrode, a layer
of metal oxide semiconductor nanostructures disposed between the first and second
electrodes, and a charge transport medium (e.g., an electrolyte) disposed between the first
and second electrodes. Photovoltaic cells and, more specifically, DSSCs, are a specific
example of an optoelectronic device into which the present metal oxide nanostructures may

be incorporated.

[0013] Further objects, features and advantages of the invention will be apparent
from the following detailed description when taken in conjunction with the accompanying

drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1isa flow diagfam illustrating the formation of ZnO nanostructures

on substrates according to the methods of the present invention.

[0015] FIG. 2 is a schematic diagram of a reaction chamber that may be used to

carry out some steps of the methods of the present invention.

[0016] FIG. 3 is a schematic diagram of an apparatus that may be used to

uniformly illuminate coated substrates with light.

[0017] FIG. 4 is a schematic diagram of a laser beam rastering apparatus that may

be used to selectively illuminate coated substrates with light.
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[0018] FIG. 5 is a schematic diagram of another apparatus that may be used to

selectively illuminate coated substrates with light.

[0019] FIG. 6 is a schematic diagram of a DSSC including an electrode
comprising the ZnO nanostructures formed according to the methods of the present

invention.

[0020] FIG. 7 shows a scanning electron microscope (“SEM”) image of ZnO

nanostructures formed on a glass substrate using uniform illumination.

[0021] FIG. 8 shows an SEM image of ZnO nanostructures formed on a Si(111)

substrate using uniform illumination.

[0022] FIG. 9 shows an SEM image of ZnO nanostructures formed on a sapphire

(0001) substrate using uniform illumination.

[0023] FIG. 10 shows an SEM image of ZnO nanostructures formed on a fused

silica substrate using uniform illumination.

[0024] FIG. 11 shows an SEM image of ZnO nanostructures formed on an Si(100)
substrate that had been previously coated with a thin layer of Au. The nanostructures were

formed using selective illumination.

[0025] FIG. 12 shows an SEM image of ZnO nanostructures formed on a sapphire
(0001) substrate that had been previously coated with a thin layer of Au. The

nanostructures were formed using selective illumination.

[0026] FIG. 13 shows an SEM image of Co-doped ZnO nanostructures formed on

a Si(100) substrate using two rounds of selective illumination.

[0027] FIG. 14 illustrates the photocurrent-voltage characteristics for DSSC solar
cells based on (a) ZnO nanostructures formed according to the methods of the present

invention and (b) sintered ZnO nanoparticles.
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DETAILED DESCRIPTION OF THE INVENTION

[0028] The present invention provides methods of forming metal oxide
nanostructures having high surface areas and a possessing plant-like morphology on a
variety of substrates. Examples of nanostructures having plant-like morphologies are
shown in the SEM images of figures 7-13. As can be seen from the SEM images, the
phrase “plant-like morphology” covers a range of nanostructure morphologies. However,
within this range nanostructures having “plant-like morphology” are all characterized by
one or more growth centers having a plurality of projections extending radially there from
along the surface of the substrate onto which they are coated, such that the projections are
oriented parallel to and are in contact with the surface along their lengths (“radial surface

projections”).

[0029] In addition to the radial surface projections, the growth centers may have a
plurality of projections extending away from the surface in a more perpendicular orientation
(see, for example, FIGS. 8 and 12). The radial surface projections may extend uniformly or
substantially uniformly or may extend intermittently around the entire growth center (i.e.,
around the 360° circumference of the growth center). The projections are typically long and
fairly narrow with a polycrystalline structure having crystals with dimensions on the
nanometer-scale (i.e., about 1 nm to about 100 nm). The projections generally have a length
of at least 50 nm and a width of at least 10 nm. For example, the projections may have
lengths of at least 100 nm, up to 500 nm, or greater, and widths of about 10 nm to about 5
um (e.g., about 20 nm to about 500 nm). The projections may be fused at the base (i.¢.,
where they come together at the growth center) and along a portion of their lengths. In
some embodiments the nanostructures are distributed non-uniformly on the surface of the
substrate. For example, growth centers or clusters of growth centers and their associated
projections may be distributed randomly on the surface separated by areas of the substrate
that are free of nanostructures (see, for example, FIG. 11). Although, in some such
embodiments the growth centers and their associated projections may be bridged by one or
more projections. Nanostructure growth methods using selective illumination (discussed
below) are well-suited for the production of non-uniform layers of nanostructures on a

substrate surface. The dimensions of each “hano-plant” (i.e., a growth center and its

6
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associated projections) may be quite large. For example, some embodiment of the
nanoplants have diameters of about 1 to 100 pm. This includes embodiments where the
nanoplants have diameter of about 2 to 80 um and further includes embodiments where the

nanoplants have diameters of about 5 to about 80 pm.

[0030] The present nanostructures may be distinguished from an array of
nanowires grown on a surface, as described in U.S. Patent Application Publication No.
2005/0009224 by their structures and richness in morphology. For example, arrays of
nanowires grown from a substrate are characterized in that the nanowires begin at the
substrate and extend in a substantially vertical direction from the surface thereof. Insuch a
structure, only the tips of the nanowires are exposed to light. In contrast, the present
nanostructures grow along the surface of the substrate as well as upwardly therefrom,

resulting in a greater available surface area and higher power conversion efficiencies.

[0031] For purposes of illustration, methods of making ZnO nanostructures are
used to exemplify the invention in the discussion that follows. However, it should be
understood that other types of metal oxide nanostructures, including tin oxide and titanium
oxide nanostructures, may also be made according the present methods by replacing the

~ ZnO with the appropriate metal oxide starting material.

[0032] The general method for forming the nanostructures involves three basic
steps. In the first step a solution containing a dissolved metal oxide and a nanostructure
growth compound is produced. This solution is then deposited as a thin layer on the surface
of a substrate and, desirably, allowed to dry. At this point in the process the coating should
remain free of nanoparticles and nanostructures. The coated substrate is then subjected to a
heat treatment at a temperature and for a time sufficient to induce the precipitation and self-
assembly of ZnO nanostructures on the surface of the substrate. The methods of the present
invention may be‘ repeated to form multiple layers of the ZnO nanostructures over the

previously formed layers.

'[0033] The formation of the solution containing the metal oxide and the
nanostructure growth compound may be carried out in multiple steps, as illustrated in FIG.
1. In a first step, bulk ZnO is dissolved in an acidic medium to form a first solution. The

7
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acidic medium may be formed from a variety of acids, including, but not limited to,
concentrated nitric acid (HNO3). In this step, the concentration of the ZnO in the first
solution typically ranges from about 0.0001 M to about 0.01 M, although concentrations
outside this range may be used. In a second step, a basic gas is passed through the first
solution under constant temperature to form a second solution in order to reduce the acidity
of the first solution. This second step may be carried out in a specially designed chamber as
illustrated in FIG. 2. The chamber includes a flow meter 202 for controlling the flow of gas
through the solution, a vessel 204 for containing the solution, a heating coil 205 (or other
suitable heating means) for maintaining the desired temperature of the solution, a
thermometer 206 for monitoring the temperature and an exhaust line 208 for releasing gas
from the vessel. A variety of Basic gases may be used in this step, including, but not limited
to, ammonia (NH3). The solution is exposed to the gas for a time and at a temperature
sufficient to reduce the acidity of the solution to an acceptable level (e.g., to a pH value of
about 5 to about 6). For example, the solution may be exposed to the gas for about

5 minutes to about 10 minutes at a temperature of about 25°C to about 60°C, although times
and temperatures outside these ranges may be employed. In some embodiments, the

temperature is about 50°C.

[0034] In a third step, a nanostructure growth compound is added to the second
solution, preferably at an elevated temperature, to form a third solution. The nanostructure
growth compound is a compound that promotes nanostructure formation from the solution
when the solution undergoes a heat treatment. Examples of nanostructures growth
compounds include amines. Hexamethylene tetramine (C¢H2N4) is a specific example of a

nanostructure grown compound that is well-suited for use in the present methods.

[0035] In a fourth step, the third solution is refluxed at an elevated temperature to
form a fourth solution. The result is a homogenous solution of the dissolved ZnO and the
nanostructure growth compound in which precipitation of the nanostructures has not yet

begun.

[0036] Optionally, the methods may be adapted to produce doped nanostructures
by introducing other elements in the ZnO lattice. Doping may be carried out by adding a

dopant precursor molecule (typically a metal-containing salt or an organometallic
8
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compound) to the solution containing the dissolved metal oxide. For example, the ZnO
nanostructures may be doped with one or more transition metal (TM) elements such as Co,
Ni and Mn. TM-doped ZnO is very useful in Spintronics as a Diluted Magnetic

Semiconductor.

[0037] The solution is then deposited onto the surface of a substrate and allowed to
dry. For example, the coated substrates may be kept under vacuum for about 1 hour. The
coating may be exposed to heat in order to expedite the drying process, however the
temperature of the solution should remain sufficiently low during this stage to prevent the
formation of ZnO nanostructures. The substrate may be coated using well-known coating
techniques, such as spin-coating and dip-coating.' The thickness of the coating layer may
vary, but is generally about 20 to 200 nm thick. A variety of substrates may be used,
including, but not limited to, glass, silica, and sapphire substrates. In some embodiments,
the substrates may be coated with a thin layer of metal prior to being coated with the
solution. A variety of metals may be used, including, but not limited to, gold (Au). Other
suitable substrates include, but are not limited to, semiconductors such as silicon and
gallium arsenide, metals such as titanium foil, metal oxides such as titanium oxide, tin
oxide, zinc oxide, and indium tin oxide, and polymers such as semiconducting polymers and

insulating polymers.

| [0038] In order to induce the formation and self-assembly of ZnO nandstructures,
the coated substrate is exposed to heat. In some embodiments, the heat treatment comprises
exposing the coated substrate to an elevated terhperature. For example, the coated substrate
may be placed in an oven maintained at a temperature of about 50°C to about 175°C (e.g.,
about 100°C to about 170°C). In other embodiments, the heat treatment comprises
illuminating the coated substrate with visible light having sufficient intensity to increase the
temperature of the layer and induce nanostructure formation. For example, the light may
increase the temperature of the layer to about 50°C to about 175°C (e.g., about 100°C to
about 170°C). In the case of uniform illumination, an incandescent light bulb may be used
for optical illumination, desirably with a fluence in the range of 5-25 Watt/cm’. In the case
of selective illumination, a helium-neon (He-Ne) laser source maybe used, desirably with

fluence in the range of 25-150 Watt/cm®. Upon exposure of the coated substrate to light or

9
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ambient heat, the temperature of the coated substrate increases, facilitating the
crystallization and self-assembly of ZnO into nanostructures having plant-like
morphologies. Ultimately, the physical characteristics of the ZnO nanostructures formed
during heat treatment depends upon the underlying substrate material, the concentrations of

starting solutions, and temperatures used during the heat treatment step.

[0039] When visible light is used to induce nanostructure formation, the coated
substrate may be uniformly illuminated with light. For example, as shown in FIG. 3, a
focusing lens 302 may be used to uniformly illuminate the coated substrate 304 with light
generated from a variety of light sources 306. In such an embodiment, the temperature rise
of the coated substrate is uniform throughout the substrate. Alternatively, the coated
substrate may be selectively and/or non-uniformly illuminated with light. Selective
illumination refers to a process wherein only a portion of the coated substrate is illuminated
with light at any one time to provide an area of local heating and nanostructure formation.
Noh-uniform illumination refers to a process wherein certain regions of the coated substrate
are illuminated while other regions are not illuminatéd, or are illuminated for different times
and/or at different light intensities. The result 6f the non-uniform illumination is the
formation of a non-uniform distribution of nanostructures on the surface of the substrate. In
one such embodiment, the coated substrate is illuminated with a laser beam. Different areas
of the coated substrate may be illuminated by rastering the laser beam over the surface of
the coated substrate or by moving the coated substrate under a fixed laser beam. For
example, using the device of FIG. 4, the laser beam 402 may be rastered over the surface of
the coated substrate 404 by means of a rotating mirror 406 equipped with a computer
controlled motor. Alternatively, as shown in FIG. 5, the laser beam 502 may remain fixed
and the coated substrate 504 may be moved in the x-y plane by means of a moveable stage
506. In these embodiments, the temperature rise of the coated substrate is confined to the
area of illumination. Furthermore, different temperatures may be achieved by adjusting the
intensity of the laser beam. By adjusting the intensity of the beam as well as the placement
of the beam (or placement of the coated substrate), specific types of ZnO nanostructures

may be formed at specific locations on the coated substrate.

10
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[0040] Using the present methods, multiple layers of ZnO nanostructures may be
formed over previously formed layers of ZnO nanostructures to form consecutive layers on
a single substrate. In some embodiments, the entire nanostructure formation process may
take place in a single deposition apparatus without the need for additional processing steps
between each deposition. In addition, the entire process may be carried out at temperatures

of 170°C or lower (e.g., 150°C or lower).

[0041] Once the nanostructures have been formed on a substrate, an optoelectronic
device such as a photovoltaic cell may be formed. For the purposes of this disclosure, an
optoelectronic device is any device that produces light or converts light into electricity.
Examples of such devices include photovoltaic cells (including solar cells), photodetectors,
photodiodes, and light-emitting diodes. Specific examples of photovoltaic cells include,
DSSCs, organic-inorganic hybrid photovoltaic devices, and solid-state sensitized solar cells.
Typically, these optoelectronic devices include a first electrode, a second electrode, at least
one layer of metal oxide nanostructures having plant-like morphologies disposed between
the first and second electrodes, and a charge transport medium disposed between the first

and second electrodes.

[0042] FIG. 6 shows the basic structure of a DSSC made in accordance with the
present invention. The cell comprises (i) a transparent substrate 602, (ii) a transparent
conducting oxide coating (TCO) 604, (iii) a thin layer of ZnO comprising ZnO
nanostructures 606, (iv) organic dye coating on the leaf-like projections of the ZnO
nanostructures 608, (v) electrolyte 610 and (vi) a counter electrode 612. Indium tin oxide
(ITO) may be used as the transparent conducting coating. Unlike most TCOs, ITO does not
require high crystal quality to be conductive. Therefore, a lower processing temperature
(<100°C) may be used. Typically, the dye is present as a monolayer of dye molecules on
the nanostructures. Suitable dyes are known and commercially available.- These include
ruthenium based dyes including [(CN)(bpy),Ru-CN-Ru(d-cbpy),-NCRu(bpy).], [Ru(4,4-
bis(carboxy)-bpy),(NCS),] and [Ru(2,2',2"-(COOH);-terpy)(NCS)3]. The dyes may be
applied to the ZnO nanostructures by spray-coating. Iodine and Cu(SCN) are examples of

suitable liquid and solid electrolytes, respectively.

11
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[0043] The low-temperature formation of ZnO semiconductor nanostructures
possessing plant-like morphology on a variety of substrate surfaces is further illustrated by

the following non-limiting examples.
EXAMPLES

[0044] Materials and Methods: The metal oxide nanostructures in each of the
examples below were made according to the method illustrated in FIG. 1. The preparation
of the fourth solution (i.€., the solution that was coated on the substrate surfaces) was
carried out as follows. The acidic liquid medium used to dissolve the ZnO was nitric acid;
NH; gas was passed through the solution for 5-10 minutes at a temperature of 50°C;

C¢H 2N, at a concentration of about 0.01 M was used as the nanostructure growth
compound and was added at a temperature of about 80°C; and refluxing was carried out at

about 110°C for 12 hours.

Example 1: Formation of ZnO nanostructures on glass

[0045] About 10 uL of solution-IV (see FIG. 1) having [ZnO] = 0.001 M was
spin-coated onto a 1-cm? glass substrate. The coated substrate was uniformly illuminated
using the arrangement shown in FIG. 3 with an incandescent light bulb light source. The
optical fluence was 10 Watt/cm?, and the time of illumination was 20 minutes. The local
temperéture attained at the top of the substrate was 170°C. A scanning electron microscope

(SEM) image of the ZnO nanostructures on glass is shown in FIG. 7.

Example 2; Formation of ZnO nanostructures on Si(111)

[0046] About 10 uL of solution-IV (see FIG. 1) having [ZnO] = 0.01 M was spin-
coated onto a 1 cm? Si(111) substrate. The coated substrate was uniformly illuminated
using the arrangement shown in FIG. 3 with an incandescent light bulb light source. The
optical fluence was 14 Watt/cm?, and the time of illumination was 20 minutes. The local
temperature attained at the top of the substrate was 150°C. FIG. 8 shows an SEM image of

the resulting ZnO nanostructures.

12
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Example 3: Formation of ZnO nanostructures on sapphire (0001)

[0047] About 10 uL of solution—IV (see FIG. 1) having [ZnO] = 0.0005 M was
spin- coated onto a 1-cm? sapphire (0001) substrate. The coated substrate was uniformly
illuminated using the arrangement shown in FIG. 3 with an incandescent light bulb light
source. The optical fluence was 16 Watt/cm?, and the time of illumination was 20 minutes.
The local temperature attained at the top of the substrate was 170°C. FIG. 9 shows an SEM

image of the resulting ZnO nanostructures.

Example 4: Formation of ZnO nanostructures on fused silica

[0048] About 10 uL of solution-IV (see FIG. 1) having [ZnO] = 0.01 M was spin-
coated onto a 1-cm? fused silica substrate. The coated substrate was uniformly illuminated
using the arrangement shown in FIG. 3 with an incandescent light bulb light source. The
optical fluence was 10 Watt/cm?, and the time of illumination was 20 minutes. The local
temperature attained at the top of the substrate was 120°C. FIG. 10 shows an SEM image

of the resulting ZnO nanostructures.

Example 5: Formation of ZnO nanostructures on Au-coated Si(100)

[0049] About 10 uL of solution-IV (see FIG. 1) having [ZnO] = 0.0001 M was
spin- coated onto a 1-cm? Si(100) substrate that had been previously coated with a thin layer
of Au. The coated substrate was selectively illuminated using the arrangement shown in
FIG. 5 with an He-Ne laser light source. The diameter of the laser beam was 10 ym and the
optical fluence was 100 Watt/cm®. The beam was focused at different locations on the
surface of the coated substrate for 5-10 minutes at each location. FIG. 11 shows an SEM

image of the resulting ZnO nanostructures.

Example 6: Formation of ZnQ nanostructures on Au-coated sapphire (0001)

[0050] About 10 uL of solution-IV (see FIG. 1) having [ZnO] = 0.01 M was spin-
coated onto a 1-cm? sapphire (0001) substrate that had been previously coated with a thin
layer of Au. The coated substrate was selectively illuminated using the arrangement shown

in FIG. 4 with an He-Ne laser light source. The diameter of the laser beam was 50 um and

13
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the optical fluence was 40 Watt/cm®. The beam was focused at different locations on the
surface of the coated substrate for 10-15 minutes at each location. FIG. 12 shows an SEM

image of the resulting ZnO nanostructures.

Example 7: Formation of Co-doped ZnO nanostructures on Si(100)

[0051] About 10 pL of solution-IV (see FIG. 1) having [ZnO] = 0.01 M and
[Co(NOs3);] « 6H,0 = 0.0005 M was spin-coated onto a 1 cm? Si(111) substrate. The coated
substrate was selectively illuminated in two steps using the arrangement shown in FIG. 4.
First, the coated substrate was selectively illuminated with an He-Ne laser with a diameter
of 50 um at an optical fluence of 50 Watt/cm?” for 10 minutes. Second, the coated substrate
was selectively illumination with a laser beam of a diameter of 20 um at an optical fluence
of 100 Watt/cm? for 5 minutes. An SEM image of the Co-doped ZnO nanostructures on
Si(100) is shown in FIG. 13.

Example 8: Formation of a DSSC comprising ZnO nanostructures

[0052] FIG. 14 shows the photocurrent-voltage characteristics for DSSC solar
cells based on (a) ZnO nanostructures prepared according to the methods disclosed herein
and (b) sintered ZnO nanoparticles. Both c‘ells were prepared and tested under the identical
conditions. These were fabricated on glass substrates coated with a conducting ITO
coating. In cell ‘a’ a thin layer of ZnO nanoplants was used as the electrode, while in cell
‘b’ a layer of conventional sintered ZnO nanoparticles was used. Dye sensitization of the
nanostructured electrodes was carried out by soaking the film in an ethanol solution of a
ruthenium complex, cis-bis(4,4-dicarboxy—2,2’-bipyﬁdine)—bis-(isothiocyanato)—
ruthenium(Il). The dye-sensitized ZnO eleqtrode, thus obtained, was assembled to form the
complete cell. For this, the two electrodes were separated by a 25-pm-thick hot-melt ring
and sealed up by heating. Space between the two electrodes was filled with the liquid
potassium iodide electrolyte. The rectangle represents the maximum power output

obtainable from each cell. The cell’s power output is given by the

equation: P,, = FF xV . x I_ where V, is the open circuit voltage, I is the short

circuit current, and FF is the fill factor (the value of FF can be found by computing the
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fraction of the total area under the I -V curve that falls within the maximum power

rectangle).

[0053] - For the purposes of this disclosure, and unless otherwise specified, “a” or
“an” means “one or more.” All patents, applications, references, and publications cited
herein are incorporated by reference in their entirety to the same extent as if they were

individually incorporated by reference.

[0054] As will be understood by one skilled in the art, for any and all purposes,
particularly in terms of providing a written description, all ranges disclosed herein also
encompass any and all possible subranges and combinations of subranges thereof. Any
listed range can be easily recognized as sufficiently describing and enabling the same range
being broken down into at least equal halves, thirds, quarters, fifths, tenths, etc. As a non-
limiting example, each range discussed herein can be readily broken down into a lower
third, middle third and upper third, etc. As will also be understood by one skilled in the art,
all language such as “up to,” “at least,” “greater than,” “less than,” and the like includes the
number recited and refers to ranges which can be subsequently broken down into subranges
as discussed above. Finally, as will be understood by one skilled in the art, a range includes

each individual member.

[0055] It is understood that the invention is not confined to the particular
embodiments set forth herein as illustrative, but embraces all such forms thereof as come

within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A nanostructure comprising a metal oxide structure on a substrate, the
structure comprising at least one growth center having a plurality of projections extending
radially there from along the surface of the substrate, wherein the projections are oriented

parallel to and are in contact with the surface along their lengths.

2. The nanostructure of claim 1, wherein the metal oxide semiconductor

comprises ZnO.

3. The nanostructure of claim 1, wherein the maximum diameter of the growth

center and its radially extending projections is 100 pm.
4. The nanostructure of claim 1, wherein the projections are polycrystalline.

5. The nanostructure of claim 1, wherein the projections have a length of at

least about 50 nm and a width of at least 10 nm.

6. The nanostructure of claim 1, wherein the projections are fused at their base

and along at least a portion of their lengths.

7. The nanostructure of claim 1, comprising a plurality of growth centers
having a plurality of projections extending radially there from along the surface of the
substrate, wherein the projections are oriented parallel to and are in contact with the surface

along their lengths.

8. The nanostructures of claim 7, wherein the growth centers and their

associated projections are distributed non-uniformly on the surface of the substrate.

9. The nanostructures of claim 7, wherein at least some of the plurality of

nanostructures are bridged by at least one projection.

10. A method of forming a nanostructure on a substrate, the method comprising
forming a solution comprising a dissolved metal oxide and a nanostructure growth
compound, depositing a layer of the solution on the surface of the substrate, and exposing
the layer to heat for a time and at a temperature sufficient to induce the growth of metal
oxide nanostructures on the surface, wherein nanoparticles and nanostructures are not

present in the layer of solution prior to the exposure of the layer to heat.
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11.  The method of claim 10, further comprising allowing the layer to dry prior to

exposing the layer to heat.

12. The method of claim 10, wherein the step of exposing the layer to heat
comprises exposing the layer to visible light having sufficient intensity to increase the

temperature of the layer and induce nanostructure formation.

13. The method of claim 12, wherein the temperature of the layer is increase to

at least 100°C.

14. The method of claim 12, wherein the visible light is focused onto the surface

using a lens or a mirror.
15.  The method of claim 12, wherein the source of the visible radiation is a laser.

16. The method of claim 12, wherein the entire layer is exposed in the visible

light simultaneously.

17. The method of claim 12, wherein regions of the layer are exposed to the
visible light non-uniformly to provide a non-uniform layer of the nanostructure on the

surface.

18. The method of claim 10, wherein the nanostructure comprises at least one
growth center having a plurality of projections extending radially there from along the
surface of the substrate, wherein the projections are oriented parallel to and are in contact

with the surface along their lengths.
19. The method of claim 10, wherein the metal oxide comprises ZnO.

20.  The method of claim 10, wherein the nanostructure growth compound

comprises an amine.

21.  The method of claim 19, wherein the nanostructure growth compound is

CesH2Na.

22.  The method of claim 10, wherein the step of exposing the layer to heat
comprises heating the layer at a temperature of about 100°C to about 200°C.

23. A method of forming a nanostructure on a substrate, the method comprising
forming a solution comprising a dissolved metal oxide and a nanostructure growth

compound, depositing a layer of the solution on the surface of the substrate, and exposing
' 17



WO 2008/147486 PCT/US2008/004082

the layer to visible light having an intensity sufficient to increase the temperature of the

layer and induce the growth of metal oxide nanostructures on the surface.

24, The method of claim 23, wherein the light is focused onto the surface using a

lens or a mirror.
25. The method of claim 23, wherein the light source is a laser.
26. The method of claim 23, wherein the metal oxide comprises ZnO.

27. The method of claim 23, wherein the temperature of the layer is increased to

at least 100°C.

28. An optoelectronic device comprising;:

(a) an active layer comprising a metal oxide nanostructure comprising at least
one growth center having a plurality of projections extending radially there from along the
surface of the substrate, wherein the projections are oriented parallel to and are in contact
with the surface along their lengths;

(b) a first electrode;

(c) a second electrode; and

(d) a charge transport medium,;

wherein the active layer and the charge transport medium are disposed between the

first and second electrodes.

29.  The optoelectronic device of claim 28, wherein the optoelectronic device is a
dye sensitized solar cell, and further wherein the charge transport medium is an electrolyte,

the device further comprising a dye molecules on the nanostructure.

30.  The optoelectronic device of claim 28, wherein the metal oxide comprises

Zn0.

18
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