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certain  rights in the invention. FIELD  The embodiments disclosed herein
relate to the field of solar energy conversion  10 using nanoscale optics,
and more particularly to an apparatus and methods for solar conversion
using nanoscale cometal structures, including coaxial and coplanar.
BACKGROUND  Nanoscale optics is the study of optical interactions with
matter structured into units of subwavelength (for visible light) dimensions.
Nanoscale optics have numerous  15 applications in optical technologies
such as nanolithography, high-density optical data  storage,
photochemistry on a nanometer scale, solar cells, materials imaging and
surface  modification with subwavelength lateral resolution, local linear
and nonlinear spectroscopy of biological and solid-state structures,
quantum computing and. quantum  communication. 20 In general, solar
energy can be harvested in two ways:.as electricity (solar  photovoltaic)
and as heat (solar thermal). All extant solar cells are less than 100%
efficient, meaning the solar cells convert less than 100% of the incident
solar energy to a  usable form. At present it appears that, high efficiency
solar cells can be achieved only in  p-n junction photovoltaic (PV) cells
with average aperture-area efficiency (AAE) of about 25 10 - 28%, and
modules with average AAE of about 17%. In research-grade multijunction
concentrators, efficiencies as high as about 39% have been reported.
These are based on  crystalline semiconductors, which are expensive. For
standard crystalline silicon (c-Si)  PV technology, not only is the material
cost some 50% higher than that of thin film forms,  but the cost for
installation is high compared to flexible substrate PVs such as those made
30 from amorphous silicon (a-Si). Inexpensive PV cells based on
non-crystalline WO 2007/120175 PCT/US2006/032452  



semiconductors have the following AAE's: a-Si about 12%; CdTe
(cadmium telluride) about 16%; and CIS (copper indium diselenide) about
19%. See B. von Roedern, K.  Zweibel, and H.S. Ullal, "The role of
polycrystalline thin-film PV technologies for  achieving mid-term market
competitive PV modules," 31st IEEE Photovoltaics Specialists 5
Conference and Exhibition, Lake Buena Vista, Florida, January 3-7, 2005.
The fundamental physics behind low efficiency of inexpensive cells is
directly  related to the difficulty in assuring simultaneously high photon
absorption and charge  collection efficiencies. This results from the
simultaneous requirements of the light  incident on a solar cell and the
electrons and holes liberated by the interaction of that light 10 with the
photovoltaic semiconductor material. That is, the photovoltaic material
must be  thick enough to absorb the light (in the form of photons), yet thin
enough to enable the  liberated charge carriers (electrons and holes) to
successfully migrate to the edges (top and  bottom) to be harvested.
Furthermore, for a-Si-based solar cells, the stabilized efficiency is typically
about  15 15% lower than the initial value due to light-induced metastable
defect creation, known as  the Staebler-Wronski effect (SWE). D. L.
Staebler and C.R. Wronski, "Reversible  conductivity changes in
discharge-produced amorphous Si," Appl. Phys. Lett. 31, 292-294  (1977).
Reducing the thickness and corrugating the surface of the active PV layer
can  improve efficiency significantly, but the low carrier mobility and
lifetime product and the 20 SWE are controlled by the band tails of the
localized electronic states in the  semiconductors, due to structural
disorder. The structural disorder is a fundamental  problem for all
non-crystalline materials that reduces dramatically the diffusion length of
the generated carriers. Prior art attempts to manufacture solar cells using
optical rectennas have had major  25 difficulties in achieving large-scale
metallic nanostructures at low cost. Recently, multi- walled carbon
nanotubes (MWCNTs) were reported to behave like optical antennas that
receive and transmit visible light incident upon them. These
nanostructures were shown to  be highly metallic with well aligned growth
orientation. MWCNTs can also be fabricated  at low cost in large scale on
most conductive or semiconductive substrates by the well 30 established
plasma-enhanced chemical vapor deposition (PECVD) method without
using  expensive and time-consuming state-of-the-art technologies, such
as electron-beam  lithography, which are unscalable but still inevitably
being used by most other 



2 experimental approaches in this field. Thus, there is a need in the art to
create a new class  of very efficient and low cost solar cells. SUMMARY
An apparatus and method for solar conversion using nanoscale cometal
structures  is disclosed herein. The cometal structures may be coaxial or
coplanar. According to a first aspect of the present invention, there is
provided a nanoscale  optics apparatus for use as a solar cell comprising
a plurality of nanoscale cometal  structures each comprising a
photovoltaic material located between a first electrical  conductor and a
second electrical conductor. According to a second aspect of the present
invention, there is provided a solar  cell comprising a plurality of nanoscale
coaxial structures each comprising an electrically  conducting core
contacting a photovoltaic material and coated with an outer electrical
conductor layer. According to a third aspect of the present invention, there
is provided a solar cell  comprising a plurality of nanoscale coplanar
structures each comprising a photovoltaic  layer located between a first
electrically conducting layer and a second electrically  conducting layer;
wherein light enters the coplanar structure between the first electrically
conducting layer and the second electrically conducting layer. According
to a fourth aspect of the present invention, there is provided a method  of
fabricating solar cells comprising preparing a plurality of nanoscale planar
structures;  coating a plurality of planar surfaces of the plurality of planar
structures with a  photovoltaic semiconductor while leaving space
between the plurality of planar surfaces;  and coating the photovoltaic
semiconductor with an outer electrical conductor layer,  wherein a portion
of the outer electrical conductor layer is located between the planar
structures to form coplanar structures. BRIEF DESCRIPTION OF THE
DRAWINGS The presently disclosed embodiments will be further
explained with reference to  the attached drawings, wherein like structures
are referred to by like numerals throughout  the several views. The
drawings are not necessarily to scale, the emphasis having instead WO
2007/120175 PCT/US2006/032452  been generally placed upon
illustrating the principles of the presently disclosed 



embodiments.  FIG. IA shows a schematic view of a plurality of nanoscale
coaxial cometal solar  cell units of the disclosed embodiments embedded
in a conductive matrix. 5 FIG. IB shows a top view of a nanoscale coaxial
solar cell unit of FIG. IA.  FIG. 2A, FIG. 2B, and FIG. 2C each show a
schematic view and an exemplary  view of a nanoscale coaxial
transmission line built around an aligned carbon nanotube.  FIG. 2A
shows a schematic view and an exemplary view of an aligned carbon
nanotube.  FIG. 2B shows a schematic view and an exemplary view of an
aligned carbon nanotube 10 after coating with a photovoltaic material.
FIG. 2C shows a schematic view and an  exemplary view of an aligned
carbon nanotube after coating with a photovoltaic material  and an outer
conductor material. FIG. 3 shows an array of nanoscale coaxial
transmission lines built around aligned  carbon nanotubes. FIG, 3A shows
an exposed coaxial structure viewed by a scanning 15 electron
microscope (SEM). FIG. 3B shows a cross-section view of a single
nanoscale  coaxial transmission line viewed by a scanning electron
microscope. FIG. 3C shows an  energy dispersive x-ray spectroscopy
(EDS) analysis of the composition of the coaxial  layers showing
concentration mapping for silicon (Si), chromium (Cr), and aluminum  (AI).
FIG. 3D shows a cross sectional view of an array of nanoscale coaxial
solar cells  20 with a concentrator. FIG. 4A, FIG. 4B, and FIG. 4C show
the results of optical experiments where  white light was transmitted
through an array of nanoscale coaxial transmission lines. FIG.  4A shows
the surface topography of the array visible in reflected light with dark spots
representing nanoscale coaxial transmission lines. FIG. 4B shows the
surface topography 25 of the same array as FIG. 4A visible in transmitted
light with bright spots of the  illuminating nanoscale coaxial transmission
lines. FIG. 4C shows the surface topography  of the array as a
composition of the reflected light (FIG. 4A) and the transmitted light  (FIG.
4B). FIG. 5 shows a cross sectional view of nanoscale coaxial solar cells
having non- 30 straight conducting lines and a flexible matrix. 4 WO
2007/120175 PCT/1JS2006/032452  FIG. 6A shows a front perspective
view of a nanoscale coaxial solar cell having 



multilayered structure of different bandgap semiconductors arranged in
parallel layout.  FIG. 6B shows a front perspective view of a nanoscale
coaxial solar cell having a  multilayered structure of different bandgap
semiconductors arranged in serial layout. 5 FIG. 7 shows a front
perspective view of a nanoscale coaxial solar cell with a  concentrator
extending from a top end of the nanoscale coaxial solar cell. FIG. 8 shows
a schematic image of a nanoscale optics apparatus that includes an  array
of carbon nanotubes, each tubule in the array includes portions that
protrude from a  metallic film, known as an optical nano-antenna, and a
portion that is embedded within the  10 metallic film, known as a
nanoscale coaxial transmission line. FIG. 9A shows a three-dimensional
configuration of a nanoscale optics apparatus  in accordance with the
presently disclosed embodiments. FIG. 9B shows a scanning electron
microscope (SEM) image of the nanorods used  in the nanoscale optics
apparatus of FIG. 9A. 15 FIG. 9C shows a transmission optical
microscope image of the nanoscale optics  apparatus of FIG. 9A. FIG.
IOA illustrates a method for making a nanoscale optics apparatus in
accordance with the presently disclosed embodiments. FIG. I OB
illustrates a method for making a nanoscale optics apparatus in  20
accordance with the presently disclosed embodiments. FIG. 11 shows a
graph of nano-antenna length versus radiation wavelength, at a  maximum
radar cross section (RCS) scattering amplitude. FIG. 12A shows visible
and SEM images (overlayed) of a section of a nanoscale  optics
apparatus made in accordance with the presently disclosed embodiments.
25 FIG. 12B shows scanning electron microscopy (SEM) images of the
nanoscale  optics apparatus of FIG. 12A. 5 WO 2007/120175
PCT/LS2006/032452  FIG. 13 shows a schematic image of a solar cell
made in accordance with the presently disclosed embodiments. FIG. 14
shows a perspective view of a parallel coplanar waveguide. FIG. 15
shows a perspective view of a multi-layer parallel coplanar waveguide.  5
FIG. 16 shows a perspective view of a nonparallel coplanar waveguide. 



FIG. 17 shows a perspective view of an arbitrary shape cometal
waveguide.  FIG. 18 shows a perspective view of a nanoscale coaxial
solar cell having a p-n  junction. FIG. 19 shows a perspective view of a
nanoscale coaxial solar cell having a p-i-n  10 junction. FIG. 20 shows a
perspective view of a nanoscale coplanar solar cell having a p-n  junction.
FIG. 21 shows a perspective view of a nanoscale coplanar solar cell
having a p-i-n  junction. 15 FIG. 22 shows a side view of a nanoscale
coplanar solar cell. While the above-identified drawings set forth presently
disclosed embodiments,  other embodiments are also contemplated, as
noted in the discussion. This disclosure  presents illustrative embodiments
by way of representation and not limitation. Numerous  other modifications
and embodiments can be devised by those skilled in the art which fall 20
within the scope and spirit of the principles of the presently disclosed
embodiments.  DETAILED DESCRIPTION The embodiments disclosed
herein relate to the field of solar energy conversion  using nanoscale
optics, and more particularly to an apparatus and method for solar
conversion using nanoscale cometal structures. A solar cell is a device
that collects or 25 absorbs solar energy and converts the solar energy,into
electricity, heat or another usable  form. A method of fabricating
nanoscale cometal solar cells is also disclosed. The 6 WO 2007/120175
PC /US2006/032452  following definitions are used to describe the various
aspects and characteristics of the  presently disclosed embodiments. As
referred to herein, "carbon nanotube", "nanotube", "nanowire", and
"nanorod"  are used interchangeably. 5 As referred to herein, "nanoscale"
refers to distances and features below about  5000 nanometers (one
nanometer equals one billionth of a meter). As referred to herein,
"single-walled carbon nanotubes" (SWCNT5) include one  graphene sheet
rolled into a cylinder. "Double-walled carbon nanotubes" (DWCNTs)
include two graphene sheets in parallel, and those with multiple sheets
(typically about 3 



10 to about 30) are "multi-walled carbon nanotubes" (MWCNTs). As
referred to herein, "single-core coaxial transmission lines" (SCCTL)
include  one nanotube at the center. A "double-core coaxial transmission
lines" (DCCTL) include  two nanotubes at the center. As referred to
herein, CNTs are "aligned" wherein the longitudinal axis of  15 individual
tubules are oriented in a plane substantially parallel to one another. As
referred to herein, a "tubule" is an individual CNT. The term "linear CNTs"
as used herein, refers to CNTs that do not contain  branches originating
from the surface of individual CNT tubules along their linear axes.  The
term "array" as used herein, refers to a plurality of CNT tubules that are 20
attached to a substrate material proximally to one another. As referred to
herein, a "nanoscale coaxial line" refers to a nanoscale coaxial wire,
which includes a plurality of concentric layers. In an embodiment, the
nanoscale coaxial  line has three concentric layers: an internal conductor,
a photovoltaic coating around the  core, and an outer conductor.
Transmission of electromagnetic energy inside the coaxial 25 line is
wavelength-independent and happens in transverse electromagnetic
(TEM) mode.  In an embodiment, the internal conductor is a metallic core.
In an embodiment, the outer  conductor is a metallic shielding. 7 WO
2007/120175 PCT/US2006/032452  As referred to herein, a "nanoscale
coplanar line" refers to a nanoscale coplanar structure, which includes a
plurality of parallel layers. In an embodiment, the nanoscale  coplanar line
has three parallel layers: two metallic conductors, with a photovoltaic
coating between them. Transmission of electromagnetic energy inside the
coplanar line is 5 wavelength-independent and happens in transverse
electromagnetic (TEM) mode.  As referred to herein, "transverse
electromagnetic (TEM)" refers to an  electromagnetic mode in a
transmission line for which both the electric and magnetic  fields are
perpendicular to the direction of propagation. Other possible modes
include but  are not limited to transverse electric (TE), in which only the
electric field is perpendicular 10 to the direction of propagation, and
transverse magnetic (TM), in which only the magnetic  field is
perpendicular to the direction of propagation. As referred to herein, a
"catalytic transition metal" can be any transition metal,  



transition metal alloy or mixture thereof. Examples of a catalytic transition
metals  include, but are not limited to, nickel (Ni), silver (Ag), gold (Au),
platinum (Pt), 15 palladium (Pd), iron (Fe), ruthenium (Ru), osmium (Os),
cobalt (Co), rhodium (Rh) and  iridium (Ir). In an embodiment, the catalytic
transition metal comprises nickel (Ni). In an  embodiment, the catalytic
transition metal comprises iron (Fe). In an embodiment, the  catalytic
transition metal comprises cobalt (Co). As referred to herein, a "catalytic
transition metal alloy" can be any transition  20 metal alloy. Preferably, a
catalytic transition metal alloy is a homogeneous mixture or  solid solution
of two or more transition metals. Examples of a catalytic transition metal
alloy include, but are not limited to, a nickel/gold (Ni/Au) alloy,
nickel/chromium (Ni/Cr)  alloy, iron/chromium (Fe/Cr) alloy, and a
cobalt/iron (Co/Fe) alloy. The terms "nanotubes," "nanowires," ..
nanorods," "nanocrystals," "nanoparticles"  25 and "nanostructures" are
employed interchangeably herein. These terms primarily refer to  material
structures having sizes, e.g., characterized by their largest dimension, in a
range  of a few nanometers (nm) to about a few microns. In applications
where highly symmetric  structures are generated, the sizes (largest
dimensions) can be as large as tens of microns. The term "CVD" refers to
chemical vapor deposition. In CVD, gaseous mixtures  30 of chemicals
are dissociated at high temperature (for example, CO2 into C and 02).
This is  the "CV" part of CVD. Some of the liberated molecules may then
be deposited on a 8 WO 2007/120175 PCT/US2006/032452  nearby
substrate (the "D" in CVD), with the rest pumped away. Examples of CVD
methods include but are not limited to, "plasma enhanced chemical vapor
deposition"  (PECVD), "hot filament chemical vapor deposition" (HFCVD),
and "synchrotron  radiation chemical vapor deposition" (SRCVD). 5 As
referred to herein, an "optical signal" refers to any electromagnetic
radiation  pulse including gamma rays, X-rays, ultraviolet light, visible light,
infrared, microwaves,  radio waves (ULF, VLF, LF, MF, HF, long, short,
HAM, VHF, UHF, SHF, EHF), cosmic  microwave background radiation
and other forms of radiation of the electromagnetic  spectrum. 10 The
presently disclosed embodiments generally relate to the use of nanoscale
cometal lines to fabricate a nanoscale optics apparatus. The nanoscale
optics apparatus is  



a multifunctional nanocomposite material made of a metallic film having a
top surface and  a bottom surface and a plurality of cometal structures.
The nanoscale coaxial line  comprises a metallic cylinder, filled with a
photovoltaic material and having a central, 15 concentric metallic core.
Each nanoscale coaxial line can have the central core extending  beyond
a surface of the film and an embedded portion that is within the film. The
nanoscale coplanar line comprises metallic walls, with the intervening
space filled with a  photovoltaic material. Each nanoscale coplanar line
can have a wall extending beyond a  surface of the film and an embedded
portion that is within the film. 20 A cometal structure is a structure wherein
two or more, but typically two, metal  surfaces are in close proximity, in
such a way that transverse electromagnetic (TEM)  waves are efficiently
propagated in the space in between the two metals. The metals or  their
surfaces can be composed of the same or different metal materials. Some
of these  metals could be transparent to the guided radiation. The cometal
transmission line might 25 also admit other modes of propagation, for
example transverse electric (TE) or transverse  magnetic (TM) modes. A
conventional example of a cometal structure is a coaxial wire or  cable. A
nanoscale cometal structure is a structure wherein the separation distance
between any two metals in the cometal structure is nanoscale, whereby
nanoscale is in the  range from about 1 nm to about a few thousand
nanometers. The two primary examples of 30 a nanoscale cometal
structure are a nanoscale coaxial wire and a nanoscale coplanar
transmission line. Both of these cometal structures, and variants thereof,
are capable of  transmitting waves via the TEM mode, including waves
whose wavelengths are smaller  9 WO 2007/120175
PCT/US2006/032452  than the metal separation distances (i.e.,
subwavelength propagation). Finite length cometal structures enable
standing waves, and act as radiation resonators. By virtue of the
nanoscale dimensions, such waves include those in and near the visible
spectrum, that is,  from the ultraviolet (between about 200 am and about
400 nm) to the infrared (between  5 about 800 nm and about 5000 nm).
Efficiency of the coupling of the external radiation to the cometal
structures  depends on the geometry of the structure and the mode of
operation. Some cometal  structures, e.g. the coplanar structures shown
in FIGS. 14-16 and 20-22, couple to the  radiation without any
arrangements, even for the inter-electrode separations much smaller 



10 than the wavelength. In other structures, such as the nanoscale coaxial
line, no  arrangements are required for sufficiently large external
diameters, equal or greater than  the wavelength. If the inter-electrode
channel is much smaller than the radiation  wavelength (i.e., only a TEM
mode can propagate), special arrangements, such as an  antenna, may
be necessary. 15 The presently disclosed embodiments increase
harvesting efficiencies for photons  and charge carriers by using a
conductive medium, an elementary unit including a  nanoantenna
impedance matched to a nanoscale coaxial line filled with a photovoltaic-
active medium. While the nanoantenna provides efficient light collection,
the nanoscale  cometal section traps the collected radiation, and assures
its efficient conversion into 20 electron-hole pairs. For the nanoscale
coaxial embodiment, the coaxial symmetry yields  high harvesting
efficiency for both photons and charge carriers because it is efficient at
conveying the TEM mode of electromagnetic radiation. The nanoscale
coaxial line length  can be made several microns long to assure high
photon harvesting, and the nanoscale  coaxial line width can be easily
made small enough in diameter to provide high carrier 25 harvesting
between internal and external electrodes. The coaxial line allows for
subwavelength propagation, and thus a very small distance between
electrodes. In fact, the  distance between electrodes may be less than the
carrier diffusion length without  hampering the light propagation (i.e.
nanoscale). The nanoscale coplanar embodiment is  also efficient at
conveying the TEM mode of electromagnetic radiation, and so yields high
30 harvesting efficiency for both photons and charge carriers. The
presently disclosed embodiments work with any transmission line capable
of  transverse electromagnetic (TEM) transmission. Such lines include, but
are not limited to,  10 WO 20071120175 PCT/US2006/032452  the coaxial
transmission line (i.e., a coaxial line with a single core), the multi-core
coaxial  transmission line (multi-core coax), such as shown in FIG. 12B,
view 41, a stripline, and a  coplanar line. A stripline is a transmission line
having two flat parallel metallic electrodes  (strips), separated by a film of
a photovoltaic. The width L of each electrode is larger than 5 the radiation
wavelength. The electrodes are distance d apart, which can be smaller
than  the radiation wavelength. In an embodiment, a nanoscale coaxial
line with a plurality of  cores (multi-core) can be used to yield high
harvesting efficiency for both photons and  



charge carrier. In an embodiment, a nanostripline (i.e., a stripline for
visible light, which  has d in the nanoscale) yields high harvesting
efficiency for both photons and charge 10 carriers. Antennae are external
resonators. The nanoantennas of the presently disclosed  embodiments
are broad resonators having large aspect ratios, that is their length 1 is
much  larger than their diameter d: for example, l > 3d. The bandwidth of
the nanoantenna can  be tuned to cover the entire solar spectrum. The
nanoantennas described herein possess 15 the directional characteristics
of conventional antennas, proving that conventional, radio  technology
applies to the nanoscale optics systems in the visible frequency range,
The performance of the system of the presently disclosed embodiments
will be  comparable to that of c-Si, without its disadvantages, such as high
material and installation  costs. The system of the presently disclosed
embodiments allows for even further 20 improvements. With a multi-layer
strategy, the photon energy can be matched to the  semiconductor band
gap, minimizing phonon losses, and further improving efficiency  FIG. lA
shows a schematic view of a nanoscale optics apparatus 100 including a
plurality of nanoscale coaxial structures. The nanoscale coaxial structure
includes an  internal conductor 120 with an impedance-matched antenna
110 and a coaxial section 115  25 coated with a photovoltaic material 180.
The nanoscale optics apparatus 100 is supported by a substrate 190. The
internal conductor 120 extends beyond the nanoscale coaxial  structure
forming the optical nano-antenna 110. An outer conductor 160 is an
external  coating of the coaxial section 115. A plurality of nanoscale
coaxial structures are  embedded in a conductive matrix 140. The
nanoscale coaxial structure may be a 30 nanoscale coaxial solar cell. The
nanoscale optics apparatus is made in accordance with  the presently
disclosed embodiments. 11 WO 2007/120175 PCT/US2006/032452  The
internal conductor 120 may be a metallic core. Examples of metals for the
internal conductor include but are not limited to, carbon fiber; carbon
nanotube; pure  transition metals such as nickel (Ni), aluminum (Al), or
chromium (Cr); metal alloys, e.g.  stainless steel (Fe/C/Cr/Ni) or aluminum
alloys (Al/Mn/Zn); and metallic polymers. Other 5 internal conductors are
highly doped semiconductors, and semi-metals (metals with  vanishingly
small band gap, e.g. graphite). Those skilled in the art will recognize that
the  



internal conductor may be other conducting materials known in the art and
be within the  spirit and scope of the presently disclosed embodiments.
The photovoltaic material 1.80 has a band gap to maximize the absorption
of light  10 in the visible spectrum. Examples of photovoltaic materials
include, but are not limited to  silicon (Si), cadmium telluride (CdTe),
indium gallium phosphide (InGaP), gallium  arsenide (GaAs), germanium
(Ge), Cu(InGa)Se, Gap, CdS, indium antimonide (InSb),  lead telluride
(PbTe), Im-x GaxN, organic semiconductors (e.g., copper phthalocyanine
(CuPc)), dielectric materials, and similar materials known to those skilled
in the art. The 15 photovoltaic materials can be crystalline (periodic
arrangement of atoms in macroscopic  scale), polycrystalline (periodic
arrangement of atoms in microscopic scale), or amorphous  (aperiodic
arrangement of atoms in macroscopic scale). Those skilled in the art will
recognize that the photovoltaic material may be other materials known in
the an having a  band gap so as to improve the absorption of light in the
visible spectrum. The 20 photovoltaic material 180 may be uniform around
the internal conductor 120 or the  photovoltaic material 180 may surround
the internal conductor 120 in a non-uniform  manner. The outer conductor
160 may be a metal, Thus, the outer conductor 160 may take  the form of
a metallic cylinder. Examples of outer conductors include but are not
limited  25 to, carbon fiber; carbon nanotube; pure transition metals such
as nickel (Ni), aluminum (Al), or chromium (Cr); metal alloys e.g. stainless
steel (Fe/C/Cr/Ni) or aluminum alloys  (AI/Mn/Zn); and metallic polymers.
Other internal conductors are highly doped  semiconductors, and
semi-metals (metals with a vanishingly small band gap, e.g.  graphite).
Those skilled in the art will recognize that the outer conductor may be
other 30 conducting materials known in the art and be within the spirit and
scope of the presently  disclosed embodiments. 12 WO 2007/120175
PCT/US2006/032452  FIG. lB shows a top view of a nanoscale coaxial
solar cell of FIG. IA. In FIG. 113, the diameter of the internal conductor
120 is 2r while the diameter of the outer  conductor 160 is 2R. Those
skilled in the art will recognize that the diameters can vary  and be within
the spirit and scope of the presently disclosed embodiments. 5 FIG. 2A,
FIG. 2B, and FIG. 2C each show a schematic view and an exemplary  



view of a nanoscale coaxial transmission line built around aligned carbon
nanotuhe. FIG.  2A, FIG. 2B, and FIG. 2C show a single nanoscale
coaxial structure selected from an array  having a plurality of nanoscale
coaxial structures. The schematic views show the three  major steps for
fabricating nanoscale coaxial solar cells. The exemplary views were taken
10 using a scanning electron microscope (SEM) at a 30 degree angle to
the sample surface.  FIG. 2A shows a schematic view and an exemplary
view of an aligned carbon  nanotube. The plasma-enhanced chemical
vapor deposition (PECVD) method was used to  grow vertically aligned,
multiwalled, straight carbon nanotubes with an average length of  about
5-6 pm using a nickel catalyst (FIG. 2A). The catalyst was
electrodeposited on a 15 thin chromium layer (about 10 nm) sputtered on
the top of a glass substrate. FIG. 2B shows a schematic view and an
exemplary view of an aligned carbon  nanotube after coating with a
photovoltaic material. The nanotubes were coated with a  photovoltaic
layer of aluminum oxide (A1203). The photovoltaic layer has a thickness
between about 100 nm to about 150 nm or thicker. 20 FIG. 2C shows a
schematic view and an exemplary view of an aligned carbon  nanotube
after being coated with a photovoltaic material and an outer conductive
material.  The nanotubes were sputtered with about 100 rim to about 150
nm thick chromium layer  as the outer conductor. In an embodiment, the
outer conductor is thicker than 150 nm. FIG. 3 shows an array of
nanoscale coaxial transmission lines built around aligned  25 carbon
nanotubes. The array may have nanoscale coaxial transmission lines
distributed  uniformly or randomly on a substrate 190. The nanoscale
coaxial transmission lines may  be aligned in rows or unevenly distributed
on the substrate 190. The substrate 190 may be  transparent. The
substrate 190 may be composed of a polymer, glass, ceramic material,
carbon fiber, glass fiber or combinations thereof. Those skilled in the art
will recognize 30 that the substrate may be other materials known in the
art and be within the spirit and  scope of the presently disclosed
embodiments. 13 WO 2007/120175 PCT/US2006/032452  An array of
vertically aligned conductors (e.g., multiwalled carbon nanotubes or other
nanowires/nanofibers) are grown or attached to the substrate. Next, the
conductors  are coated with appropriate photovoltaic or photovoltaic
material. The conductors are then  coated with the metallic layer acting as
the outer conductor. 



5 An array of nanoscale coaxial transmission lines includes vertically
aligned carbon  nanotubes grown on glass substrate coated with a thin
(about 10 nm) chromium layer. On  this layer nickel catalyst for PECVD
growth of nanotubes was deposited  electrochemically. Then, nanotubes
were coated with 150 nm of aluminum oxide and  subsequently with 100
nm of chromium. The entire array of nanoscale coaxes was filled 10 with
spin-on-glass (SOG) which does not affect array functionality but allowed
the top  part of the nanoscale coaxes to be mechanically polished off. This
way nanoscale coaxial  cores could be exposed and they can work as
wavelength-independent transmission lines.  FIG. 3A shows an exposed
coaxial structure viewed by a scanning electron microscope  (SEM). 15
FIG. 3B shows a cross-section view of a single nanoscale coaxial
transmission line  viewed by a scanning electron microscope. FIG. 3B
shows the internal structure of the  nanoscale coaxial transmission line
after polishing and being exposed. FIG. 3C shows an energy dispersive
x-ray spectroscopy (EDS) analysis of the  composition of the coaxial
layers showing concentration mapping for silicon (Si), 20 chromium (Cr),
and aluminum (Al). The dotted line in FIG. 3C corresponds to the  position
of the EDS linescan while three presented plots correspond to silicon (Si),
chromium (Cr), and aluminum (Al) concentration along the scanned line.
FIG. 3C shows  that the concentration of silicon is highest in the silica
(SiO2) rich area. Similarly, highest  chromium concentration is present in
the region of metallic coating of nanoscale coaxial 25 walls, and highest
aluminum concentration is observed in the area of photovoltaic coating
(A1203) FIG. 3D shows a cross sectional view of an array of nanoscale
coaxial solar cells  with a concentrator, a concave indentation of the outer
conductor around the nanoscale  coax. The substrate is flexible. In an
embodiment, the substrate 190 is aluminum (Al) 30 foil, or other flexible
metallic materials (copper, carbon fiber, steel, and similar materials).  The
substrate is coated with catalytic particles (e.g. Fe, Ni, Co) using wet
chemical and  14 WO 2007/120175 PCT/US2006/032452
electrochemical methods or conventional vacuum deposition techniques
(e.g., sputtering,  evaporation and similar techniques). Next, internal
conductors 120 that are nanotubes are  grown using techniques described
herein (e.g., CVD, PECVD, and similar techniques), 



and the substrate area is exposed to oxygen, which affects only the
exposed metallic 5 substrate forming a photovoltaic layer 170. The thin
film of semiconductor material 180 is  grown using conventional deposition
techniques (e.g. CVD and similar techniques).  Finally, the substrate area
is coated with a soft metallic layer 160 with appropriate wetting  property
against the photovoltaic coating 180 such that a concentrator 185 is
formed. The  concentrator 185 is a concave meniscus adjacent to the
coated internal conductors 120. In 10 an embodiment, the metallic powder
or liquid will be used to fill the inter-core spacing,  followed by a thermal
processing to form the concentrator 185. The concave meniscus  region
around each nanoscale coaxial unit acts as a light concentrator 185, an
additional  antenna collecting light from much larger area than the
nanoantenna itself. The  concentrators 185 allow the entire solar cell array
to be fabricated with lower number of 15 nanoscale coaxial units, while
still maintaining very high efficiency. The concentrators  185 can be simply
added to the solar cell array using techniques known in the art. In an
embodiment, the concentrator 185 self-forms in a conductive medium that
poorly wets the surface of a semiconductor-coated nanoscale coaxial
cores. A low- wetting metallic medium (e.g., a metallic powder or a liquid
containing metallic particles) 20 is deposited as the outer conductor 160,
and thermal processing is used to control the  wetting angle, i.e. the
curvature of the concentrator 185. This will create the light  concentrator
185, a convex depression around each nanoscale coaxial core. FIG. 4A,
FIG. 4B, and. FIG. 4C show the results of optical experiments where
white light was transmitted through an array of nanoscale coaxial
transmission lines. FIG.  25 4A shows the surface topography of the array
visible in reflected light with dark spots representing nanoscale coaxial
transmission lines. FIG. 4B shows the surface topography  of the same
array as FIG. 4A visible in transmitted light with bright spots of the
illuminating nanoscale coaxial transmission lines. FIG. 4C shows the
surface topography  of the array as a composition of the reflected light
(FIG. 4A) and the transmitted light 30 (FIG. 4A). There is a very good
correlation between position of spots in illuminating  nanoscale coaxial
transmission lines both FIG. 4A and FIG. 4B. The transmitted light  15 WO
2007/120175 PCT/US2006/032452  remains white (FIG. 4B), which
suggest no cut-off frequency and wavelength independent  transmission. 



The nanoscale coaxial structures of the presently disclosed embodiments
can be  used as low-cost building blocks for mass scale fabrication of
solar cell units. Solar cells  5 could include non-aligned conductors
produced in mass scale as nanoscale coaxial cores. FIG. 5 shows a cross
sectional view of an embodiment of nanoscale coaxial solar cells  having
non-straight conductors and a flexible matrix. The non-straight conductors
are not  aligned with respect to adjacent conductors. Non-straight
conductors can be used with any  highly conductive nanotubes,
nanowires, nanofibers or similar structures. 10 An example of non-straight
conductors can be carbon nanotubes grown by  thennal-CVD (chemical
vapor deposition) technique. The internal conductor could be  then
chemically multi-coated with appropriate semiconductors of desired
bandgaps and  eventually metallized to finalize the coaxial structure. FIG.
5 illustrates the non-straight  conductor. Non-straight conductors 120,
multicoated with semiconductors 180a, 180b, 15 180c of appropriate
bandgaps, and metallized on the surface with the outer conductor 160  are
embedded into a conductive and flexible medium 145 (e.g., conductive
paint or  polymer). The protruding section 110 is exposed (e.g., by
etching) and a thin layer of  photovoltaic material 170 is deposited in the
top of this structure. Then, a second,  transparent conductor (e.g., indium
tin oxide or another conductive polymer) is applied. A 20 first contact 172
is adjacent to protruding sections 110 and above the photovoltaic layer
170. A second contact 174 is adjacent to the end of the internal conductor
120 opposite  the protruding section 110, and the second contact 174 is in
the conductive medium 145.  In an embodiment, antenna sections would
be non-aligned, randomly positioned, randomly  tilted, and with various
lengths. The non-straight and randomly positioned nanoscale 25 coaxial
transmission lines would dramatically improve collection efficiency by
capturing  the incoherent and broadband, unpolarized solar radiation. In
an embodiment, semiconductors having different bandgaps are used
inside the  nanoscale coaxial section to improve photon absorption
efficiency. Better matching the  semiconductor bandgap with incoming
photon energy, yields improved energy conversion 30 efficiency of
nanoscale coax-based solar cells. The photovoltaic material can be
deposited  along the internal conductor in a parallel configuration (FIG.
6A) or a serial configuration  (FIG. 6B). FIG. 6A shows a front perspective
view of a nanoscale coaxial solar cell 16 WO 2007/120175
PCT/UUS20061032452  



having multilayered structure of different bandgap semiconductors 1 80a,
180b arranged in  parallel layout. FIG. 6B shows a front perspective view
of a nanoscale coaxial solar cell  having multilayered structure of different
bandgap semiconductors 180a, 180b, 180c arranged in serial layout.
Semiconductors having different bandgaps results in more 5 efficient
photon absorption because the various energies of collected photons
would be  better matched with the semiconductor bandgaps. In an
embodiment, a concentrator 185 extends from a top end of the nanoscale
coaxial solar cell to enhance photon collection efficiency. FIG. 7 shows a
front  perspective view of a nanoscale coaxial solar cell with the
concentrator 185 extending 10 from a top end of the nanoscale coaxial
solar cell. The concentrator 185 is a conical  section extending from a top
end of the nanoscale coaxial wire for improved photon  collection. The
concentrator 185 is a horn antenna, and could have variety of shapes
known in the microwave technology art. The concentrator 185 may have
shapes including  but not limited to parabolically sloped walls or straight,
conical walls or similar shapes. 15 The concentrator 185 may be metallic.
The concentrator 185 may be fabricated from any  highly conductive
material including but not limited to a metal, metal alloy, highly doped
semiconductor, conductive polymer and other conductive materials. The
concentrator 185  could be an integral part of the outer conductive layer of
each nanoscale coax. The  concentrator 185 could be an attachment
fabricated separately on the top of the nanoscale 20 coax. The
concentrator 185 can be implemented by employing a "non-wetting"
conductive medium that would poorly wet the surface of a
semiconductor-coated  nanoscale coaxial cores to create a convex
depression around each nanoscale coaxial core,  as shown in FIG. 3D. A
method of fabricating a solar cell comprises coating a substrate with a
catalytic  25 material; growing a plurality of carbon nanotubes as internal
cores of nanoscale coaxial  units on the substrate; oxidizing the substrate;
coating the substrate with a photovoltaic  film; and filling with a metallic
medium that wets the photovoltaic film of the nanoscale  coaxial units. A
nanoscale coaxial solar cell can be fabricated using the method outlined
below  30 or similar methods. A flexible, metallic substrate such as a
aluminum (Al) foil is coated  with catalytic material (e.g., Ni) by any
suitable technique including but not limited to wet  chemical deposition,
electro-chemical deposition, CVD, sputtering, evaporation and 



17 WO 2007/120175 PCT/US2006/032452  similar techniques. The
processed substrate is used for a catalytic growth of carbon nanotubes or
any other suitable nanorods/nanowires as internal conductors and cores
of  nanoscale coaxial units. The growth of the nanotubes can be
performed by any  appropriate technique including CVD or PECVD and
similar techniques. After growing 5 of the nanotubes, the remaining
exposed surface of the substrate, i.e. the area free of
nanotubes/nanowires, is oxidized to fabricate the photovoltaic layer
between the substrate  and the outer conductor. Then, the entire system
can be coated with a photovoltaic layer  by any suitable technique (e.g.
CVD, electro-chemical deposition, and similar techniques),  and eventually
filled with a metallic medium (e.g. tin (Sri) powder). The metallic medium
1.0 should be selected and processed to obtain a weak wetting contact
between the metallic  medium and the outer conductor of the nanoscale
coax. The metallic medium can be  deposited by any conventional
technique, e.g. spraying, painting, spin-coating, CVD,  evaporation,
sputtering, and similar techniques. The presently disclosed embodiments
generally relate to the use of nanoscale  15 coaxial transmission lines
(NCTL) to fabricate a nanoscale optics apparatus. The  nanoscale optics
apparatus is a multifunctional nano-composite material made of a  metallic
film having a top surface and a bottom surface and a plurality of cylindrical
channels filled with a photovoltaic material. An array of nanorods
penetrate the metallic  film through the plurality of cylindrical channels.
The array of nanorods has a protruding 20 portion that extends beyond a
surface of the metallic film and an embedded portion that is  within the
metallic film. The protruding portion acts as a nano-antenna and is
capable of  receiving and transmitting an electromagnetic radiation at a
visible frequency. The  embedded portion acts as a nanoscale coaxial
transmission line (CTL) and allows for  propagation of external radiation
with a wavelength exceeding the perpendicular 25 dimensions of the
nanorod. The nanoscale optics apparatus can concentrate light, and
therefore enhance a field  up to about 103 times. The array of optical
nano-antennas, with nano-CTL embedded in a  metallic film, effectively
compresses light into nanoscopic dimensions. The nano-antennas  are
capable of receiving and transmitting electromagnetic radiation at the
visible 30 frequencies. The extreme compression of light in the nano-CTL
leads to an asymmetric  



tunneling of electrons between the electrodes of the nano-CTL, and thus
provides a  rectifying action at the light frequencies, and thus conversion
of the light into a direct 18 WO 2007/120175 PCT/US2006/032452
current (DC) voltage. This property leads to a new class of efficient, and
low cost rectenna solar cells. The extreme compression of light in the
nano-CTL is quick, and is  not limited by the usual parasitic capacitances
that make the conventional diode  rectification inefficient, if not impossible,
at the light frequencies. 5 FIG. 8 shows a schematic image of a nanoscale
optics apparatus 100 synthesized in  accordance with the presently
disclosed embodiments. The nanoscale optics apparatus  100 has an
array of metallic nanorods 120 that penetrate a metallic film 140 through
cylindrical channels 160 filled with a photovoltaic material 180. Each
nanorod 120 has an  optical nano-antenna 110 that protrudes from each
surface of the metallic film, and a 10 nanoscale coaxial transmission line
(CTL) 115 that is embedded within the metallic film.  FIG. 9A shows a
three-dimensional image of a basic structure configuration of a  nanoscale
optics apparatus 200 synthesized in accordance with the presently
disclosed  embodiments. Nanorods 220 extending beyond a metallic film
240 act as nano-antennas  110, capable of receiving and transmitting an
electromagnetic radiation at the visible 15 frequencies. The incoming light,
collected by an array of the optical nano-antennas 110, is  compressed
into nanoscopic channels of the coaxial transmission lines (cables) 115,
and is  subsequently decompressed (and reemitted) on the opposite side
of the film by the nano- antenna I10 segments. The nano-antennas 110
possess the directional characteristics of  conventional antennas, proving
that conventional, radio technology applies to the 20 nanoscale optics
apparatus 200 in the visible frequency range. The conventional coaxial
cables for light may also be developed. An advantage of using the
nanoscale coaxial  cables 115 is that they do not have a cut-off frequency
(in contrast to waveguides), i.e. the  nanoscale coaxial cables 115 allow
for propagation of radiation with wavelength  exceeding their
perpendicular dimensions. The purpose of using the nanoscale coaxial 25
cables 115 in the nanoscale optics apparatus 200 is to channel, and
compress the external  radiation into the confined space between the
internal and external electrodes. The degree  of this compression can be
estimated as follows. A matched antenna collects radiation  from an area
of the order of 2z. Subsequently, this radiation energy can be efficiently  



transferred into the coaxial transmission line, where it compresses into an
area 30 of 2r(RZ - r2), thus the power compression factor is of the order of
;Z I rr(RZ - r 2). By  employing nanorods 120 with a radius r ~ 5nm, and
using a perpendicular 19 WO 2007/120175 PCT/US2006/032452
dimension R z 20nnz, the power compression factor of the order of
several hundreds in the visible range is possible. The electric field inside
the coaxial line varies as 1 I p, where p is the radial  distance from the
center, and thus can be made very large for small P. It can be shown, that
5 the electric field enhancement is of the order of A / p, and thus is of the
order of about one hundred in the visible range at the nanorod 220 with r
-- 5nn7. An additional, dramatic  field enhancement can be achieved by
using nanorods 220 with active plasmon resonances  in the range of
operation, e.g. gold or silver. Calculations show that there is an additional,
resonant enhancement by factor as high as 10" due to the plasmon (Mie)
resonances. The 10 total field enhancement can be expected to be as
high as 106 to 107, and therefore high  enough to trigger nonlinear
processes in the photovoltaic of the coaxial cable, leading to  the desired
switching-off the transmitted electromagnetic energy. To illustrate the
effect,  consider a modest enhancement of 105, achievable with the
plasmonic nanorods 220. The  corresponding field intensity is about 2 V/m
for an incoming flux of 1 W/m2, which is 15 about 1000 times smaller than
that of a typical laser pointer. Such field intensities are  sufficient to cause
a field emission from typical nanorods 220. FIG. 9B shows a scanning
electron microscope image showing the relative  characteristics of the
nanorods 220 of FIG. 9A. The nanorods 220 are aligned linearly in  the
nanoscale optics apparatus 200. FIG. 9C shows a transmission electron
microscopy 20 image of the nanoscale optics apparatus 200 of FIG. 9A. In
the nanoscale optics apparatus  200 of FIG. 9A, only the top half of the
nanoscale optics apparatus 200 was etched during  fabrication, the
bottom half was not etched. This results in just the top half portion having
transmitted light, as seen in the transmission optical microscopy image of
FIG. 9C. FIG. IOA shows an exemplary method for making the nanoscale
optics apparatus  25 100. In step 1, chromium is sputtered onto a glass
substrate, typically at a thickness of  about 15 nm. A selected thickness of
catalytic transition metal (for example nickel) is  electrodeposited onto the
chromium glass followed by carbon nanotube growth, as shown  



in steps 2 and 3. Plasma enhanced chemical vapor deposition (PECVD) is
used to etch the  chromium layer, as shown in step 4. Typical PECVD
lasts about an hour, A photovoltaic 30 (or semiconductor) material (for
example SiOQ, where 0<_ x<_ 2) is sputtered on the  substrate, as shown
in step 5. Those skilled in the art will recognize that the sputtered  20 WO
2007/120175 PCT/US2006/032452  material may be made of any material
having a specific function as required by an application of the nanoscale
optics apparatus and still be within the scope and spirit of the  presently
disclosed embodiments. Typically, the photovoltaic material is coated to
yield a  thickness of about 100 rim. Aluminum is then sputtered followed
by spin-coating of 5 polymethylmethacrylate (PMMA) and baking at about
180C for about 40 min, as shown  in steps 6 and 7. Typically, about 400
nm of aluminum is sputtered. In step 8,  electrochemical etching of the
aluminum layer on the tips of the nanorods 120 is  accomplished at about
25 min in about 20% H2S04, 4.OV, sample as anode, a platinum
electrode as cathode. In this example, only the bottom half of the sample
was etched, 10 resulting in just that portion having transmitted light, as
seen in the transmission electron  microscopy image. FIG. IOB shows an
alternative method for making the nanoscale optics apparatus  100. In
step 1, chromium is sputtered onto a glass substrate, typically at a
thickness of  about 15 rim. A selected thickness of catalytic transition
metal (for example nickel) is 15 electrodeposited onto the chromium glass
followed by carbon nanotube growth, as shown  in steps 2 and 3. Plasma
enhanced chemical vapor deposition (PECVD) is used to etch the
chromium layer, as shown in step 4. Typical PECVD lasts about an hour.
A photovoltaic  (or semiconductor) material (for example SiO,, where 0 <_
x <_ 2) is sputtered on the  substrate, as shown in step 5. Those skilled in
the art will recognize that the sputtered 20 material may be made of any
material having a specific function as required by an  application of the
nanoscale optics apparatus and still be within the scope and spirit of the
presently disclosed embodiments. Typically, the photovoltaic material is
coated to yield a  thickness of about 100 nm. Aluminum is then sputtered
onto the coated substrate, as  shown in step 6. Typically, about 400 nm of
aluminum is sputtered. In step 7, the tips of 25 the nanotubes are
removed by polishing. In step 8, electrochemical etching of the  aluminum
layer on the tips of the nanorods 120 is accomplished at about 25 min in
about  



20% H2S04, 4.OV, sample as anode, a platinum electrode as cathode.
FIG. 11 shows results demonstrating the antenna action of an array of
nanorods  120 in the visible frequency range. Both, the polarization, as
well as, the nano-antenna  30 length effects are shown in the radar cross
section (RCS) type of experiment, in which an external radiation is
reflected/scattered by an aperiodic array of nanorods 120, in excellent
agreement with antenna theory. The main section shows the
nano-antenna length versus  21 WO 2007/120175 PC IIJS2006/032452
radiation wavelength, at a maximum RCS scattering amplitude. The upper
right image in  FIG. 11 shows an image of the sample with interference
colors (from left to right) due to  gradually changing nanorod 120 length.
The lower right image in FIG. 11 shows the scanning electron microscope
image of the nanorods 120. 5 FIG. 12A shows a visible image of a section
of a nanoscale optics apparatus 100  made in accordance with the
presently disclosed embodiments. The nano-CTLs 115 have  been
illuminated from behind with green and red lasers. Both green and red
light is guided  through the nano-CTLs 115. Each active nano-CTL 115 is
surrounded by a green halo.  Smaller red light spots are also visible. FIG.
5B shows the corresponding SEM close-up 10 (top view) of the numbered
nano-CTLs 115. Nano-CTL number 37 and number 47 are  single core,
while number 41 and number 48 are double core. Nano-CTL number 37
comprises a CNT core, coated with Si, located coaxially inside a
cylindrical canal  penetrating an Al film. An air gap (the dark ring)
separates the Si coated CNT from the Al  wall. As seen in FIG. 12B, the
air gap is much thinner (- 100 nm) than the wavelength of 15 the radiation
(- 550 nm for green and 650 nm for red). Thus, the subwavelength action
of  the nano-CTL has been demonstrated. In an embodiment, the
nanoscale optics apparatus can be used as a solar cell as  shown in FIG.
13. The asymmetric inter-electrode electron tunneling in the nano-CTLs
(shown generally at 650) is the rectifying mechanism for a solar cell
battery 600. The 20 tunneling is asymmetric since the maximum field is
always at the inner electrode. Thus the  electrons tunnel from the inner to
the outer electrode. The photovoltaic 680  (semiconductor) can reduce
band offsets at the metal-photovoltaic interfaces. This will  eliminate any
charge accumulation in the photovoltaic, and thus will make the field
induced band bending, and the resulting tunneling a quick process. The
solar radiation 620 



25 enters the nano-CTLs 650 via a nano-antenna segment 630 of a
nanorod 640. A  sufficiently large field will trigger the tunneling resulting in
negative charge accumulation  on the outer electrodes. The inner
electrodes can be connected providing the positively  charged battery
terminal. FIG. 14 shows a parallel coplanar waveguide 700 including a
first electrical  30 conductor 710 and a second electrical conductor 720. In
an embodiment, the first and  second electrical conductors 710 and 720
are approximately parallel to each other. In an  embodiment, the first and
second electrical conductors 710 and 720 are metallic 22 WO
2007/120175 PCT1US20061032452  electrodes. A photovoltaic material
can be located in the space between the electrical  conductors 710 and
720. Air or a vacuum can also be located in the space between the
electrical conductors 710 and 720. When the intervening space between
the electrical  conductors 710 and 720 is filled with photovoltaic material,
the waveguiding function 5 delivers light energy to the photovoltaic
material, where it is converted to electrical  energy. FIG. 15 shows a
multi-layer parallel coplanar waveguide 701 including a plurality  of
electrical conductors 710, 720, 730. In an embodiment, the plurality of
electrical  conductors are approximately parallel to each other. In an
embodiment, the plurality of 10 electrical conductors are metallic
electrodes. A photovoltaic material can be located in the  spaces between
the plurality of electrical conductors. Air or a vacuum can also be located
in the space between the plurality of electrical conductors. When the
intervening space  between the plurality of electrical conductors is filled
with photovoltaic material, the  waveguiding function acts to deliver light
energy to the photovoltaic material, where it is  15 converted to electrical
energy. Some of the inner electrical conductors can be made of
transparent metals. For  example, the middle electrical conductor 720 in
FIG, 15 can be made of a transparent  metal. For an optical propagating
mode (i.e., TEM mode) this structure is a parallel  coplanar waveguide
701 (similar to FIG. 14), but with an additional bias electrode. A 20
multi-mode propagation can be achieved with sufficiently large
inter-electrode spacing.  FIG. 16 shows a nonparallel coplanar waveguide
702 in which the first electrical  conductor 710 and the second electrical
conductor 720 are not parallel. In an embodiment,  



the first and second electrical conductors 710 and 720 are metallic
electrodes. A photovoltaic material can be located in the space between
the electrical conductors 710  25 and 720. Air or a vacuum can also be
located in the space between the electrical  conductors 710 and 720.
When the intervening space between the electrical conductors  710 and
720 is filled with photovoltaic material, the waveguiding function delivers
light  energy to the photovoltaic material, where it is converted to electrical
energy. In an  embodiment, a multilayer version of the nonparallel
coplanar waveguide has three or more  30 nonparallel electrical
conductors. 23 WO 2007/120175 PCT/YS20061032452  FIG. 17 shows
an arbitrary shape cometal waveguide 703. The structure shape is
invariant in the propagation direction. In a embodiment, a multilayer
version of the  arbitrary shape cometal waveguide has three or more
layers. A photovoltaic material 180  can be located in the space between
an inner conductor 120 and an outer conductor 160. 5 When the
intervening space between the inner conductor 120 and the outer
conductor 160  is filled with photovoltaic material 1.80, the waveguiding
function acts to deliver light  energy to the photovoltaic material 180,
where it is converted to electrical energy. The inner conductors, the outer
conductors and the devices can have various  shapes, including but not
limited to round, square, rectangular, circular, cylindrical and  10 other
symmetrical and non-symmetrical shapes. Certain shapes may be more
efficient by allowing for an increase or decrease in the density of the
devices on an array. Those  skilled in the art will recognize that the inner
conductors, the outer conductors and the  devices can have any shape
and any cross section and still be within the spirit and scope of  the
present invention. 15 A nanoscale optics apparatus for use as a solar cell
comprises a plurality of  nanoscale cometal structures each comprising a
photovoltaic material located between a  first electrical conductor and a
second electrical conductor. The nanoscale optics  apparatus is a cometal
solar cell. The thickness of the photovoltaic material is the separation
distance between the  20 first electrical conductor and the second
electrical conductor, In an embodiment, the  separation distance between
the first electrical conductor and the second electrical  conductor is
nanoscale and the thickness of the photovoltaic material is nanoscale.
Charge  



carriers (electrons and holes) liberated by solar energy via a photovoltaic
effect need travel  only nanoscale distances to be harvested in the form of
electric current or voltage. The 25 thickness of the photovoltaic material
should be approximately the same as or less than the  carrier diffusion
length. For example, in amorphous silicon (Si), the carrier diffusion  length
is about 100 nm. For TEM propagation, the overall inter-electrode spacing
in the  cometal structure should be approximately the same as the
photovoltaic material. For a sufficiently large inter-electrode spacing,
multi-mode propagation occurs in  30 which the TE (transverse electric)
and/or TM (transverse magnetic) modes can propagate  in addition to the
TEM mode. Multi-mode propagation can occur with a transparent 24 WO
20071120175 PCT/US2006/032452  conductor core (inner conductor) or a
transparent conductor located between the inner  conductor and the outer
conductor (in addition to the photovoltaic material). The transparent
conductor can have a diameter smaller or larger than the light wavelength,
so  that light can enter directly in addition to indirectly via an antenna. The
transparent 5 conductor may have a nanoscale-thickness photovoltaic
material on one or both sides. For  multi-mode propagation, the overall
inter-electrode spacing in the cometal structure should  be approximately
the same as the light wavelength. In an embodiment, a protruding portion
of the first electrical conductor extends  beyond the second electrical
conductor to act as antenna. A substrate may support the  10 plurality of
nanoscale cometal structures. In an embodiment, a transparent conductor
is located between the first electrical conductor and the second electrical
conductor. In an embodiment, the plurality of cometal structures are
connected in series,  resulting in a total voltage being approximately a
sum of voltages photo-generated by each  cometal structure. In an
embodiment, the plurality of cometal structures are connected in 15
parallel, resulting in a total voltage between a minimum and a maximum of
the voltages  photo-generated by each cometal structure. In a photovoltaic
solar cell, light energy is absorbed by the photovoltaic  semiconductor
medium and transferred to electrons in the semiconductor valence band.
This increases the energy of the electrons, promoting them to the
semiconductor 20 conduction band, where they become mobile. Each
electron that has been promoted to the  conduction band leaves behind a
hole in the valence band. The hole can be considered a  



positively-charged entity, in contrast to the electron's negative electrical
charge, and the  hole is also mobile. Once this electron-hole pair has been
generated, each of the electron  and the hole must be harvested, by
migrating to a metal electrode. The migration happens 25 under the
influence of an electric field, with the holes moving in the direction of the
field,  the electrons against the field. An electric field in a solar cell can be
created in several ways including a Schottky  barrier, a p-n junction and a
p-i-n junction. A Schottky barrier is a metal-semiconductor  junction that
has rectifying characteristics, suitable for use as a diode. Most metal 30
semiconductor junctions intrinsically forma Schottky barrier. By forniing
two Schottky  barriers, one at each metal-semiconductor junction in the
cometal structure, an appropriate  25 WO 2007/120175 PCT/U
S2006/032452  electric field is established. A p-n junction is formed by
combining n-type semiconductors and p-type semiconductors together in
close contact. A p-n junction also establishes an  electric field. A
p-i-njunction (p-type semiconductor, intrinsic semiconductor, n-type
semiconductor) is a junction diode with a wide, undoped intrinsic
semiconductor region 5 between p-type semiconductor and n-type
semiconductor regions. For solar cells, the p- and n- regions are thin
relative to the intrinsic semiconductor region, and are present to  establish
the electric field. FIG. 18 shows a nanoscale coaxial solar cell 704 having
a p-n junction. The p-type  photovoltaic semiconductor layer 770 and the
n-type photovoltaic semiconductor layer 10 780 can be interchanged, so
either one can be adjacent to the inner electrical conductor  120 with the
other adjacent to the outer conductor 160. The solar cell is a coaxial p-n
junction cometal solar cell. FIG. 19 shows a nanoscale coaxial solar cell
705 having a p-i-n junction. The p- type photovoltaic semiconductor 770
layer and the n-type photovoltaic semiconductor  15 layer 780 can be
interchanged, so either one can be adjacent to the inner electrical
conductor 120 with the other adjacent to the outer conductor 160. The
intrinsic  semiconductor layer 775 is between the p-type 770 layer and the
n-type layer 780. The  solar cell is a coaxial p-i-n junction cometal solar
cell. A solar cell comprises a plurality of nanoscale coaxial structures each
comprising  20 an electrically conducting core contacting a photovoltaic
material and coated with an outer  



electrical conductor layer. The solar cell is a coaxial cometal solar cell. In
an embodiment, the photovoltaic material contacts a portion of the
electrically  conducting core. A substrate may support the plurality of
nanoscale coaxial structures. In  an embodiment, the photovoltaic material
contains a p-n junction comprised of 25 photovoltaic semiconductors. In
an embodiment, the photovoltaic material contains a pi- n junction formed
of a p-type semiconductor layer, an intrinsic photovoltaic  semiconductor
layer and an n-type semiconductor layer. In an embodiment, a transparent
conductor is located between the electrically conducting core and the
outer electrical  conductor layer. 26 WO 2007/120175
PCT/US2006/032452  In an embodiment, a protruding portion of the
electrically conducting core extends beyond the outer electrical conductor
layer to act as an antenna. The solar cell is a coaxial  cometal solar cell
having an antenna. In an embodiment, the plurality of coaxial structures
are connected in series,  5 resulting in a total voltage being a sum of
voltages photo-generated by each coaxial  structure. In an embodiment,
the plurality of coaxial structures are connected in parallel,  resulting in a
total voltage between a minimum and a maximum of the voltages photo-
generated by each cometal structure. FIG. 20 shows a nanoscale
coplanar solar cell 706 having a p-n junction. The p- 10 type photovoltaic
semiconductor layer 770 and the n-type photovoltaic semiconductor  layer
780 can be interchanged, so either one can be adjacent to the first
electrically  conducting layer 790 with the other adjacent to the second
electrically conducting layer  792. The solar cell is a coplanar p-n junction
cometal solar cell. FIG. 21 shows a nanoscale coplanar solar cell 707
having a p-i-n junction. The p- 15 type photovoltaic semiconductor layer
770 and. the n-type photovoltaic semiconductor  layer 780 can be
interchanged, so either one can be adjacent to the first electrically
conducting layer 790 with the other adjacent to the second electrically
conducting layer  792. The intrinsic semiconductor layer 775 is between
the p-type 770 layer and the n-type  layer 780. The solar cell is a coplanar
p-i-n junction cometal solar cell. 20 A solar cell comprises a plurality of
nanoscale coplanar structures each comprising  a photovoltaic layer
located between a first electrically conducting layer and a second  



electrically conducting layer; wherein light enters the coplanar structure
between the first  electrically conducting layer and the second electrically
conducting layer. The solar cell is  a coplanar cometal solar cell. 25 In an
embodiment, the first electrically conducting layer is approximately parallel
to the second electrically conducting layer. A substrate may support the
plurality of  nanoscale coplanar structures. In an embodiment, the first
electrically conducting layer  and the second electrically conducting layer
are electrically contacted only through the  photovoltaic layer. In an
embodiment, the photovoltaic layer contains a planar p-n 30 junction. In
an embodiment, the photovoltaic layer contains a planar p-i-n junction
formed of a p-type semiconductor layer, an intrinsic photovoltaic
semiconductor layer and  27 WO 20071120175 PCT/1]S20061032452  an
n-type semiconductor layer. In an embodiment, a transparent conductor is
located between the first electrically conducting layer and the second
electrically conducting layer.  In an embodiment, a protruding portion of
the first electrically conducting layer  extends beyond the second
electrically conducting layer. The solar cell is a coplanar 5 cometal solar
cell having an antenna. In an embodiment, the plurality of coplanar
structures are connected in series,  resulting in a total voltage being a sum
of voltages photo-generated by each coplanar  structure. In an
embodiment, the plurality of coplanar structures are connected in parallel,
resulting in a total voltage between a minimum and a maximum of the
voltages photo 10 generated by each cometal structure. FIG. 22 shows a
side view of a nanoscale coplanar solar cell 708. In this  embodiment, the
second metal 796 is located between two of the first metals 794 with a
photovoltaic material 180 located between the first metal 794 and the
second metal 796.  The multiple first metals 794 may be parallel to each
other or at an angle. The second 15 metal 796 and the first metals 794
may be parallel to each other or at an angle. The second  metal 796 also
serves as atop conductor. The photovoltaic material 180 can be any
photovoltaic material, p-n j unction, or p-i-n junction configurations
described herein or  known in the art. When the substrate is conducting
and transparent, light energy from  below reaches the photovoltaic
material 180, where it is converted to electrical energy in  20 the
nanoscale coplanar solar cell. 



A nanoscale optics apparatus for use as a solar cell comprises a plurality
of  nanoscale coaxial structures comprising an internal conductor
surrounded by a  photovoltaic material coated with an outer conductor; a
film having the plurality of  nanoscale coaxial structures; and a protruding
portion of the an internal conductor  25 extending beyond a surface of the
film. A method of fabricating solar cells comprises coating a substrate with
a catalytic  material; growing a plurality of carbon nanotubes as internal
cores of nanoscale coaxial  units on the substrate; coating with a
photovoltaic film; and coating with a metallic  medium. The method further
comprises oxidizing the substrate prior to coating with a  30 photovoltaic
film. 28 WO 2007/120175 PCT/US2006/032452  A method of fabricating a
solar cell comprises coating a substrate with a chromium layer;
electrodepositing a catalytic transition metal on the coated substrate;
growing an  array of carbon nanotubes (CNTs) on the coated substrate;
etching the chromium layer;  coating the coated substrate and the array of
CNTs with a photovoltaic material; and 5 coating the coated substrate and
the array of CNTs with a metal material. A method of fabricating solar cells
comprises preparing a plurality of nanoscale  planar structures; coating a
plurality of planar surfaces of the plurality of planar structures  with a
photovoltaic semiconductor while leaving space between the plurality of
planar  surfaces; and coating the photovoltaic semiconductor with an outer
electrical conductor 10 layer, wherein a portion of the outer electrical
conductor layer is located between the  planar structures to form coplanar
structures. In an embodiment, the photovoltaic material  conformally coats
the plurality of planar surfaces of the plurality of planar structures. The
photovoltaic material only partially fills the space between the planar
structures and does  not completely fill the space. In an embodiment, the
metallic nanoscale coplanar 15 structures are prepared on an optically
transparent substrate allowing light energy from the  substrate side to
reach the photovoltaic material where it is converted to electrical energy
in the solar cell. In an embodiment, the metallic nanoscale coplanar
structures are  prepared on an optically opaque substrate and the top
metal coating is transparent,  admitting light through the top metal coating
side to reach the photovoltaic material where 20 it is converted to
electrical energy in the solar cell, 



All patents, patent applications, and published references cited herein are
hereby  incorporated by reference in their entirety. It will be appreciated
that various of the above- disclosed and other features and functions, or
alternatives thereof, may be desirably  combined into many other different
systems or applications. Various presently unforeseen 25 or unanticipated
alternatives, modifications, variations, or improvements therein may be
subsequently made by those skilled in the art which are also intended to
be encompassed  by the following claims. 29 WO 2007/120175
PCT/US2006/032452  CLAIMS  What is claimed is: I. A nanoscale optics
apparatus for use as a solar cell comprising: a plurality of nanoscale
cometal structures each comprising a photovoltaic material  5 located
between a first electrical conductor and a second electrical conductor. 2.
The nanoscale optics apparatus of claim 1 further comprising a protruding
portion  of the first electrical conductor extending beyond the second
electrical conductor. 3. The nanoscale optics apparatus of claim I further
comprising a substrate that  supports the plurality of nanoscale cometal
structures. 10 4. The nanoscale optics apparatus of claim I further
comprising a transparent  conductor located between the first electrical
conductor and the second electrical  conductor. 5. The nanoscale optics
apparatus of claim 1 wherein the plurality of cometal  structures are
connected in series, resulting in a total voltage being approximately a sum
of  15 voltages photo-generated by each cometal structure. 6. The
nanoscale optics apparatus of claim I wherein the plurality of cometal
structures are connected in paralle4 resulting in a total voltage between a
minimum and a  maximum of the voltages photo-generated by each
cometal structure. 7. The nanoscale optics apparatus of claim I wherein a
thiclmess of the photovoltaic  20 material is approximately the same as a
carrier diffusion length. 8. A solar cell comprising: a plurality of nanoscale
coaxial structures each comprising an electrically  conducting core
contacting. a photovoltaic material and coated with an outer  



electrical conductor layer. 25 9. The solar cell of claim 8 wherein the
photovoltaic material contacts a portion of the  electrically conducting
core. 30 WO 2007/120175 PCTYUS2006/032452  10. The solar cell of
claim 8 further comprising a protruding portion of the electrically
conducting core extending beyond the outer electrical conductor layer. 11.
The solar cell of claim 8 further comprising a substrate that supports the
plurality  onanoscale coaxial structures. 5 12. The solar cell of claim 8
wherein the photovoltaic material contains a D-n junction  comprised of
photovoltaic semiconductors. 13. The solar cell of claim 8 wherein the
photovoltaic material contains a p-i-n  junction formed of a p-type
semiconductor layer, an intrinsic photovoltaic semiconductor  layer and an
n-type semiconductor layer, 10 14. The solar cell of claim 8 further
comprising a transparent conductor located  between the electrically
conducting core and the outer electrical conductor layer. 15. The solar cell
of claim 8 wherein the plurality of coaxial structures are connected  in
series, resulting in a total voltage being a sum of voltages
photo-generated by each  coaxial structure. 15 16. The solar cell of claim
8 wherein the plurality of coaxial structures are connected  in parallel,
resulting in a total voltage between a minimum and a maximum of the
voltages  photo-generated by each cometal structure. 17. The solar cell of
claim 8 wherein a thickness of the photovoltaic material is  approximately
the same as a carrier diffusion length. 20 18. A solar cell comprising: a
plurality of nanoscale coplanar structures each comprising a photovoltaic
layer  located between a first electrically conducting layer and a second
electrically  conducting layer; wherein light enters the coplanar structure
between the first electrically conducting  25 layer and the second
electrically conducting layer. 19. The solar cell of claim 18 wherein the first
electrically conducting layer is  approximately parallel to the second
electrically conducting layer, 



31 WO 2007/120175 PCTIUS2006/032452  20. The solar cell of claim 18
further comprising a protruding portion of the first  electrically conducting
layer extending beyond the second electrically conducting layer. 21. The
solar cell of claim 18 further comprising a substrate that supports the
plurality  of nanoscale coplanar structures. 5 22. The solar cell of claim 18
wherein the first electrically conducting layer and the  second electrically
conducting layer are electrically contacted only through the  photovoltaic
layer. 23. The solar cell of claim 18 wherein the photovoltaic layer
contains a planar p-n  junction. 10 24. The solar cell of claim 18 wherein
the photovoltaic layer contains a planar p-i-n  junction formed of a p-type
semiconductor layer, an intrinsic photovoltaic semiconductor  layer and an
n-type semiconductor layer. 25. The solar cell of claim 18 farther
comprising a transparent conductor located  between the first electrically
conducting layer and the second electrically conducting layer.  15 26. The
solar cell of claim 18 wherein the plurality of coplanar structures are
connected in series, resulting in a total voltage being a sure of voltages
photo-generated by  each coplanar structure. 27. The solar cell of claim
18 wherein the plurality of coplanar structures are  connected in parallel,
resulting in a total voltage between a minimum and a maximum of  20 the
voltages photo-generated by each cometal structure. 28. The solar cell of
claim 18 wherein a thickness of the photovoltaic layer is  approximately
the same as a carrier diffusion length. 29. A method of fabricating solar
cells comprising:  preparing a plurality of nanoscale planar structures; 25
coating a plurality of planar surfaces of the plurality of planar structures
with a  photovoltaic semiconductor while leaving space between the
plurality of planar surfaces;  and 32 WO 2007/120175
PCT/US2006/032452  coating the photovoltaic semiconductor with an
outer electrical conductor layer, 



wherein a portion of the outer electrical conductor layer is located between
the planar  structures to form coplanar structures. 30. A method of claim
29 wherein the photovoltaic semiconductor conformally coats  5 the
plurality of planar surfaces of the plurality of planar structures. 33 


