
Butane Removal in C4 Upgrading Processes Related
Applications This application claims priority based
upon U.S. Provisional Patent Application No.
60/604,277 filed August 25, 2004. Background of the
Invention The present invention relates to the
processing of a C3 to C5 hydrocarbon cut from a
cracking process, such as steam or fluid catalytic
cracking, for inter-conversion of C4 and C5 olefins to
propylene, ethylene, and hexene via metathesis and for
the double bond isomerization or skeletal
isomerization of olefins including butenes and
pentenes. Double bond isomerization is a process where
the position of the double bond in a molecule is
shifted without affecting the structure of the
molecule. For example, as described in U.S. Patent No.
6,875,901, a mixture of 1-butene and 2-butene is
isomerized to produce a stream of high purity
1-butene. This process nominally occurs over a basic
metal oxide catalyst. Skeletal isomerization Is a
process where the structure of the molecule is changed
via rearrangement of R groups. There is both skeletal
isomerization of paraffins (for example isobutane to
normal butane) and olefins (for example isobutylene to
normal butene). This often occurs over acidic
catalysts. Both double bond and skeletal isomerization
catalysts are sensitive to the same poisons that
impact metathesis catalysts. These isomerization
processes are also directed at the upgrading of olefin
streams and the paraffin content, as either iso or
normal butane, represents a diluent for the reaction.
The isomerization reactions are equilibrium limited
and thus require, C4 separation and recycle in order
to achieve high conversions of the olefins. The
paraffins have boiling points close to the olefins of
interest and as such are difficult to remove by
fractionation prior to recycle. In conventional
processing they build up in the feed to the reactor
via recycle and thus limit the processing of the
olefins in the feed stream.Metathesis is also a means
of upgrading C4 olefin streams by converting those
olefins to more valuable lower olefins. Metathesis is
a reaction involving the disproportionation of two
olefins to produce two other olefins that differ in
carbon number. An example is the metathesis of 2-
butene with ethylene to form two propylenes. This
technology has been extensively described in the
literature. The majority of commercial applications of
this technology involve the use of a stream of C4
components as at least one of the olefin feedstocks.
The C4 feed stream typically contains C4 olefins,
including both normal butenes and isobutenes, and C4
paraffins, including both normal and isobutane. Often,
more highly unsaturated materials such as butadiene
also are included. In addition, the C4 feed stream may
contain minor amounts of C3 or C5 components. In some
metathesis catalyst systems, there is an isomerization
catalyst in combination with the metathesis catalyst
to isomerize the 1-butene to 2- butene and thus allow
it to react with ethylene. Commonly assigned U.S.
Patent No. 6,727,396 discloses an autometathesis
process in which a C4 cut from a steam or other
cracking process is used to produce ethylene and
hexene. In autometathesis, the metathesis reaction
occurs without the use of ethylene. The mixed C4
stream containing olefins is converted to a feed of
essentially high purity 1- butene. The high purity
1-butene stream is fed to the autometathesis reactor,
which converts it to ethylene and 3-hexene. The
3-hexene is subsequently isomerized to 1-hexene and is
purified. In order to improve the yield of a desired
product from a metathesis 



process, a number of different processes have been
used to prepare the metathesis feed stream. In some
cases, a C4 feed stream is hydrogenated to reduce the
content of dienes and/or acetylenics to low levels,
because these material cause rapid coke buildup on
both the isomerization and metathesis catalyst and
therefore must be removed or at least minimized in
order to provide for useful catalyst cycle times. If
selective hydrogenation is used, there can be either
one or two stages depending upon theconcentration of
the highly unsaturated components. When a selective
hydrogenation process is employed, some of the
unsaturated C4 compounds including butadiene and
butenes are hydrogenated to form butanes. Butanes
formed via hydrogenation or present in the feed are
non-reactive under metathesis conditions. They dilute
the reaction mixture and limit the extent to which the
olefins can be reacted. As an alternative, butadiene
and acetylenics can be removed by extraction. In many
cases, there is some residual butadiene or other
dienes or acetylenics remaining after extraction. The
remaining highly unsaturated compounds are also
removed in a selective hydrogenation unit. Depending
upon the processing sequence and the metathesis
products desired, in addition to saturation of the
butadiene and other highly unsaturated compounds, in a
second stage of hydrogenation, hydroisomerization is
allowed to occur and the 1-butene is hydro-isomerized
to 2-butene. This second reaction step can occur
either in a fixed bed or in a catalytic distillation
column. For some types of metathesis the removal of
isobutylene is necessary or favorable, while for other
types of metathesis isobutylene is a favored reactant.
For autometathesis to produce propylene as in U.S.
Patent No. 6,777,582, isobutylene is desirable. When
autometathesis is used to produce ethylene and linear
alpha olefins as in U.S. Patent No. 6.727,396,
isobutylene must be removed to low levels. When
conventional metathesis is used to produce propylene
via the reaction of C4 olefins with ethylene, it is
desirable but not necessary to remove isobutylene
since it has a low reactivity in mixtures where there
is an excess of ethylene. There are a number of ways
of removing isobutylene, including by the production
of MTBE, fractionation, and isobutylene dimerization
technology. Fractionation can be employed to remove
isobutylene and isobutane. Isobutylene and isobutane
are light components and are removed overhead. The
1-butene has a relative volatility close to that of
isobutylene and significant fractionation is required
to avoid losing the normal 1-butenewith the
isobutylene. The isobutane goes overhead with the
isobutylene. The tower bottoms contains 1-butene,
2-butene, n-butane, and any C5 compounds. In some
cases, a hydroisomerization reaction can either occur
in a fixed bed upstream of the fractionation tower,
within the fractionation tower (catalytic
distillation), or as a combination of the two.
Fractionation will remove the isobutane but not the
normal butane. Thus while the total paraffin content
of the C4 stream is reduced, significant quantities of
paraffins (normal butane) remain. Isobutylene can also
be removed from the C4 stream reactively. However in
these cases, only isobutylene is removed and both the
iso and normal butanes remain in the C4 feed to
metathesis. Isobutylene dimerization technology can be
used to remove isobutylene. Isobutylene reacts with
itself and some normal butenes to form C8 components.
These are separated via fractionation from the
remaining C4s. The C4 effluent includes 1-butene,
2-butene, n-butane and isobutane. The production of
MTBE removes isobutylene selectively by reaction with
methanol. The effluent from the isobutylene removal
step contains the normal butenes (1-butene, 2-butene),
n-butane and isobutane if not 



removed simultaneously with the isobutylene. In
addition in all the C4 streams, there are trace
oxygen-containing products including DME, methanol,
TBA, etc and trace sulfur component such as ethyl
mercaptan. These must be removed in subsequent steps
prior to metathesis to avoid catalyst poisoning. Some
of these poisons will permanently deactivate either
the isomerization or the metathesis catalyst. In a
metathesis process, adsorbent guard beds are used to
remove these poisons to very low levels to improve the
process activity. In addition to the poisons noted
above, nitrogen compounds such as amides or amines or
pyrrolidones are significant poisons. Further, other
oxygen compounds such as glycols and sulfur compounds
such as sulpholanes and sulphoxides will permanently
deactivate the catalysts.U.S. Publication No.
2003/0220530 discloses a process for preparing olefins
in which a paraffin/olefin separation unit is employed
upstream of an olefin conversion process. This
document proposes this type of separation to reduce
the volume of feedstock passing through an olefin
conversion unit. The olefin conversion unit is a
cracking type process where the longer chain C4 to C6
olefins are cracked to form shorter chain propylene
and ethylene using a zeolitic type catalyst. The
process does not, however, include any isobutylene
removal step because isobutylene is a valuable
feedstock for the process disclosed therein.
Furthermore, the process disclosed in this document
does not employ guard beds since the catalyst that is
used is not impacted by poisons. U.S. Publication No.
2003/0225306 discloses a process for preparing olefins
in which a paraffin/olefin separation unit is employed
downstream from an olefins conversion reactor system
and a fractionator. The paraffin/olefin separation is
proposed here to reduce the volume of material passing
through the reactor and fractionator as it is recycled
to the reaction step. This process also does not
include any isobutylene or guard bed poison removal
steps. U.S. Publication Nos. 2003/0220530 and
2003/0225306 provide that the paraffin/olefin
separation unit is advantageously equipped with
distillation columns designed for extractive
distillation. Extractive distillation is a process
whereby a polar solvent comprising heavy nitrogen or
sulfur compounds such as NMP (N-methylpyrrolidone),
DMF (dimethylformamide), acetonitrile, furfural,
sulpholane, or diethyleneglycol are contacted with the
C4 stream in a fractionating tower. The olefins are
selectively absorbed by the polar compounds and are
removed from the bottom of the tower with the solvent.
The paraffins are removed overhead. The bottoms stream
containing the solvent and olefins is then sent to a
second distillation column where the olefins are
stripped from the heavy solvent. In these systems it
is unavoidable that a certain fraction of the solvent
is carried overhead with the olefins. The presence of
these compounds in the olefinsstream would result in
the poisoning of the downstream catalyst systems for
either metathesis or isomerization. The unit includes
at least two distillation columns with the first being
used to separate paraffins and olefins and the second
being configured as a regeneration column for
recovering the extractant. In one embodiment, a third
distillation column is provided in order to separate
off hydrocarbons having more than five carbon atoms.
In addition, there is additional equipment required to
both prepare and regenerate the solvent for the
system. Significant items of equipment are thus
required to facilitate the separation. Further, these
towers consume significant energy. In all cases, the
system operates at low pressures in order to avoid
high temperatures in the stripping columns that would
degrade the olefin product. Complete removal of
butanes by fractionation or extractive distillation 



can be costly. In most cases, the cost of this
separation is not justified. Fractionation involves
the separation of components that have very close
boiling points, requiring extensive and expensive
fractionation towers. If extractive distillation is
used, solvents are employed to reduce tower sizes and
utility requirements. Furthermore, the most commonly
used extraction solvents contain nitrogen compounds
that are significant poisons for isomerization and
metathesis catalysts. Typical solvents include NMP and
furfural. It would be useful to develop an efficient
and lower cost technique for removing butanes from a
metathesis process. Such a process would also be
compatible with the metathesis catalyst system and its
sensitivity to poisons. It would be also useful to
develop an efficient and lower cost technique for
removing butanes from a butene isomerization process
under conditions that the process would be compatible
with the isomerization catalysts. Summary of the
Invention An object of the present invention is to
provide an efficient method for the removal of butanes
from a metathesis process used to produceolefins. This
process can be conventional metathesis,
autometathesis, or a metathesis process which includes
a separate isomerization process, as can be used to
produce ethylene and linear alpha olefins. It is a
further object to provide an efficient and low cost
method for the removal of butanes from either a double
bond or a skeletal isomerization process. It is still
a further object of the invention to provide a method
for the removal of butanes from a stream of C4
compounds comprising olefins and paraffins without
introducing species that will poison subsequent
reaction catalysts. One embodiment is a process for
producing a selected butene, comprising obtaining a C4
feed stream comprising C4 paraffins and C4 olefins,
splitting the C4 feed stream to form a first stream
comprising a first butene and a second stream
comprising a second butene, isomerizing at least a
part of the second stream to convert a portion of the
second butene to the first butene, and recycling at
least some of the isomerized part of the second stream
to the splitting step. A portion of at least one of
the C4 feed stream and the second stream is passed
through a facilitated transport membrane to remove
butanes, forming at least one purge stream comprising
butanes. In some cases, the first butene is 1-butene
and the second butene is 2-butene. In other cases, the
first butene is 2-butene and the second butene is
1-butene. In still other cases, the first butene is
normal butene ( 1 butene and/or 2 butene) and the
second butene is isobutylene. In one form of the
invention, the second butene is converted to the first
butene by double bond isomerization. In other forms,
the second butene is converted to the first butene by
skeletal isomerization. In one embodiment, splitting
takes place in a catalytic distillation column
containing a selective hydrogenation catalyst in which
a portion of the 1- butene is converted to 2-butene.
Often, the C4 feed stream contains poisons, and the
processfurther comprises removing poisons from the C4
feed stream before splitting. Sometimes, the C4 feed
stream comprises isobutylene, and the process further
comprises removing isobutylene from the C4 feed stream
before splitting. In certain cases, the C4 feed stream
contains at least one of acetylenics and dienes, and
the process further comprises removing acetylenics and
dienes from the C4 feed stream before splitting. 



In all of the embodiments for the production of
1-butene from a second butene (isomerization), either
the feed stream or the second stream (before or after
isomerization) or both are passed through a membrane
system for the selective removal of butanes from the
system without the introduction of catalyst poisons.
Preferably, the membrane system is a facilitated
membrane system. In some embodiments, the facilitated
transport membrane is promoted with at least one of Cu
and Ag. Often, the production rate of the first butene
product stream is at least 20 % greater, and sometimes
40% greater than the production rate using a process
in which splitting and isomerization equipment of
approximately equivalent size is used without a
facilitated transport membrane. In many cases, utility
consumption is at least 10% lower, or preferably at
least 20% lower, than the utility consumption for a
process in which approximately equivalent quantities
of C4 olefin product are obtained using a C4 feed
stream of the same composition and no facilitated
transport membrane is included. Another embodiment is
a process for the conversion of C4 olefins, comprising
obtaining a C4 feed stream comprising C4 paraffins and
C4 olefins, including 1-butene and 2-butene, reacting
the C4 feed stream in a metathesis reactor to form a
second stream, fractionating the second stream to form
one or more product streams containing ethylene,
propylene, pentenes and/or hexenes and a recycle
stream primarily containing C4 olefins and C4
paraffins, and returning the recycle streamto the
metathesis reactor. At least one of the recycle stream
and the C4 feed stream is passed through a facilitated
transport membrane to remove butanes, forming at least
one purge stream comprising butanes. Sometimes,
ethylene is added to the metathesis reactor and the
ethylene reacts with 2-butene to form propylene. In
some embodiments.the feed to the metathesis reactor is
primarily 1-butene and the second stream from the
reactor contains ethylene and hexene. In certain
cases, the C4 feed stream contains poisons, and the
process further comprises removing poisons from the C4
feed stream before splitting. Sometimes, the C4 feed
stream comprises isobutylene, and the process further
comprises removing isobutylene from the C4 feed stream
before splitting. In some cases, the C4 feed stream
contains at least one of acetylenics and dienes, and
the process further comprises removing acetylenics and
dienes from the C4 feed stream before splitting. The
facilitated transport membrane frequently is promoted
with at least one of Cu and Ag. In some embodiments,
the production rate of the one or more product streams
is at least 10 % greater, or at least 20% greater than
the production rate using a process in which
approximately equivalent reaction and fractionation
equipment is used without a facilitated transport
membrane. Sometimes, the process further comprises
isomerizing the C4 feed stream in an isomerization
reactor upstream from the metathesis reactor in order
to increase the quantity of 1-butene in the C4 feed
stream, and fractionating the isomerized C4 feed
stream to form a 1- butene rich C4 feed stream and a
2-butene rich bottoms stream. The 2- butene rich
bottoms stream can be recycled to the isomerization
reactor. The 2-butene rich bottoms stream often is
passed through a facilitated transport membrane to
remove butanes. In certain embodiments, the one or
more product streams include a hexene product stream,
and the process further comprises sending thehexene
product stream to a hexene isomerization section to
maximize 1- 



hexene production. Sometimes, the hexene stream is
fractionated to form a 1-hexene stream and a mixed 2-
and 3-hexene stream, and the mixed 2- and 3-hexene
stream is recycled to the hexene isomerization
section. Another embodiment is an apparatus for
producing a selected butene, comprising a butene
splitter configured to split a C4 feed stream to form
a first stream comprising a first butene and a second
stream comprising a second butene, an isomerization
reactor configured to isomerize at least a part of the
second stream in order to convert at least a portion
of the second butene to the first butene, and a
facilitated transport membrane configured to remove
butanes from at least a portion of one or both of the
C4 feed stream and the second stream. The apparatus
often has a production capacity at least 20% greater
than the production capacity of an apparatus which
includes substantially the same splitter and reactor
but no facilitated transport membrane. Another
embodiment is an apparatus for the conversion of C4
olefins, comprising a metathesis reactor, a plurality
of fractionation towers positioned downstream from the
metathesis reactor for producing a recycle stream and
at least one of an ethylene stream, a propylene
stream, and a hexene stream, and at least one
facilitated transport membrane for removing butanes,
the membrane being positioned in at least one of a
first location upstream from the reactor and a second
location along the recycle stream. In many cases, the
apparatus has a production capacity at least 20%
greater than the production capacity of an apparatus
which includes substantially the same metathesis
reactor and plurality of fractionation towers but no
facilitated transport membrane. A further embodiment
is a process for producing a selected butene,
comprising obtaining a C4 feed stream comprising C4
paraffins and C4 olefins, splitting the C4 feed stream
to form a first streamcomprising a first butene and a
second stream comprising a second butene, isomerizing
at least a part of the second stream to convert a
portion of the second butene to the first butene, and
recycling at least some of the isomerized part of the
second steam to the splitting step, wherein a portion
of at least one of the C4 feed stream and the second
stream is passed through a membrane to remove butanes,
forming at least one purge stream comprising butanes.
The production rate of the first butene is at least 20
% greater than the production rate using a process in
which splitting and isomerization equipment of
approximately equivalent size is used without the
membrane. Yet another embodiment is a process for the
conversion of olefins, comprising obtaining a C4 feed
stream comprising C4 paraffins and C4 olefins,
including 1-butene, passing the first feed stream into
a metathesis reactor to form a second stream,
fractionating the second stream to form one or more
product streams containing ethylene, propylene,
pentenes and/or hexenes and a recycle stream primarily
containing C4 olefins and C4 paraffins, and inserting
the recycle stream into the first feed stream. One or
both of the recycle stream and the C4 feed stream is
passed through a membrane to remove butanes, forming
at least one butane purge stream. The production rate
of the one or more product streams is at least 10 %
greater than the production rate using a process in
which approximately equivalent reaction and
fractionation equipment is used without the membrane.
Brief Description of the Drawings Figure 1 is a
process flow diagram of one embodiment of a 



metathesis process according to the present invention.
Figure 2 is a process flow diagram of a second
embodiment of the invention. Figure 3 is a process
flow diagram showing a third embodiment of the
invention.Figure 4 is a process flow diagram showing a
fourth embodiment of the invention. Figure 5 is a
process flow diagram showing a fifth embodiment of the
invention. Figure 6 is a process flow diagram of a
comparative process of 1- butene double bond
isomerization in which no membranes are used. Figure 7
is a process flow diagram for a 1-butene double bond
isomerization process in which the feed stream passes
through a membrane. Figure 8 is a process flow diagram
for a 1-butene double bond isomerization process in
which the recycle stream passes through a membrane.
Figure 9 is a process flow diagram for a metathesis
process in which no membrane is used. Figure 10 is a
process flow diagram for a metathesis process in which
butanes are removed by extractive distillation instead
of using a membrane. Figure 11 is a process flow
diagram for a metathesis process in which the recycle
stream passes through a membrane to remove butanes.
Detailed Description of the Invention According to the
invention, butanes are removed utilizing a membrane
system in a metathesis or butene isomerization
process. A membrane such as a facilitated transport
membrane is employed at one or both of (1) a first
location which is in the feed stream upstream from the
metathesis reactor and/or fractionation tower, and (2)
a second location downstream from the reactor and/or
fractionation tower. By removing the butanes at these
locations using membranes, a number of advantages can
be realized, including a reduction in capital costs,
lower energy consumption, a reduction of the number of
necessary pieces of operating equipment, an increase
in the production rate of products and a reduction in
poisons to the reactor system. These advantages can
berealized for conventional metathesis in which
propylene is produced, autometathesis in which
propylene and hexene are produced, a combined
isomerization/autometathesis process in which ethylene
and hexene are produced, an isomerization process in
which 1-butene is produced, an isomerization process
in which 2-butene is produced, and a skeletal
isomerization process where normal butenes are
produced. Production of the desired butenes is
increased in all of these cases since a higher recycle
rate from the fractionation train can be used and thus
a greater percentage of the butenes can be reacted. As
used herein, a "selected" butene is a butene which is
a desired product from the C4 stream. Typically, the
selected butene is 1-butene, 2-butene, or a mixture of
1-butene and 2-butene. Without the removal of n-butane
and/or isobutane from the recycle stream of the
fractionation train, butanes can accumulate in the
recycle loops to greater than 70 wt % of the total
stream flow. Therefore, any equipment in the recycle
loop will be more than double the required size based
on non-inert components. Using efficient techniques
for butane removal can therefore result in significant
cost savings. Removing butane from the feed stream
and/or downstream from the metathesis reactor in a
metathesis process, and removing butane from 



the feed stream and/or downstream from the splitter in
an isomerization process, substantially reduces
equipments costs and energy costs. Butane removal at
these locations can be done with a membrane,
preferably a facilitated transport membrane. The
metathesis catalyst and the isomerization catalysts
are highly susceptible to catalyst poisons. These
poisons include oxygenates, sulfur compounds, metals,
basic nitrogen compounds, water and highly unsaturated
hydrocarbons such as butadiene or vinyl acetylenes
that may be present in the C4 streams. Upstream of the
metathesis reactor, it is common to employ guard beds.
The guard beds contain adsorbent materials that will
remove these poisons to very low levels. The guardbeds
preferably are located after the removal of the highly
unsaturated hydrocarbons and remove poisons in the
manner described above. In a process for upgrading C4
streams by metathesis, following the guard beds, if
needed, and the removal of isobutylene, if required,
the feed stream is sent to metathesis, or
isomerization followed by metathesis. In a metathesis
reactor, the butenes, and pentenes - if present, are
reacted with other olefins, such as ethylene. Typical
conversions of the C4 olefins are approximately 60-90
%. As used herein, conversion or utilization of C4
olefins refers to the percentage of 1-butene and
2-butene in the fresh feed stream that is reacted in
the isomerization and/or metathesis reactors. The
butanes, including both isobutane and n-butane, pass
through the reactor system as inerts. The principal
product is propylene. In the process for the
production of ethylene and linear alpha olefins, the
effluent from the guard beds and isobutylene removal
steps can be passed to a high temperature hydrogen
free double bond isomerization reactor where the
2-butene is converted to 1-butene. The 1-butene, along
with some n-butane and/or isobutane, then passes to
metathesis. In the double bond isomerization process
to produce 1-butene, the isobutylene and isobutane
often are removed first. The resulting effluent
comprising normal butenes and normal butane is then
sent to a fractionation tower where some of the
1-butene goes overhead and the 2-butene is a bottoms
product. Some 1-butene is also is in the bottoms along
with the normal butanes. This bottoms stream is passed
through a double bond isomerization reactor to convert
2-butene to 1-butene. The effluent is an equilibrium
mixture of 1- and 2-butenes as well as butane. This
passes to the fractionation section for recovery of
the produced 1- butene. In a skeletal isomerization
process, the C4 feed is sent to a fractionation tower.
The overhead stream from a fractionation tower issent
to a skeletal isomerization reaction system. The
effluent from that system contains an equilibrium mix
of normal and isobutenes. This is recycled to the
fractionation tower where the normal butenes are
removed as a bottoms product and the isobutylenes (and
isobutene) go overhead. Because butanes are inert with
respect to the metathesis or isomerization reactions,
they will accumulate within the system. Butane
accumulation results in oversized process equipment
and larger heating and cooling duties as this
component is inert. It also results in the loss of
olefins and therefore also a loss of product since
butanes must be purged from the system, thus limiting
the butane utilization of the process. Separation of
butanes from butenes is difficult. Looking at the
boiling points for these C4 components, one can see
that the lightest 



component is isobutylene, followed by isobutane,
1-butene, cis and trans 2-butene, and then n-butane.
If both isobutane and n-butane are in the stream, more
than one fractionation column is needed to remove
them, because valuable olefins are intermediate
products. Furthermore, the difference in volatility of
these components is very small, thereby necessitating
the use of large, energy-intensive columns for
separation. If extractive distillation is employed for
olefin-paraffin separation, a high percentage of the
olefins are recovered from the stream but are
contaminated with nitrogen compounds requiring
additional guard beds to protect the metathesis
catalysts. Separation of olefins and paraffins using
membranes has been discussed in the literature but has
not been commercialized to any significant extent
because performance of the membranes has not been good
enough to replace fractionation as a means of
purification and because membranes are not suited for
use in situations where components are concentrated
but not purified. In order to achieve most commercial
purities, membranes are required to be used in
combinationwith fractionation. Furthermore, membranes
are sensitive to both temperature and poisons. In many
integrated fractionation systems, the temperatures are
such that the membranes do not have the mechanical
stability for performance. A newer class of membranes,
known as facilitated transport membranes (FTM), are
thin membranes which include a carrier species in the
membrane that preferentially chemically interacts with
a desired component to promote the transfer of the
component across the membrane. Typically, facilitated
transport membranes use metallic salts impregnated
into the membrane or present in liquid layers between
two membrane layers to enhance olefin-paraffin
separation. The olefin is selectively and weakly
absorbed by the membrane and the small (but positive)
attractive forces allow for the migration of olefins
at a faster rate than the paraffins, thus enhancing
the separation factors. For example, olefins but not
paraffins have been found to have an attraction to
silver cations. Thus, one of the most frequently
studied facilitated transport membrane systems uses
silver complexes. Gas permeation across a FTM takes
place by two mechanisms: normal solution/diffusion of
uncomplexed gas molecules, and diffusion of the
carrier-gas complex. The second mechanism occurs only
for a gas that reacts chemically with the carrier
agent. The total flux across the membrane is the sum
of the carrier-gas complex plus the uncomplexed gas
flux. Most FTMs take the form of immobilized liquid
membranes (ILM). These are made by impregnating a
microporous membrane with a solution of the
facilitating carrier in a solvent such as water. The
carrier solution is kept within the pores of the
support membrane by capillary forces. Alternatively,
the carrier liquid can be sandwiched between
supporting membrane layers. Examples are described in
U.S. Patent Nos. 3,758,603 and 3,758,605. It is very
hard to maintain the carrier solution within the
membrane and to insure membrane stability, i.e.,
thecarrier does not migrate out of the membrane. To
address these problems of ILMs, solid ion-exchange
membranes that exhibit FTM transport of olefins in
paraffin-olefins mixtures have been prepared as
described in U.S. Patent No. 4,318,714. Another
approach is to prepare FTMs from a glassy water
soluble polymer such as polyvinyl alcohol to which a
complexing water soluble ion of salt such as silver
nitrate is added, as is described in U.S. Patent Nos.
5,015,268 and 5,062,866. 



U.S. Patent No. 5,670,051 is directed to a facilitated
transport membrane in which a metal salt in a polymer
matrix interacts with olefins but not paraffins. This
document indicates that silver and copper are useful
metal ions in the membrane. A preferred approach as
taught in U.S. Patent No. 5,670,051 is to prepare a
FTM comprised of a solid solution of an ionic metal
salt in a polymer, with the membrane being
characterized by a selectivity for an unsaturated
hydrocarbon such as ethylene or butene over a
saturated hydrocarbon such as ethane or butane,
respectively, of at least about 20/1 and in a
substantially dry environment. The preferred ionic
metal is silver, copper, or mixtures thereof.
Preferred polymer supports include
polyepichlorohydrin, polyether-polyamide block
copolymers, epichlorohydrin/ethylene oxide copolymers,
polyethylene oxide, and propylene
oxide/allyglycidylether copolymers. The pressure
normalized flux or permeance of the unsaturated
hydrocarbon is said to be at least 10 x 10 6 cm3
(STP)/cm2/sec/cm Hg. A special unit has been defined
as a GPU (Gas Permeance Unit) and is equal to 1 x 10 6
cm3 (STP)/cm 2/sec/cm Hg. Thus the preferred FTM
should have a minimum GPU of 10; preferably greater
than 20 and most preferably greater than 50. Other
FTMs such as those as described in U.S. Patent Nos.
6,468,331 ; 6,645,276; and 6,706,771 also can be used.
U.S. Patent No. 6,706,771 discloses a silver
salt-containing facilitated transport membrane which
is said to have good performanceover an extended
period of time. According to this document, a material
is included in the membrane which is able to bind to
silver ions in a chelating mode, resulting in improved
membrane stability and performance. The membrane
comprises a polymer, a silver salt, and a phthalate of
the formula C6H4(COOR)2 where R is an alkyl group with
2 - 8 carbon atoms or a phenyl group. The polymer
typically contains electron-donating heteroatoms and
preferably is a polyvinylpyrrolidone,
poly(2-ethyl-2~oxazoline), polyvinylmethylketone,
polyvinylformal, polyvinylacetate, cellulose acetate,
cellulose acetate butyrate, polyacrylate,
polymethylmethacrylate and/or polyacrylic acid. The
silver salt preferably is AgBF4, AgPF6, AgSO3CF3,
AgCIO4 and/or AgSbF6. The phthalate is used in an
amount of 0.05 - 10 wt % of the weight of the polymer.
Other patent publications including some of the same
inventors are U.S. Patent Publication Nos.
2004/0154980, 2001/0015334 and 2002/0162456. U.S.
Patent No. 6,187,196 discloses a facilitated transport
membrane which includes first chemical groups that are
ionic and are associated with ion exchange sites in
the membrane, and a second chemical group which
modifies that electronic environment of the ion
exchange sites to enhance facilitated transport
through the membrane. The first chemical groups
preferably are anionic groups for cation exchange,
such as a perfluorosulfonic acid polymer, with the ion
exchange sites being occupied by a suitable cationic
carrier for the facilitated transport. The second
chemical group can be, for example, an oxidized
poly(pyrrole). U.S. Patent Publication No.
2004/0147796 discloses a membrane which is said to
have high olefin/paraffin selectivity and good
durability in long-term contact with hydrocarbon
streams. The membrane disclosed therein is said to be
particularly useful for separating propylene from
mixture or propylene and propane. It is characteristic
of these metal salt promoted membranes that the more
unsaturated species (olefins) are preferentially
attracted to themetal and hence have a preference for
passing through the membrane. More highly unsaturated
species such as acetylenics and dienes are 



even more strongly attracted and in fact bind to the
metal salts rendering them inactive to further
attraction of olefins. Similarly, sulfur, nitrogen and
oxygenate species are strongly polar and will also
irreversibly bind to the metallic salts. As indicated
above, the processes disclosed herein often involve
the removal of poisons upstream from the facilitated
transport membrane. Any trace poisons, especially
highly unsaturated hydrocarbons such as dienes and
acetylenics, may significantly reduce the performance
of the membranes. Compounds such as sulfur and
nitrogen are permanent poisons for such membranes.
Thus, it is important to remove these materials
upstream from the membranes. Referring to the drawings
and first to Fig. 1, a process flow diagram showing
the process of a first embodiment of the present
invention is shown. This process is conventional
metathesis involving the. reaction of ethylene
primarily with C4 olefins. A C4 feed stream,
designated as 10, is obtained from a steam cracker or
FCC unit. The feed stream 10 includes a mix of
essentially normal and iso butenes and butanes. In
addition small quantities of C3 and C5 components may
be present. The highly unsaturated species have been
removed from the feed via methods described above. If
necessary, the feed stream 10 is fed to an isobutylene
removal unit 12, in which the amount of isobutylene is
reduced down to no more than 10 wt % of the feed
mixture, preferably no more than 5 wt % of the feed
mixture and most preferably no more than 2 wt % of the
feed mixture. The feed stream with isobutylene removed
therefrom is designated as 14. Catalyst poisons are
removed from stream 14 in guard beds 16, and the
resulting stream 18 optionally passes through a
facilitated transport membrane 40 (which will be
described below in further detail) in order to remove
butanes in stream 4 1. Stream 18 (or stream 18 minus
stream 4 1 if the membrane 40 isused) is combined with
an ethylene stream 19. The flow rate of stream 19 is
selected to provide in an appropriate ratio of
ethylene relative to the quantity of normal butene in
stream 18 (or to the nomal butene content of stream 18
minus stream 41) for the metathesis reactor. A recycle
stream 20 from downstream purification is also
combined with these streams and the combined streams
are fed as stream 2 1 to a metathesis reactor 22. In
the metathesis reactor 22, the olefins react with each
other to produce a reactor effluent 24 containing
ethylene, propylene, unreacted butenes, pentenes and
higher olefins. In addition, any paraffins in the feed
pass through the reactor as inerts. The metathesis
reactor 22 usually operates at a pressure between 2
and 40 atmospheres and preferably between 5 and 25
atmospheres. The catalyst contained within this
reactor may be any suitable metathesis catalyst
including but not limited to oxides of Group VIB and
Group VII B metals on supports. Catalyst supports can
be of any type and could include alumina, silica,
mixtures thereof, zirconia, and zeolites. In addition
to the metathesis catalyst, the catalyst in reactor 22
can include a double bond isomerization catalyst such
as magnesium oxide or calcium oxide. The reaction
takes place at a temperature between 50 and 450 C,
preferably between 300 and 400 C. Downstream of the
metathesis reactor 22 is a fractionation train 26
consisting primarily of fractionation towers. Ethylene
is separated in a first tower in line 28 and can be
recycled to the reaction zone where it is combined
with stream 19. Propylene is produced as a product in
line 30 from a second tower. The unreacted butenes as
well as the C4 paraffins 



and any pentenes and heavier olefins formed in the
reaction are the bottom products from the propylene
separation. It is not uncommon to employ additional
towers to separate the C4 compounds as stream 34 from
the heavier compounds such as pentenes in stream 32
and higher olefins in stream 36 and recycle the C4
compounds to increase theoverall utilization of the
olefins. Alternately, the C4 stream could be obtained
by using a side draw from the propylene separation
tower. In this case the heavy components in stream 36
are the bottoms product from the propylene separation.
The recycle C4 stream 34 (either from a separate tower
or as a side stream withdrawn from the propylene
separation tower), contains the inert C4 paraffins.
These must be removed in order to maximize the
recovery of the butenes or the volume of material
recycled will become very large requiring substantial
equipment and thus costs. While it is possible to
remove the paraffins before the metathesis reactor 22
or in the recycle stream 34 by fractionation or
extractive distillation, fractionation is very costly
both in terms of equipment costs and energy due to the
close boiling points of the components and extractive
distillation is also costly due to the large number of
towers required as well as solvent preparation
systems. Further, extractive distillation
re-introduces poisons into the system. A better method
for separation is required. Membranes, including
facilitated transport membranes, represent such a
system. Since facilitated transport membranes are also
poisoned by highly unsaturated compounds as well as
oxygenate and sulfur compounds, they are ideally
suited to use within a metathesis loop where the
catalyst is also sensitive to the same contaminants.
The facilitated transport membrane is ideally located
in the recycle stream 34 following the metathesis
reactor. Such a membrane is shown in Fig. 1 as
membrane 39. After the reaction step, the olefins
concentration within the C4 stream is reduced. Thus
the quantity of material that has to pass through the
membrane is reduced thus both improving its
performance and reducing costs. In addition to or
instead of membrane 39, membrane 40 can be used in the
feed stream, as indicated above.A stream 38 is
separated from the C4 stream 34 and is used to control
the amount of recycle to avoid overloading the
reactor. The stream 38 is a predominately butane
stream that is obtained using the facilitated membrane
39 which separates paraffins from olefins and
therefore separates butanes from butenes. The recycle
stream 20, which is the butene/butane stream 34 with
the butane purge stream 38 removed therefrom, is
combined into the metathesis feed stream with ethylene
added, the combined stream being shown as stream 21.
By removing butane without simultaneously removing
butane in membranes 39 and/or 40, a higher conversion
of butenes to propylene is achieved. Fig. 2 depicts a
second embodiment in which the metathesis process is
autometathesis, which does not involve the addition of
ethylene. In this process, butane removal by a
membrane such as a facilitated transport membrane can
take place at one or both of the same locations as in
the embodiment for Fig.1 , namely in the feed stream
18' or in the C4 recycle stream 34'. In Fig. 2, the
membranes are shown as 39' and 40'. In this case, the
C4s react with themselves by autometathesis to form
principally ethylene, propylene, pentenes and hexenes.
The isobutylene may or may not be removed upstream
form the guard beds, depending upon the product
desired. Furthermore, selective hydrogenation can take
place in 



stream 10' or 14'. The feed stream 10' optionally is
subjected to isobutylene removal in isobutylene
removal unit 12' and optionally is conveyed in stream
14' to a guard bed 16' for removal of poisons. The
purified stream 18' optionally passes through membrane
40' to remove butanes in a purge stream 41'. The
remaining feed stream 21' enters an autometathesis
reactor 22' in which ethylene, propylene, pentenes and
hexenes are formed and exit the reactor 22' in stream
24' along with remaining C4s. Downstream from the
autometathesis reactor 22' is a fractionation train
26' consisting primarily of fractionation towers.
Ethylene is separated in a first tower in line 28'. It
canbe recovered as a product or recycled to the
reaction zone. Propylene is produced as a product in
stream 30'. In some cases, a third tower separates the
C4 compounds from heavier compounds. The C4 compounds
are recycled in stream 34'. The C5 compounds are
removed in stream 32'. The heavier compounds are
removed in stream 36'. The C4 stream 34' optionally
passes through a membrane 39' to remove butanes in a
butane purge stream 38', with the remaining recycle
forming stream 20'. Figure 3 shows a 1-butene double
bond isomerization process in which a feed stream 15
containing C4 paraffins and C4 olefins is combined
with a recycle stream 3 1 to form stream 17. In order
to produce high purity 1-butene, stream 15 should
contain only minor amounts of isobutylene and
isobutane. An upstream fractionation system would be
employed to remove the majority of these iso compounds
simultaneously if there is a high concentration of
these materials. Stream 17 is split in a splitter 23
to separate the mixture into an overhead stream 25
comprising 1-butene and a bottoms stream 27 comprising
2-butene and normal butane. The 2- butene is
isomerized in an isomerization reactor 29 to form the
recycle stream 3 1, which is combined with the fresh
feed to form stream 17. All or part of stream 27 can
be recycled through the double bond isomerization
reactor 29. One or both of membranes 44 and 46 are
included to remove butanes. Membrane 44 is positioned
in the feed stream 15 and removes butanes in stream
45. A membrane at this location will remove both any
remaining isobutane and normal butane. A membrane at
this location which removes the isobutane will
increase the purity of the 1-butene since the
isobutane would track with the 1-butene and go
overhead in the fractionation column. Membrane 46 is
positioned between the splitter 23 and the
isomerization reactor 29 and removes butanes in stream
47, while remaining stream 49 enters the isomerization
reactor 29. A membrane at this location removes
primarily normal butane and reduces the hydrocarbon
flow through the system by reducing the buildup of
butane in the recycle.Figure 4 shows a butene skeletal
isomerization process in which feed stream 60
containing C4 olefins and paraffins is fed to a
fractionation tower 62 after being combined with
recycle stream 64. The combined stream 66 is separated
into an overhead stream 68 comprising isobutane and
isobutene and a bottoms stream 70 comprising normal
butane and normal butenes (both 1-butene and
2-butene). A portion of the overhead in stream 7 1 is
sent to a skeletal isomerization reaction system 72
where isobutene is converted to normal butene. The
equilibrium mixture of normal and isobutene and
isobutane is recycled to the fractionation tower 62 in
stream 74. One or two membranes (76 and 78) are
included to remove butanes. A membrane 76 positioned
in the feed stream removes both isobutane and normal
butane. The butane purge stream 79 removes the butanes
as a product. A membrane 78 positioned in the overhead
stream 7 1 will reduce the isobutane content of the
recycle feed through the skeletal isomerization
reaction system 72. Butanes are removed in stream 80.
Both membranes will reduce the equipment sizes and
utility consumptions for a 



given production. To produce 1-butene, bottoms stream
70 can be subsequently subjected to double bond
isomerization using the process of Figure 3. To
produce 2-butene from stream 70, there are two
options. The first is to subject stream 70 to
hydroisomerization in a fixed bed, a fixed bed with a
butene splitter recycle, a fixed bed followed by a
catalytic distillation column, or a single tower with
both catalytic distillation and hydroisomerization.
The other option is to put a catalytic distillation
section in fractionation tower 62, which will increase
the percentage of 2-butenes in stream 70. Fig. 5 shows
an embodiment in which ethylene and linear alpha
olefins are produced by metathesis, with a separate
isomerization reactor 42 included upstream from the
metathesis reactor 22". One or more of three different
membranes, designated as 39", 40" and 45, are
included. In this case, isobutylene (if present) is
removed from feed stream 10" to a very low level, e.g.
about 0.03% in isobutylene removal unit 12".
Bylimiting the amount of iso-olefins in the feed to
the metathesis reactor 22", the quantity of branched
olefins in the effluent is minimized. From the
isobutylene removal unit 12", the feed is conveyed in
stream 14" to a guard bed 16" for removal of poisons.
The feed is isomerized in a reactor 42, optionally
passed through a membrane 45, to remove butanes, and
then conveyed to the metathesis reactor 22" in which
ethylene, propylene, pentenes and hexenes are formed
and exit the reactor 22" with the remaining C4s in
stream 24". In the fractionation train 26", ethylene
and propylene are removed in streams 28" and 30",
respectively. The 3-hexene in stream 50 is isomerized
and fractionated at 52 in order to form 1-hexene
product stream 54. Butane optionally is removed from
C4 stream 34" by membrane 39", which preferably is a
facilitated transport membrane, in the recycle loop
downstream from the fractionation train 26" as in the
first and second embodiments, and/or using membrane
40" in stream 43, which constitutes the recycle loop
for the reactor 42. When membrane 45 is used, butane
is removed in stream 41". When membrane 39" is used,
butane is removed in stream 38". When membrane 40" is
used, butane is removed in stream 44. In this case,
ethylene, propylene and 1-hexene are the products,
with 3- hexene being isomerized, followed by
fractionation to obtain 1-hexene. The advantages of
butanes (iso or normal or both) removal at the
locations shown in Figs. 1-5 are as follows: o In
general, by removing the butanes from the C4 stream,
the volume of material to be processed has been
reduced substantially. This saves capital cost. In
many cases but not all, for metathesis, the removal of
isobutylene is also desired. For conventional
metathesis ethylene is added and thus one should
remove isobutylene to a low amount (2- 5%). For,
hexene autometathesis isobutylene usually should be
removed to 0.03%. For general autometathesis there is
no requirement to remove isobutylene. However,
depending upon the method of isobutylene removal,
isobutane can remain, since it is an inert. If
afractionation option is used to remove isobutylene,
then isobutane is removed in addition to the
isobutylene. This further reduces costs. If however
MTBE or dimerization is used, isobutane remains and
removal via a membrane is advantageous. o Normal
butane is the least volatile of the C4 paraffins and
isobutane is the most volatile. The normal olefins ( 1
and 2 butene) boil in between these two paraffins. If
both paraffins (iso and normal) are present, a
membrane can remove both simultaneously. Fractionation
is expensive and difficult due to the close
volatility. Further, fractionation needs multiple
towers since isobutane is the most 



volatile and normal butane is the least volatile.
Extractive distillation will remove both paraffins
simultaneously but is also very expensive and will
introduce poisons into the system that are detrimental
to the metathesis catalysts. o Typically the C4
recycle stream after metathesis is a side draw from
the lower portion of a tower used to separate
propylene from heavier material in the fractionation
section. The C5 and heavier material produced in the
metathesis reaction is a bottoms product. The C3 is
the overhead product in this tower. The C4 stream
after the reaction at this point has lower olefins
than upstream of the reactor and also has lower volume
(since olefins have been reacted away to other carbon
number olefins). By starting with a more concentrated
stream (of butanes), the separation is easier and less
costly. o The C4 stream has already passed through a
guard bed to remove poisons and the metathesis reactor
that has additionally removed any poisons (by fouling,
although this is not desired). For any membrane
separation option, the recycle feed is usually the
most suitable. The removal of poisons will provide the
longest membrane life at the best performance. This is
especially true for the facilitated transport membrane
systems. o For those systems with isobutane, and
especially refinery feedstocksthat have high
isobutylene and isobutane and where the isobutylene
has been removed via dimerization or MTBE (to make
gasoline octane components), the use of an olefin
paraffin membrane is especially critical to achieve
economic butene utilization. Furthermore, refinery
type feedstocks have a higher level of poisons (sulfur
and oxygenates) than steam cracker feedstocks. By
locating the membrane-based butane removal step
downstream of guard beds and the primary reaction, a
major reduction in capital costs can be achieved.
Further, facilitated membranes are the best option for
membrane removal and require the cleanest service. o
By effectively removing the butanes, the yield of the
desired olefins from isomerization (for example 1
butene from 2 butene) or from metathesis (for example
propylene from conventional metathesis) can be
increased since a higher recycle rate can be used
before experiencing severe equipment limitations and
thus a greater percentage of the butenes can be
reacted. The following examples illustrate important
features of the invention but are not to be construed
as limiting the scope of the invention as it is
defined in the claims. Comparative Example 1 A
sophisticated computerized simulation of a 1-butene
isomerization process flow scheme using the process
and equipment shown in Fig. 6 was conducted. The
overall process is designated as 150. Fresh C4 feed in
stream 152, from which isobutylene and isobutane have
been removed, was fed to a surge tank 154 for a feed
pump 156. The pump 156 conveyed the fresh C4feed,
which was combined with a 1-butene isomerization
reactor effluent stream 158 in stream 160, into a
1-butene splitter 162. 1-Butene was removed from the
top of the splitter 162 in stream 164. The top stream
164 was condensed in a condenser 156, fed to a tank
157, and separated into a 1-butene product stream 160
and a recycle stream 163, both of which were conveyed
by a pump164. The 2-butene was removed from the
splitter 162 as bottoms in stream 165. Stream 166 was
removed from the bottom of the splitter 162, reboiled
in reboiier 167, and injected into the bottom of the
splitter 162. Stream 165 was separated into a purge
stream 168 and a recycle 



stream 170. Recycle stream 170 was conveyed by pump
172 through a heat exchanger 174 and to a 1-butene
isomerization section 180 in which 2-butene was
converted to 1-butene. The reactor effluent stream 158
was combined with fresh feed in stream 152 to form
stream 160. The process had a 90% utilization of
normal butenes in the fresh feed, i.e. 90% of the
1-butene and 2-butene in the fresh feed was reacted.
The compositions for the feed, product and purge
streams for the process of Fig. 6 are shown in Table 1
below. An overall material balance and utilities
summary is shown in Table 4. The process of
Comparative Example 1- was repeated with the exception
that downstream from the feed stream pump 256, fresh
C4 feed stream 252, from which isobutylene and
isobutane have been removed, was heated in a heat
exchanger 255 and passed through a facilitated
transport membrane 253 in order to remove butanes in a
retentate stream 257. The retentate stream 257 was
removed from thesystem as a purge stream. The purified
C4 feed stream 259 was combined with a 1-butene
isomerization reactor effluent stream 258 to form
stream 260, which was fed to a 1-butene splitter 262.
The compositions for the feed, permeate, retentate,
splitter bottoms purge, and product streams for the
process of Fig. 7 are shown below in Table 2. The
overall material balance and utilities summary is
shown in Table 4.TITLE APPARATUS AND METHODS FOR SOLAR
ENERGY CONVERSION USING NANOSCALE COMETAL STRUCTURES
GOVERNMENT SUPPORT The invention was supported, in
whole or in part, by Contract No. DAAD16-02-C- 0037
from the U.S. Army Natick Soldier Systems Center. The
Government has certain rights in the invention. FIELD
The embodiments disclosed herein relate to the field
of solar energy conversion 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 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. 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 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 from amorphous silicon (a-Si).
Inexpensive PV cells based on
non-crystallinesemiconductors 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 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 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% lower than the initial value due to
light-induced metastable defect creation, known as the
Staebler-Wronski effect (SWE). D. L. Staebler and CR.
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 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
difficulties in achieving large-scale metallic
nanostructures at low cost. Recently, multiwalled
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 wellestablished 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
otherexperimental 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 aspects illustrated herein, 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 aspects
illustrated herein, 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 aspects
illustrated herein, 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 aspects
illustrated herein, 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
insteadbeen 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. 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 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 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 (Al). FIG. 3D shows a cross sectional
view of an array of nanoscale coaxial solar cells 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 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
nonstraight conducting lines and a flexible
matrix.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. 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 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. FIG. 9C shows a transmission optical
microscope image of the nanoscale optics apparatus of
FIG. 9A. FIG. 1OA illustrates a method for making a
nanoscale optics apparatus in accordance with the
presently disclosed embodiments. FIG. 1OB illustrates
a method for making a nanoscale optics apparatus in
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. FIG. 12B shows scanning
electron microscopy (SEM) images of the nanoscale
optics apparatus of FIG. 12A.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. 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 junction. FIG. 20
shows a perspective view of a nanoscale coplanar solar
cell having a p-n junction. FIG. 2 1 shows a
perspective view of a nanoscale coplanar solar cell
having a p-i-n junction. 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 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 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.
Thefollowing 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. 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" (SWCNTs) 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 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
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 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 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.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 



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 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), 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 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" 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 of
chemicals are dissociated at high temperature (for
example, CO2 into C and O2) . This is the "CV" part of
CVD. Some of the liberated molecules may then be
deposited on anearby 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). 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. 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, 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. 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 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 run to about a few thousand
nanometers. The two primary examples of 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 smallerthan 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 nm and about 400
nm) to the infrared (between 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 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.
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
photovoltaicactive medium. While the nanoantenna
provides efficient light collection, the nanoscale
cometal section traps the collected radiation, and
assures its efficient conversion into 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 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 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,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 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 carriers.
Antennae are external resonators. The nanoantennas of
the presently disclosed embodiments are broad
resonators having large aspect ratios, that is their
length / is much larger than their diameter d : for
example, / > 3d. The bandwidth of the nanoantenna can
be tuned to cover the entire solar spectrum. The
nanoantennas described herein possess 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
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. IA 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 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 nanoscale
coaxial solar cell. The nanoscale optics apparatus is
made in accordance with the presently disclosed
embodiments.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
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 180 has a band
gap to maximize the absorption of light in the visible
spectrum. Examples of photovoltaic materials include,
but are not limited to silicon (Si), cadmium telluride
(CdTe)5 indium gallium phosphide (InGaP), gallium
arsenide (GaAs), germanium (Ge), Cu(InGa)Se, GaP, CdS,
indium antimonide (InSb), lead telluride (PbTe), Ini-x
GaxN, organic semiconductors (e.g., copper
phthalocyanine (CuPc)), dielectric materials, and
similar materials known to those skilled in the art.
The 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 art having a band gap so as to improve the
absorption of light in the visible spectrum. The
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 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 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
conducting materials known in the art and be within
the spirit and scope of the presently disclosed
embodiments.FIG. IB shows a top view of a nanoscale
coaxial solar cell of FIG. IA. In FIG. IB, 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. 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 nanotube. 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 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 mm using a nickel catalyst (FIG.
2A). The catalyst was electrodeposited on a 



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 (Al2O3). The photovoltaic layer has a
thickness between about 100 nm to about 150 nm or
thicker. 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 nm 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 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 that the
substrate may be other materials known in the art and
be within the spirit and scope of the presently
disclosed embodiments.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. 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 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). 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),
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 (SiO ) rich area. Similarly, highest chromium
concentration is present in the region of metallic
coating of nanoscale coaxial walls, and highest
aluminum concentration is observed in the area of
photovoltaic coating (Al2O3) . 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) 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
andelectrochemical 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
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 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 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 lowwetting metallic medium
(e.g., a metallic powder or a liquid containing
metallic particles) 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. 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 (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 lightremains 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 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. An example of non-straight conductors can
be carbon nanotubes grown by thermal-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, 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 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 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 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
cellhaving multilayered structure of different bandgap
semiconductors 180a, 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 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 atop 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 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. 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 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 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
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 andsimilar 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 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 (Sn) powder). The metallic
medium 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 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 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 



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 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
directcurrent (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. 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 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 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 nanoantenna 110 segments. The
nano-antennas 110 possess the directional
characteristics of conventional antennas, proving that
conventional, radio technology applies to the
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 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 /I2. Subsequently, this radiation energy can be
efficiently transferred into the coaxial transmission
line, where it compresses into an area of p(R2 - r2),
thus the power compression factor is of the order of
/I2 / p{R2 - r2) . By employing nanorods 120 with a
radius/- * 5nm, and using a perpendiculardimension R "
20nm, the power compression factor of the order of
several hundreds in the visible range is possible. The
electric field inside the coaxial line varies asl Ip,
where p is the radial distance from the center, and
thus can be made very large for small r. It can be
shown, that the electric field enhancement is of the
order of l Ip, and thus is of the order of about one
hundred in the visible range at the nanorod 220 with r
Snm .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 104 due to
the plasmon (Mie) resonances. The 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 10s , achievable with
the plasmonic nanorods 220. The corresponding field
intensity is about 2 V/mm for an incoming flux of lW/m
2, which is 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 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. 1OA shows an
exemplary 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
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 (or semiconductor) material (for
example SiOx, where 0  x < 2) is sputtered on the
substrate, as shown in step 5. Those skilled in the
art will recognize that the sputteredmaterial 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 followed
by spin-coating of polymethylmethacrylate (PMMA) and
baking at about 1800C 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% H2SO4, 4.0V,
sample as anode, a platinum electrode as cathode. In
this example, only the bottom half of the sample was
etched, resulting in just that portion having
transmitted light, as seen in the transmission
electron microscopy image. FIG. 1OB 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
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 (or semiconductor) material (for
example SiOx, where 0 < x < 2) is sputtered on the
substrate, as shown in step 5. Those skilled in the
art will recognize that the sputtered 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 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% H2SO , 4.0V, 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 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
versusradiation 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. 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
(top view) of the numbered nano-CTLs 115. Nano-CTL
number 37 and number 47 are 



single core, while number 4 1 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 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 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
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
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
metallicelectrodes. 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 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 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 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 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 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 nonparallel electrical
conductors.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. 



When the intervening space between the inner conductor
120 and the outer conductor 160 is filled with
photovoltaic material 180, 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 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. 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 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 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 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 transparentconductor 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
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 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 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 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 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 metalsemiconductor junctions
intrinsically form a Schottky barrier. By forming two
Schottky barriers, one at each metal-semiconductor
junction in the cometal structure, an
appropriateelectric field is established. A p-n
junction is fopned 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-n junction (p-type semiconductor, intrinsic
semiconductor, n-type semiconductor) is a junction
diode with a wide, undoped intrinsic semiconductor
region between p-type semiconductor and n-type
semiconductor regions. For solar cells, the pand 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 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 ptype photovoltaic semiconductor 770
layer and the n-type photovoltaic semiconductor 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 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
photovoltaic semiconductors. In an embodiment, the
photovoltaic material contains a p-in 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.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, 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 photogenerated
by each cometal structure. FIG. 20 shows a nanoscale
coplanar solar cell 706 having a p-n junction. The
ptype 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. 2 1 shows a nanoscale coplanar solar
cell 707 having a p-i-n junction. The ptype
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. 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. 



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 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 andan 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 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
photogenerated 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 metal 796 and the first metals 794
may be parallel to each other or at an angle. The
second metal 796 also serves as a top conductor. The
photovoltaic material 180 can be any photovoltaic
material, p-n junction, 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 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 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 photovoltaic film.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 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 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 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 



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 abovedisclosed and other features
and functions, or alternatives thereof, may be
desirably combined into many other different systems
or applications. Various presently unforeseen 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.CLAIMS What is
claimed is: 1. 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. 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 1 further
comprising a substrate that supports the plurality of
nanoscale cometal structures. 4. The nanoscale optics
apparatus of claim 1 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 voltages photo-generated by
each cometal structure. 6. The nanoscale optics
apparatus of claim 1 wherein the plurality of cometal
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. 7.
The nanoscale optics apparatus of claim 1 wherein a
thickness of the photovoltaic 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. 9.
The solar cell of claim 8 wherein the photovoltaic
material contacts a portion of the electrically
conducting core.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 of
nanoscale coaxial structures. 12. The solar cell of
claim 8 wherein the photovoltaic material contains a
p-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.
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.
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.
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
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.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. 2 1. The solar
cell of claim 18 further comprising a substrate that
supports the plurality of nanoscale coplanar
structures. 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. 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 further comprising a transparent conductor
located between the first electrically conducting
layer and the second electrically conducting layer.
26. The solar cell of claim 18 wherein 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. 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 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;
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; andcoating 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 the plurality of
planar surfaces of the plurality of planar structures.


