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WO 2007/120175 PCT/1S2006/032552 TITLE APPARATUS ANA
METHODS FOR SOLAR ENERGY CONVERSION USING NANOSCALE
W Cz)el}\[/;'-,- I'I;,&I,HSTRUCTURES GOVERNMENT SUPPORT 5 T mve&gss % 152
as suppoited, in whole or in part, by Contract No. DAAD 1 02208057
from the U.S. Army Natick Soldi istems Center. The Government has
certain rights in the invention. The embodiments disclosed herein

relate to the field of solar ener &cs,
dHd’ M%ﬁ%ﬁ%&gg r o) ar converS|on
using nanoscale cometal’s ructures including coaxial and coplanar.

BACKGROUND NangsgaleniinsNg theepiogyrof optical interactions with
matter structured into units of subwavelength (for visible light) dimensions.

Nanﬁ%%ﬁl%n%m@ag wqameél %Pﬁﬂi@aéﬂo@&ﬁ@aemgaﬂ)tﬁﬁb@@l@g@s

such as nanolithograpf - enS|ty optical stor
O eABCHE A BR H STGRSr SR AP cane CHAREMA ST e

rightdifage mpagisication with subwavelength Iateral resolution, local linear
and nonlinear spectroscopy of biological and solid-state structures,
guantum computing and. quantumgxpmmunication. 20 In general, solar
energy can be harvested in two ways:.as electricity (solar photovoltaic)
and-a3 heat {aalarthermal nalis xant t%Qi%rfi&Jﬂ%@cﬂdﬁ&&Iéba&ﬂ%Q{@n
efficient, meaning the solar cell}s&{cionvert less %Qaan (O%] e [ C|dent

usiggRAnERal OPLF Y “D TSI RFHEVRE) IR B ARRE 1é‘i’lppseé]ﬁrs igh efficiency

copaiaicalingannbecachizved emwtuﬂeqaw]umaﬂ@ﬁaﬁmm@(ﬂwiénﬂbw cells
with average aperture-area efficiency (AAE) of about 25 10 - 28%, and
modules with average AAE aialioaRDIMDIN research-grade multijunction
concentrators, efficiencies as high as about 39% have been reported.

Thesg are hasadon tﬁgg{@;blmmimdmmﬁgmwmh@mwmm For
standard cr silice PV technglo ot on al
units of SERRVESY %‘Wég Iﬂ('ug i dlﬁﬁsﬁofl Fmgg}gn}éshaq%u]t3 the cc‘)}gtg ?m%%
apmmmmnommgtc@mwipmdu@aﬂemréieembxewsdsww 8Btfod@made
SR Q%ﬁﬁ%@ﬁmﬂu&%‘ ICRBHBP BoalB %R@B@ﬂéﬁﬁ%ﬁﬁﬂﬁl@@iﬁ@aﬁﬂl surface
non-crystalline WO 007{ 20175 P T/U\?Oca /032

modification with subwavelengtn laterai resolution, near an nonlmear

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 &
usable form. At present it appears that, high efficiency solar ceils can be achieved only in
p-n junction photovoltaic (PV) cells with average aperture-arca 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
erystalline semiconductors, which are expensive. For standard crystalline silicon (¢-Si)
PV technology, not only is the material cost some 50% higher than that of thin film forms,
but the cost for instaliation is high compared to flexible substrate PVs such as those made

from amorphous silicon (a-Si). Inexpensive PV cells based on non-crystalline
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semiconductors have the following AAE's: a-Si about 12%; CdTe
(cadmium telluride) about 16%; and CIS (copper indium diselenide) about
%. See B. von Roedern, K. Zweibel, and H.S. Ullal, The roI

9
po %W%?a?ﬁne thin-film PV technologies for achieving mid- term 820?(61({32“2

g ul ! Urdae
st AR S LS e BLor Ve Hlrs )

uena Vista, Florida, January 3-7, 2005.

abomh@‘ﬂ;mdéﬁi&rﬁcapmwefbsﬂbéﬁﬁ%‘!‘éﬁhaéﬁﬁ% ey SreiReyprRerssBelts is
zwisactiv relatedhio e AiffispiyiorpssunngisimiuitANeedslyidgh fhoton

ach g@;&gﬁ%ﬁggaﬁ SRR sl oS A MR it

requeltrem RS of t |h ent on a solar cell and the
Corgtectrensddidibisies hw@&wwﬁ% Eﬂﬂ@#&a&?@ﬁw thataigAt 10 with the
photovoltaic semiconductor material. That is, the photovoltaic material
mu%b@;ﬁﬂﬁﬁieleﬁmhgﬁdmbalﬁsddowfi@ﬁwinfthlewﬁwcﬁﬁéfé AB¥CiBt thin
relaEROHGR %ﬂfﬁﬂﬁgj%%mjfpggﬂﬁ%ﬂ&@ﬂgﬁ ﬁ@l’i@ﬁ@oﬁ%@%f@f@l&'ﬁd &ﬁl@@) to

success migrate to the edges (top and bottom I)to be
GOHFEHﬂ‘iéﬁﬁfé?’é’“Férg@l”ﬁéﬁé‘éé‘@ﬂlgﬁﬁégﬂgtiﬁe@%ﬂﬁ}lzg e |C|ency%s ypically
incRABEN 3 SokbYellameththaectivadnitidholed libethiedtbylighitisehssed %emétﬁsle

wit tae%%l&r Sl @’s@ﬁ%@&&%@%@bﬁﬁ’twrﬂﬁ%ﬂeﬁ‘&%%@w%}ia@mhst be

er and C.R. Wronski, Rever3|ble conduc ivity chan

thick e Areh i AR GFB LTS SRS RGeS 5758 g7 7).

libieesiagdhe iicksaeasanshddiagat ngetheSlifadergt thehgctigesRoviayer
I fficiency significantly, but the low carrier mobility and

bml% Ife %@%53 u?t gcnd the 20 SWE are controlled by the band tails of the

localized electr nic states jn he clars I
disordEPeFHE s ?ﬁ%fur%a f';f(%cr)ti &r'fs & fun agrlrll%ter%ta f%%‘b e@t% EHﬂ? about
15vidnvenybtalling rivaterive dhatorbigidedverd merieahly dr& e |2§W@fﬁ of
thé@?a&ﬁié}%%%ﬁi@@ﬂé&r@\ﬁﬂpr@fLaSE@é’BgES?ﬁQ Flanutmwtze‘g@mmus using

tical rectennas have had major, 25 difficulties in ac a
S R e S b bl S
(197anoRdes VW ONTZ)sHaECEspPIEpEt theseriaveolikes apfival nesATES that
;mﬁ?&@é\é?f'@ﬁgcg%%ﬁmgaﬂtﬁl bigligbidncisiest IHQBIIEtShﬂm jiffaseproduct and the
nanostructures were sh wn to igel 1z¥d Illcuy\ggh(e\évellt@élgned growth
SVoharratrir W&tﬁ‘fgﬁ%a% IS8 Be SRR E T T 6w cost In large scale on
setioatdtony dtive-oreemid divdubtiva subenarebdispidis e fndaasiblished

prRlfsMBrenhancedchanicalyarardenesligndiM N aathatsihest
using expensive and time-consuming state-of-the-art technologies, such
the, geRfERL FRBES M lithography, which are unscalable but still inevitably

being used by most other
Prior art attempts to manufacture solar cells using optical rectennas have had major

difficulties in achieving large-scale metallic nanostructures at low cost. Recently, multi-
walled carbon nanotubes (MWCNTs) were reported to behave like optical antennas that
receive and transmit visible light incident upon them. These nanostructures were shown to
be highly metallic with well aligned growth orientation. MWCNTs can also be fabricated
at low cost in large scale on most conductive or semiconductive substrates by the well-
established plasma-enhanced chemical vaper deposition (PECVD) method without using
expensive and time-consuming state-of-the-art technologies, such as electron-beam

lithography, which are unscalable but still inevitably being used by most other



2 experimental approaches in this field. Thus, there is a need in the art to
create a new class of very efficient and low cost solar cells. SUMMARY
An apparatus and method for solar conversion using nanoscale cometal
structures is disclosed herein. The cometal structures may be coaxial or
coplanar. According to a first aspect of the present invention, there is
expsrovitéd appaaokeale topdwddagparatherdor aseekiaibelit telircaimprisinglass
of GRUGRINYPLARIRICRIE GAmELaY, Structures each comprising a
photovoltaic material located between a first electrical conductor and a
second electrical conductor. AcE8MMg:id¥a second aspect of the present
invention,Mhare RRIRWASH B, SRIAr GRIGRMPUSIRG ARMEAIIY Ghoanasealfes
~ coaxial tructures each comprising an electrically "conducting core
is Cbmﬁ@a@d.lhgr%tfphﬁémm@rﬁm@ﬂaﬁamtbammrmﬁﬂomeIectrlcal
conCANRY BT ASOLNG ra Pl APRCLAL e BLes b IVAINN IR (Eur
is provided a solar ceII comprising a plurality of nanoscale coplanar
opigtguenoresusath sompisingy Bipholovetaitsiiayer idemiad vétiewcalfirspmetal
snfIgELically, conaeting laysrand Rsesond: elegttgallycondCing VAL, tical
wherein light enters the coplanar structure between the first electrically
corgttiuctidg kigendndas dasoddddectrically conducting layer. Accordlng
to aﬁ%%%lﬁz?%% 9%0%}% &%%PBF%%FB@QGHW F 81(0 g% 19 ﬁ Ogolal
fabricating solar cells comprising preparing a p ural ity’ o nano aIe planar
celbgaroniiesg cohtialdiaplosalitpaé pranal strfioess ofthephmasityeoiptasancaliy
co@‘ﬁ%ﬁh ‘é‘"&'&rﬂa&ﬂu tqV Fﬁﬁ@d&vﬁﬂﬁ}&cﬁﬂg&%@ LD %é‘V\kﬂﬁh é%aBS er electrical
he plurality"of planar surtaces; an coatlng the p otovo taic
CD!Bbmm’dﬁmIctor with an outer electrical conductor layer, wherein a portion
of th r ctorlayer.is | e lanar
A S ST
cor@m&mg N@Buﬁht-y mfésmbfcédtsehyémiue shibodirmentsiwihbertsmiber photovoltaic
SXRIAINE WD eferenes 19 e aftached drnings.iierein. ke irugtigsy
Yare referred o I|?<e numeralrs t roug Jhout t veral views.
cmdimmmblm themnémldlym §m¢@pthmem|uhasfsﬂaavmg ihst@adewc@waﬂy
Con 11]]% 175 qu lgeS%QQ { }2@;@ bee enera placed upon
iustr mgt & principles of the presen R/ alsé]% ed
According to a fourth aspect of the present invention, there is provided a method

of fabricating solar cells comprising preparing a plurality of nanoscale planar structures;
coating a plurality of planar surfaces of the plurality of planar structures with a
photovoltaic semiconductor while Ieaving space between the plurality of planar surfaces;
and coating the photovoltaic semiconductor with an outer electrical conductor layer,
wherein a porticn of the outer electrical conductor layer is located between the planar
structures fo form coplanar structures.
BRIEF DESCRIPTION OF THE DRAWINGS

The presently disciosed embodiments will be further explained with reference to

the attached drawings, wherein like structures are referred to by like numerals throughout

the several views. The drawings are not necessarily to scale, the emphasis having instead

L8]
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embodiments. FIG. IA shows a schematic view of a plurality of nanoscale
coaxial cometal solar cell units of the disclosed embodiments embedded

|n a conductive matrix. 5 FIG. IB shows a top view of a nang;
WLt CER URit of FIG. IA. FIG. 2A, FIG. 2B, and FIG. 2C eacm{%&%@é@m

schem tic view and xemnlang. view afrajianascaleceryial
beep, ?ﬁngfﬁ?%%%c?m‘épﬁn %uasrlgaﬁ%i%én%wgr%ec? carbo%r)?nanotube FIG. 2A
emis-‘nh)w@ schematic view and an exemplary view of an aligned carbon

nanotube. FIG. 2B shows a schematic view and an exemplary view of an
alighistl taronnasbtubedOeaielcdanliy witheaoseriteosrial comstdaler

ceiFlGis 260 aus & FehematiciewrRMEam SxemmRiaty Mawkof an aligned

carbon nanotube after coating with a photovoltaic material and an outer

condyctor materia) ﬂ%w%fsi'f?é%s@ﬁ@é&%@w@%i%@ gosdal 4.

transmission lines UI|t around aligned carbon nanotubes. FIG, 3A shows

o O e R M e 0, S AR Pl iy

ShOWS a cross-section view of a Sing le
wewa.fm@cd@mmwﬁm;gswlméwlbwéy%&&aﬂﬁﬁ@%éw

mdﬂ;%(gﬁ%e? sﬁl@-afat%hgﬁm‘é\@ aﬁ; eﬁé’iﬂﬁ?dﬂlﬁﬂew?&ﬁa@i&x& speocirosTohe.
analysis of the comppsition of the coaxi er otube
FI(S‘, é)t?ﬂ Fo?‘flf?fﬁ?)b Hbe‘florgéiljficon (gp FMghvrlomu%rln §d%§1%‘{>‘ﬂ'}ﬁ b

uminum (Al).
afifr 20K shibwlronodsisawtoik TIEn6f f&ﬁ%@a%ﬁ*%ﬁd’é%?é%%xual

exSRIMFS NSy 2P iR A QRRAKRI! Gief boakilia wHB agndibIaib Caslaty
the results of optical ex[% eriments where white light was transmitted
a“@fﬁlbﬁ‘étﬁré FF&S’) BFKSR0scale coaxial transmission lines. FIG. 4A shows

the surface topography of the array visible in reflected I| Wlth d t%sggts
reprEKartiFhy HambEEale CEARMMF SASHAS SRR IE?@S EROWS th

casddd aceotopagEhy 2 hokthe mwmasﬂ@ummwmb!efmwmmed
elﬁmegvr@'ti%?f'%“@ %&@%B'uuswggmmeemia@%@grmn

e surface topog?rap y of the arra as§ )
cogweh FOBRIFFion tine e by FiefR S AP A Y HRE B dTtdd HYRE tRIG.
enél%} JiiGerdvehawsspecnoss et AphuiBwisaffitancsopteitoasidicalarivells

30 ht | .
P AL D0 T EASl s I et e
(AeWl6f AhswascaeBrasiardoripceipn gimgo! nanoscale coaxidl solar ce

with a concentraior,

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 non-

straight cdnducting lines and a fiexible matrix.
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multilayered structure of different bandgap semiconductors arranged in

parallel layout. FIG. 6B shows a front perspective view of a nanoscale
W%O%})él%% 2sg(}(j)ll%r cell having a multl]ayered structure of differen B@H%g&ﬁmz 452

semiconductors arranged in serial layout. 5 FIG. 7 shows a front
perﬁpg.cheh\élx%gva%&%tn%r:]v,osc e £aexia] SolaLER! LY, PorRRER RIFALRM
extending from a top ehd bf the nanoscale coaxial solar cell. FIG. 8 shows

muliiloptrefranetinTad g Hrues e BiRtRSUSHIA ATRIETAS MEIHSSH- array
of carbon nanotubes, each tubule in the array includes portions that
protri@EesFomves nfeteltierfiintiknoiam s arneptatoraim salitesHAz4RE S

muﬂﬁﬁ?&@é@@ﬁéﬁr%@ﬂﬁ%%gt%H&Ehﬁm@miegr{ﬁ@@ﬂi@ﬁhﬁgéﬁﬁﬁ%iﬂﬁaﬁom.

nanoscale coaxial transmission line. FIG. 9A shows a three-dimensional

configuraien,of. 0AeNERlR ARIGS BAPRIRISIR AssRdRnGaih (e
presently disclosed embodiments. FIG. 9B shows a scanning electron
coneRBreRESHEREEMICAERE SHHRE PR HE B AP Hhhoscale optics
apparatus of FIG. 9A. 15 FIG. 9C shows a transmission optical
miciISe pbansagwhsittiis intssialapirel: apisaRsbIste RpAudesen
Qb LlistrAtes ARethed donmakingaRanastaloantcsapparaids from a

e o e i e RIS PR, dciosed eIROUIMAALS: &M Myionin the

aking a RARbSCaN optics apparatus in 2

megadbofilanteowiththeprasentyeriddiesstisiphdifments. FIG. 11 shows a
graph of nano-antenna length versus radiation wavelength, at a maximum
radafiCross shectiantRCihacatteling Benplitmel FI@0IRK Spiéw SPPISHIIE

in 809 2mM m%esp(@éé%i%%@?o%&&%%i%&%.a nanoscale optics

apparatus made In accordance with the presently disclosed embodiments.

25 F f e%B shows scanni lectron micro, ‘Qﬁﬁé@f%ﬁlﬁﬁ&&féh&d

nanéL (S’a]? %hﬁt‘?’ésaa?ﬁ%ié‘%%%%g%%‘i‘—“l : 5057&9%53 %o D S v

in PE T SO0 6rUBABR U FAEdws a schematic image of a solar cell
made in accordance with the presently disclosed embodiments. FIG. 14
show$Ga perspestivenievsoiapiglfelooplasanessa dif dangsrae pBics

ap NOWs & PRESpRCtive view_of a_multi-layer parallel coplanar waveguic_ie. 5

IG. 16 shows a perspective view of a nonparallel coplanar waveguide.

FIG. 10A illustrates a method for making a nanoscale optics apparatus in

accordance with the presently disclosed embodiments,

FIG. 10B 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, ata

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.
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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
WEHBLLAIL R oaxial solar cell having a p-i-n 10 junction. FIGT 50 showd 324
perspective view of a nanpscale coplanar.solar cell havi junction.
Pid G 4 %5%&%’6‘8&%@‘3 Gidhe Sptar Ch e 5 8‘6"%?&%%‘5%%%
predeaiingsalgddrenibeditionis15 FIG. 22 shows a side view of a nanoscale
coplanar solar cell. While the above-identified drawings set forth presently
disginsad smbodimepisivothier efrlyadilicbenpliare alkegibitemplated, as
noted in the discussion. This disclosure presents illustrative embodiments
by wRy, of (RRIeSRfgieneRtRaL imitatitiy=Npmatiebusplatieranauifications
and embodiments can be devised by those skilled in the art which fall 20

withipghg %&ed%efé ifikofdhe prinsiplesiof dhaapsesenthurdisclosed
embodiments. DETAILED DESCRIPTION The embodiments disclosed

herey,r ?‘%%5% Eh&xfé?égﬂ% Solar SRS N COD RIS MSiNg ARpageale

optics, and more particularly to an apparatus and method for solar
conyersion using nanoscale cometal structur r IS; ice
e S S D L e e e Dy nto
Jjunefmotricity, heat or another usable form. A method of fabricating
nanoscale cometal solar cells is also disclosed. The 6 WO 2007/120175
PC RIS 20664032452 pfotivwiingy défimitimiesreopsiebsedrtiesthiyéngrebviatious
fu n%;%&gcts and characteristics of the presently disclosed embodiments. As
referred to herein, "carbon nanotube", "nanotube”, "nanowire”, and

"na " are used interch I t i le"
MRS s A T e
juneéimeter equals one billionth of a meter). As referred to herein,
"single-walled carbon nanotubes" (SWCNTS) include one graphene sheet
rolleBlihtd! ahoylindenspBoubldcwal e amisals sl VSNEP-1-0
-iRglde two graphene sheets in parallel, and those with multiple sheets
(typically about 3

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. The



10

15

20

25

10 to about 30) are "multi-walled carbon nanotubes" (MWCNTS). As
referred to herein, "single-core coaxial transmission lines" (SCCTL)
WS%IQHd/e one nanotube at the center. A "double-core coaxial transml}; SIoN 45
Itn Wfﬁ&ETL) include two nanotubes at the center. As refefred 1o
herel NTs are "aligned" wherein the lon |t dinal i dual
forlgHiRg 2@ EYarRae ‘l%ga 5 g\lﬁ%es{[t? Stantiai paraﬂae c%}g%%%%%t%%%{%s
pregefdyrdisttostierabedinvtibule” is an individual CNT. The term "linear CNTs"
as used herein, refers to CNTs that do not contain branches originating
from shefstefackeafiin Givitiorah @NTotTbiesoalbsiy e ing aptKasnoTee
are [N lﬁ%@%n gbtlly'sed herein, refers to a plurality of CNT tubules that are 20
attached to a substrate material proximally to one another. As referred to

her%ﬁ i nanopcale ‘20%’8% LD Felersq %&@@9&?&'&%&%@ WS

whith TRCIUdes & pelufaflty of concentric layers. In an embodiment, the
5009a0snaler CEaRBANMHEN SEUHFCBTHHEGHNRE f)E1)-an internal conductor,

a photovoltaic coating around the core, and an outer conductor.

Transn«m@imhaﬁmf‘eim@gmﬂe@mgyﬂmm@qﬁ’e(%‘&mﬁzmiﬁ@eigne

}{S';%’é&%&'fé&}'%ﬁ@B@9%{%9@ﬁ@iﬁ?@%utedt@ﬁl@ﬁa{ﬁﬁn?&@trmm?mc
mode. In an embodjment, the internal condyc re.
nc dﬁﬁ"@m‘iﬁ‘ﬁ%‘?ﬁ’?@ﬁ?cﬁ@ BB |sle{1 lr‘LrllePafth11 %éi%qmn]gf%&ft@
to 20TILLHE 7THPCTAIS2006/08248 e K VEIEREI0 herein, a "nanoscale

coplanar line" refers to a nanoscale coplanar structure, which includes a
plurality: pfpataletdny efmglnancemhtdimentitienianoSGAETEO pleinde line

ond'35 a%ﬁ%t%@aéé% 'axer»aPamg 59%%11&%9@%9&@%%3@@@@%19 (G de

coating between't ransmission of electromagnetic energy inside the

tweoplahkeditidhe Sfavelength-independent and happens in transverse
electromagnetic (TEM) mode. As referred to herein, "transverse
eleckomiEgneticheTEMTNEfers t@hanecbﬁétbmfné@wéﬂ@%@é gt

indfaRsMssiRR lnederuhich hotb ihesireiic.andsnagnetistields are

perpendicular to the direction of propagation. Other possible modes

include. Itae are poLiimitedhIo ransvarse fIGHHE (TE), in which only the
|

electric field is perpendlcular 10 to the direction of propagation, and

trangyerse m ich onl é?dg%q I8
perpsg\{?ﬁ%rma oafhe érlrec |Sshe op%r%n é‘agﬁonl%g erred to hgr%?n a
brétacited prigityaiinsifiom @ew@&m&%@%ﬁ%ﬂﬁ%ﬁpng 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 1o herein, 2 “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 (FEM) mode.
Tn an embodiment, the internal conductor is a metallic core. In an embodiment, the outer

conductor is a metallic shielding.
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transition metal alloy or mixture thereof. Examples of a catalytic transition
metals include, but are not limited to, nickel (Ni), silver (Ag), gold (Au),

latinum (Pt), 15 palladium (Pd), iron (Fe), ruthenium (Ru), i
W@g%’ﬁf{’(’(ﬂéf rhodium (Rh) and iridium (Ir). In an embodimer???&lég&ft%@%gz

tranﬁgir%@er%%t%: FomPrsasnicke Icgglﬂnép - ermhodiment, ihe caialytic

transition metal comprises iron (Fe). In an embodiment, the catalytic
STYPHRITGNF Pt ks mpHEEE SRATRIE 03y AS rdrarembRsireRs Meroaiemitic
coptansiighmeialaliomicande arynmibitiond 2@ometdiadphotBrafekably, a
R A i
oI fvo or more transition metals. Examples of a catalytic transition metal
wangsyetichdsacasionbred RePPRRTRTIS S HcCKEHGIRIENHA (h Elfdypode-
nickel/chromium (Ni/Cr) alloy, iron/chromium (Fe/Cr) alloy, and a
cobaly/irder@ eiheleal SyaMiverte preiramzntaetisd EEMYZIEwATa S .
clcBANRLOS c rNARGEYSiainissRANRRAsNGIER Hhand dpaneshishgitsc are
employed int,eaihanﬁfagalg hereifn. Thesga terr& rim%lgll }reof rstlcl)w UEC{aétgtr}ital
fields Qs DPERCRAGHY QIR Y ORAEPERERZRE by theh ATy S dimension. in a
areranigenisddadennsansoietsis (Hh)itovhisbundy fbw alitriodisid is aptodito s

1o WDERS gDy symmeltic .sirusivesamsaeneraied e s esi(akoasneric
dimensions) can be as large as tens of microns. The term "CVD" refers to
ficlhis PRESPIRHEY 36 SHSHORP VB84 SBous mixtures 30 of chemicals
are dissociated at high temperature (for example, CO2 into C and 02).
ThisAs refrared (heesip.of VYIS SRS IEPIECI e FARRS A IBEEehRRAthen
trabgriienasipdion 8 AR BR0BH 20405 IRCT ALS2RA6IORRMESR medsby
._substrate (the D" in, CVD), with.t les of CVD
L o el vapor
pabegivrsifidy ETY DYheRBE BineptetEN SR sARE{ dRpBetiuR EHiEedD),
iridie SN cheateabomdiation: canmiratanpoh depasitap (S RCMONG Asan
referred tq herein..an "optical signal” refers to any electr '
© rgo |lalft1’|%nr%’ %ﬁ ln“saé%i{#é ut&%sg"iag%%% cr%ny}gfl p-srg%,z@f fzﬂ\ﬁglge%% gfﬁ%%l tI}éﬁl’lig ht,
caiplfrtpatinpiiieronavlesmpaisis (werle-CULF, VLF, LF, MF, HF, long, short,
HAM, VHF, UHF, SHF, EHF), cosmic microwave background radiation
and athefdorirs bérradiatiombtitieedsicromad alktic spdstroyirasitie

maa?ﬁﬁw!yﬁé%&l%f&da embadimenis.aenaesplyselate it thaeuse afinanascale

cometal lines to fabricate a nanoscale optics apparatus.. The nanoscal
Sogﬁﬁeglg‘ﬂb%fﬁm?}i@ore transition metals, Exampies of a catalytic transition meta

alloy include, but are not limited {o, a nickel/gold (Ni/Awu) 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, CO; into C and Oy). This is

the “CV” part of CVD. Some of the liberated molecules may then be deposited on a
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a multifunctional nanocomposite material made of a metallic film having a

top surface and a bottom surface and a plurality of cometal structures.

e nanoscale coaxial line comprises a metallic cylinder, ﬁxl%
ta

wThzo 72175 I C‘!W@%(}%msusz
8]’10 g3tz material and having a central, 15 concentric me fic Gore.
Each nanoscalg ¢oaxjal line.can have the central core extengding- beyond
oty AR e Ao A BB i e Fm. Thes
methadsiscalte buipiemzot findtedibennsahanred s iontHaps dapeRitting
eeERAse dledwithhacrbataveliaicipairdat. (Bacivnanescelagssianar line

can have a wall extendin surface of the film and an embedded

radiglp SHefRighly Wﬁﬁﬁ?%sét#ﬁ“ﬁf%metal structure is a structure wherein
two or more, but typically two, metal surfaces are in close 6proximit_ , in
suchsdSFaF4RAREE s oR r OB CtRBHh AGITETES R AT UPAR AT SR R hily

pulgy opagaiedanithespacedshetmeaeiat theh twi e tadbt, Tiemktaleoorathsir

aSUlfaces san e compgsedof the sameandiNaientpetalmatatialssame

of these' metals could be transparent to the guided radiation. The cometal
migreirsinhasissomid sediion sudisbadermt et HbEHeY B STepRgREsH Sor
spe@¥ainple transverse electric (TE) or transverse magnetic (TM) modes. A

conventional example of a cometal structure is a coaxial wire or cable. A

nanpRCalS SR atalisil Crsdsnentl et R Wiierelp thaseffaraitenidistance
between any two metals in}the é:ometalaﬁltsru%geggogga Oé%aclsea wgg{&QX
COREAIREAN FHHHE  AERGE PR EBAT i to about a few thousand
a nndiitonaEters nFive awpoptmmatyrekands ek orcelic Almdsme domBEce and

2 bOHMAUES.BL6 R RN SERIBreaR¥ial Wireand aHanassale aaplanme
transmission line. Both é)f thesﬁlco tetallgtructl%r%% anraqu\i/%iaggse ﬁ[ E%reof,

compaies AR WHRSHIMIRY WA RIS e T ENT Tode including waves

convhasie mankitength Fark mmaliss @ano RECTMIEYE S ceniral core extending

pe ol d (NS 2006/0324B2 . an themetpsepaialian Wistansesith. eThe
subwavelength propagation). Finite Ign%tthgme{gal strugtsura%s ifﬁ%%%h .
na RS PR A B RS AR R BR ARG L BT VIR the
pho@nestaleatirixensichsisushinapbsdintisderthosed maherisedinghsxiaiie
@%&%M@ AL oMb dhR H iravie ek (RebusanrRlemMt 200 am and about

0 nm) to the infrared (between 5 about 800 nm and about 5000 nm).

Eificlency 2 e SoHANa LG SHSHARHANER. IR CAMAIA, met

struétures epends on the geometry of the structure and the mode of
surfpearcaioin SoimBremistain Sidicrashal e sTars RIS ¥own
wileE K3 eiddedByaneh 20122 ircau pladoitherweadiabiorwitkolt, dihe metals or

e S G S D B e G RS P BRA AN RN U R DAL
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 siructure is a structure wherein the separation distance:
between any two metals in the cometal structure is nanoscale, whereby nanoscale is in the
range from about 1 nm to about a few thousand nanometers. The two primary examples of
a nanoscale cometal structure are a nanoscale coaxial wire and a nanoscale coplanar
transmission line. Both of these cometal structures, and variants thereof, are capable of

transmitting waves via the TEM mode, including waves whose wavelengths are smaller
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10 than the wavelength. In other structures, such as the nanoscale coaxial
line, no arrangements are required for sufficiently large external

diameters, equal or greater than the wavelength. If the inter-electrode.
W %{)rw{éﬁg?nuch smaller than the radiation wavelength (i.e.?g%ﬁ%gé%s/ﬁ%z
de can propagate), spec¢ial arran ts: SUCH RS, 2P fRteRng, may
tha‘?ﬁ%@%%i%%@&i@#ﬁé%r%ss l'ﬁ'flf}u Fé%?%qé%%ﬂe%%o in%gfr)fts iincreas%ﬂ
conpil/amities fialin clandise PR HEd A CRARGOR HRBRORY Bk ivgHg of the
nareeRaLGH@sBedivrn aavelameataRsdnil Acudingesitinileepatennahat is,
impedance,matched to.a scale coaxjaj line fi [ ic-
- Wihsa phajeveliaic
fmlé‘c?ﬁ\u‘/gl TRt |ﬁ%$?%eﬁ3 ?ﬁ%u%%@%g%taélg r%obléroj{#ggé 5(Ielﬁai%ient light t?())llection,
abotiteb Hamo sodrbosbMEfarsection traps the collected radiation, and assures
its efficient conversion into 20 electron-hole pairs. For the nanoscale
coakfitemloditrerntyhescdsbdaikeyrlrastinyigicivithetrigmhotd siestings
deRHIEIENAY %%}E)R_?_{é BRalons.af chalgararis sphrcarsSihisaffigient at

conveying the TEM mode of electromagnetic radiafion, The nanoscale
ST ASTat GBI S T aUe SOt i FOn T 16 ACEHe it
radfHtiotomifhaty estingaardiths, ranobcsle ioasdabide widthticanrbecksmiljer
mag'gg%gméﬁgan%%d& diaeastar JQPiovidehigh.casianA ianeesting

ween internal and external electrodes. The coaxial line allows fo
arrgreaswa%ﬁéﬁ@ftﬁuapé&a@a{fgﬂ?%l%%e\f}wgﬁwawfaisﬁ%ﬁe&s*'ﬁé%%%e*na“
thealectiageis. Intantthdedistantenhativeerhalmetiodes: thayaBitiess than the
waSBUIShQITLSION lorall Mtk RBMPRING Lhe It ALARAAIRR i &
nanoscale). THe nanoscale coplanar embodiment is also efficient at
ARy EAR G RETENY mode of electromagnetic radiation, and so yields high
30 harvesting efficiency for both photons and charge carriers. The
presBretiyadiotio disdlerrbonheinesioacmribars ine dRnssmde fhPkaipable
an@f:h%ﬁ%@sixﬁre?@ E%J%@Iﬁ@@@&ﬂﬂﬂﬁv@rﬁdﬁﬁﬂimjﬁﬁm&y%}ﬁhn&mm@ﬁlude, bui[
are not limited to, 10 WQ 20071120175 PCT/US2006/032 the coaxia
e T 2 B A TG e LG B e T Lot
activanialiurari&iils shemdirmifisnmtireordes sEoiestbshbec SReioR. iemmorsR,
cofiEM! &lrianSHRIME cB1skRd SRADANlIRasHr S Hip kAR isna dsanasissien line
ha\%g% two flat g‘%r llel metallic eIe,c}ro e%ﬁ setrgp égoa%%q%ted l:')a}/ a f.iil£ Sof
el tsRBldIENT. ARSI ICBF SERHP eTBCHOHE s [arger thar b the radiation
highchaetenigitheThierele bir bdthephetont stsrber g apaiersaiehse anivaiEis Bl rr

Rpnhesadiationivarelenatndianambad menkRRMeeseale aakidth

line with a plurality of cores (multi-core) can pe used to yjeld high
caf &F\}@%‘ﬁﬁﬁ‘@fﬁ&:f@ﬁé %R aﬁﬁgfgﬁ%ﬁ g}ggﬂm Earvestmg, ar}g%he nagoscaie

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 eleciromagnetic 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,
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charge carrier. In an embodiment, a nanostripline (i.e., a stripline for
visible light, which has d in the nanoscale) yields high harvesting

W%‘leg{l}%tg 1;%)r both photons and charge 10 carriers. Antennalgcalr} d%B%ﬁﬁg!ﬁSZ
reSonators. The nanoantennas of the presently disclosed embodiments

are broad resonafors having large aspacy rafi i il is
the FHE’E%P\E ?3?5%%5%"5’?#0 eé.‘f"‘di%r‘%&ea?gf ?igﬁe‘x%%é? gfl‘“ﬁé‘é&#ﬁeﬁbgﬂg%’fﬂ;f

iranting ssian dian feHEceRc B Rt B TER S et WeTaT S SRR FHe®
copliaRoanteRnapHeserheaharsin pos seas it thiathedio maielhiadetesistics

of conventional antennas, proving that copveni dadin deghnology,
(Str%)pﬁg?‘iﬁefﬁ ﬁa???gs%g é’%%dg?i‘é%t%%ét%%rﬁsﬁ é‘%g)\lﬁ%%il,e frequencycrﬂr%nge,n
the Tdéniperformiangd. o ihelegiseden BF ditapre daray: A0 SEY RS HBYRHIE S
mem&aﬁn%@a{l ; éﬁ.'l?ﬁ%%b@ﬁﬁn&ﬁ,wﬁﬁmd&ﬂs aiaamamagml ;ﬂu?;zﬁigh
material and installatipn costs. The system.of t SSEM, i
cOrgH BRSSPSR {f’eﬁtnﬁ'ﬁ-rﬁ %r.r"r QZ%H? %1?60\1{%%1}2{16. Wi%fﬁ%&r%ulti-]ayer
chasteatagys. teaphotoriioratg neansbplinafehed ¥oriee Q8vitblsdigtiorBshd
hasIPR HRIRIYZING PRRAOMEIPESeSsMRd uihiey Iiauipg eificiencyiafiG. 1A
shows a schematic view of a nanoscale optics apparatus 100 including a
“arffiitality of nanoscale coaxial structures. The nanoscale coaxial structure
includes an internal conductor 120 with an impegﬁlnce-ma hed antenna

110AeNBRe 8B A SEL IO FSS 2 E SAEE A3

6t8VSHaic material 180.
embbErRanoscaleaptiemapparaiug A9 ispsupptrtethyysdhsindsnztte Bggucihe

internal conduc ! YONAriRe ARRRSEA 1RO axkBhnSiRUC UAre
lar%??rglﬁ?gmtﬁé%%%%éi %ﬁ}g%%ﬁ%?gf%ﬁz 1:§LJO. An outer cc%jiduggoc[ 16Q is an

be gnetimporedting BRI sB AP Sectis P Y8 R Bl AABEogREess

?P§}O nanoséjgfe )
ThCPrdahsiruchurasiale anhadatdihsatoong yetivie gt boldLiTha radio

nanoscale coaxial struct DA 2.:20NARQ8E3 axial splgs cell. The
tecri?g?lgg%g%lbef’)%%ﬁ %B%%%a%ﬁ% IS rnsaptéj%et in accordance wit thié presently
disclosed embodiments. 11 WO, 2007/120175 PCT/US2006/032482 The
interhil REFITIAESE _0[‘2%‘“ N eog%rr?éjt‘aeﬁ?gg o i%d/mples of metals for the
coinferizt comduttorsinelienrti: dredrotanrmeertrsdash irrpel aph g aton
co"slﬁ.”%é@%t%gﬁ&!@ﬁél Héﬁﬂﬁ" @B@é&a%ﬁ{hm'ﬁ{sd}ﬂwh}fa%ﬁm&mﬂaﬁ, or
~ chromium (Cr); metal.alloys, e.g. stainless steel (Fe rIN# ar alyminum
I%BW‘@/&FFMW%T%‘HH%@E% |%tp%lyt§r}1€ rils().%?gtﬁ%err@(iﬁgcrér? aIPé%n% utc‘to rs are
schighhdelopearsammicoitudtng phendsiosttwrah e wite SERiIgHhgly
small band gap, e.g. graphite). Those skilled in the art will recognize that
the FIG. 1A 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
nanoseale coaxial solar cell. The nanoscale optics apparatus is made in accordance with

the presently disclosed embodiments.
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internal conductor may be other conducting materials known in the art and
be within the spirit and scope of the presently disclosed embodiments.

The photovoltaic material 1.80 has a band gap to maximize '
Y& %(;(P;,g[;%f;rm the visible spectrum. Examples of photovoltalé; ?%?egrz?giﬁ%g%z
include, but ot I| dt silic d I
SlICR0 3D SRABIUMLIE!HFdE A dh el
indilin 5% arﬁoﬁL %céfahl%% tHGaP). gallium arseanI}ae (GaAs), germanium

intef@bjoBlutaGryS mhye @@éimﬁa&}ﬁa R BRI RS2 RRF 18t ide
trankioR Sle R Q&cﬁé@KNcﬁl}q@njCaﬁﬁﬂthﬁﬁf@ﬂp@fﬁi@@urﬁ@@ﬁemﬁlathﬂkmyaglne

saifffgt v RS s AR SIhRAE el KA 9 inse. Sited

Hotovotaic mat $ can bé crystalline (periodic
intearsheugenvint of aigmsdeped serdsenhietose atd) SRS AR Béfodic

van%HﬁE@%mﬁﬂBﬁfd%’fbsgl Wﬁf@cwﬁ&m{a&m arenamphbusodaperiadibe
arrangement of iIN Macroscopic.s Tho ghlgg&iggm ﬁrttﬂgvnl

interaR RIS ﬂligi%qé ﬁqf% {VBHATC materia Frri}ay glgtﬁjer materials known in

splmmwmdoawfghapb?aﬁdlgépﬂé@%ﬁéemb@ﬁwmfé the absorption of light in the
visible spectrum. The 20 photovoltaic material 180 may be uniform around
the Titeshatbeandtmtoer k2 080 e iphdterpchaieriaisibd 480wy shilighind

in tH1S, 10K @gé&%d %I%T%%Qefﬁﬁdmwfa%ng@mﬁwm [URK GanRdueior
B0'm us, t

e a metal e outer conductor JEG%C%? g% he form of
Sﬂl@ﬁ*@ﬂélﬁé@}}ﬂﬁﬁé’r‘“’é@&%ﬁ%@- GrtRes B BRES? B BUFArE ot
msbﬂu@(d}aaé)t(ge@wb@m {ibeyr carhos Srately beSpmtumantinonifdiatdy such

el INE ﬁf ng Umlﬁy QD Qr shromiumCn; %@ball%a@@gymwess

Stcel | ora mirium alloys AI/Mn/ n): an etallic po rs.
(C@ﬂ)bﬁlﬁf@?ﬁ&%@ﬁc?é}%sﬁ?é%@F\W‘&H&EB‘N% dﬂ 6} ﬂymﬁ

phS@RHReiMg (ANeialoNiksaNARiGhingly smalidsanddgapre. g r@qpmoe)c
scal OSSR The Al GCRRRIES Al e AU GOBAURIp oA GRous

ng materials known in the art and be within the spirit and
(apstiogis oA hEeHRESErAIgMAISCRASERFEINB St e ntaosE SIS B0 AL 575
recd &TZM%Q&@@%&@B}&B{%W atliopmdesnabf iaaanoshaletoakigls

bas oS Rt 3 kR B A ARteL e g Iaraheonductor

e dlamete ter conductor 160 is 2R. Those
phekitieltrintiateriet 1§11mer g ﬁrz@fﬁla%rﬁﬁédd}m’é?&@ eaNERy ARG B within

philieSRil RRekacopeniyibapreaantlidiselespdentiadiments: s 2A,

FIG. 2B, and FIG. 2C each show a schematic view and an exemplary
mannecr.

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
(AD), or chromium (Cr); metal alloys e.g. stainless steel (F e/C/Cr/N1) or aluminum alloys
(AVYMn/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.

12



10

20

25

30

view of a nanoscale coaxial transmission line built around aligned carbon
nanotuhe. FIG. 2A, FIG. 2B, and FIG. 2C show a single nanoscale

W%ogig&,ﬁ#zs‘;t{gf%cture selected from an array having a plurality %@ﬁ@'@?&ﬂﬁsz 52
coaxial structures. The schematic views show the three major steps tor.
fabricating nanoscale.coaxial solar, cells. YoViewswerg taken
10 ﬂlgci%gﬁgsg{c)g?\ﬁi%ﬁ’a ‘gf&??oann?nnﬁsrggcé%g;%g%}%%g g!%% degree angle to
1B, the diammpte oftivrdisternfl ngyk e B ds2 s plidrihe dioredrsid i PERemplary
conefﬁ%mrq:‘?@r?s@lig Ne&ABna iﬁamura];ugaﬂm@iasmaf%mﬁdmmml
vapor deposition (PECVD).method was. r tically aligned,
andr*?ﬁﬂi\%)‘éﬂlgﬁ, ngfgiaggkdtsc%%%ongr}le rgiﬁrﬁ\)ﬁ sa\ﬁﬁ g%é%a?\%%g%hgth of about
5-6 pm usi(rﬁ a nickel cataiI%st (FIG. 2A). Tlpe ctatalyst was  empla
eletfddebdditedbind I ih @I BRSO T0hm) Sputiered on
viewhss topofsaaty assxiibstsatesiFiGing Bidhowsd sligvefrationieipodiig-ahC-
1A PIEMRlaLy Vigw 9Fan.Aignas CRINAR.1BaRAtdD S akiar.GORERE WEEH & array

‘photovoltaic material. The nanotubes were ¢ ategl with a ho;avg{tgéc
haviggerbraliv ARTATPERa SUE S 8IS pHEESIER AP RA S thickness
majoetweenahbtitdne nnvic Rioutid50anceds tTbkere2OLRICIOG YRGAKRD
.Schematic vi A& yiew Pan-aligped.qacienpnanatdbe
U er Deing ége\gtﬁe%g W%h a pgr%go%g?taic maté%r?gl an%1 an outer conductive
material, The nanotubes were spufte jth.akqut 190, tim 49 ahayt 150
nmtf#gkzéhsr%)rﬁlsuarﬁ éey%arlcag[aiﬁg%%%ré %%r%%%or. In an gm%{odiment, the
namouthe. chdlesorientiied chsac A50RIRRS tigndRE Y Bhugihnd gps used to
aroRPNRECAlS AnAviakiransMiSs ignilineabuiltaroundsaligned: REgatbeh of
nanotubes. . The array may h oscale i8] fransmissioRines,
Doy H%Hslﬂ%ﬁ’(g‘rlﬁﬁ%y%a}a?g% o\ﬁh? % ' ﬁ%%%%%%tg 190. The ngnoascale
thigobocmitratayricaion liheeseitens andheEnPFewRSAREDENly distributed
on the substrate 190. The substrate 190 may be transparent. The

substrate il 9 waystiecamposeehdha polypiet, Giasst serkienrd satetial,

nar?(%gx%g gé@%‘&aﬁ@i{lﬁbﬁ{h&o@gmw RAYONS. tlﬂﬁé@ﬁﬁo&@§%e§l§'@&ﬂetﬂﬁhﬁ Aart
will recognize 30 that the substrate may be other materials knowp in the
Pha sl BEN AR R4S e OF B8 SPSLEH AR
beR¥BROgHBIEe MS. nh3tWEHRAGT MR 0T FacRET/US2006/032452 An array of
vertically aligned conductors (e.g., multiwalled carbon nanotubes or other

nanqwiresinapRiibessimie: giewnanatsehgdoibe sibstiiatedNekothe

conductors are coated.with ropriate hg %}{glégigug phQIoYAR G erial.
napokt ?i%&?"i’ %“é&ﬁé%%i%‘ﬁ‘g% £ ﬁ%ﬁ%@gﬁg r{/vi{th the metallic layer acting as
Thheeochdrsssthsmgicred 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 subsirate 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.
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5 An array of nanoscale coaxial transmission lines includes vertically
aligned carbon nanotubes grown on glass substrate coated with a thin

W@%@ &g 51411) chromium layer. On this layer nickel catalystgg%lggg(%}an 452
growth of nanotubes was deposited electrochemically. Then, nanotubes

werR SRAIPd I A0 AT Of NI AR Ak R B3R S 01 0O

nm'ot Ehiomium tire array of nanoscale coaxes was filled, 10 with

othepirnowigkeeSer) ArHEEvaseaetes e S Ry RIFchEHA Y BIFitSRed
are %ﬁéemzmﬁﬁtﬁh&ammmmmlm methiahi Gk polishesaofthThis
Gm%g nﬁ%osﬁq Ehcqaﬁ%al t(t:ores tﬁ%lﬂep%ﬁé&%fed and they can work as

engt epe Fansmission lines. FIG. 3A shows an exposed
coaxial structure viewed by a scannin Iectro ICrosc
FIGA%B"@H&%&WB?%@%Q%I\/ VIeW oF a Sei?’ll el%g;nos%a )Egia%%@argr?n
ﬂamamssrgmmm;g@swemdt@m@baﬁhm@@@émhlﬁw&bg@@b’ém}rie;’esém
mﬂ%?&%%@ﬁ%%@dk%m% g%f)\thg ogﬁﬁ@ﬁﬂﬂem&ﬁdﬁtwsmlssmn line
after polishing and being expose OWSs an ene ispersive
e B0 Py TED Ly A SRBF T LoniR S L e F
suaaegamghwmn@mménmamwmappwgrmacrgmczfmf(mac@@wwahﬁw)
Wltﬂr% 1"i1— - ﬂt Jﬂ&%@@ﬁb{@ﬁe@ Arths- fﬁ&ﬁ&{ﬁﬁmgﬁcﬁ@em‘emsltlon
S Ilnescan while three pr sen %@4 ? ond to Si Ilcon ggl)
Pa‘éﬁfé’?ﬁlﬂﬁ‘r’lﬁ(seﬁ}lﬁ SREERIB R MAT AR 338&- fion a ong gagcanne
co@i@gﬁ@ﬁf@wsedhaﬂth@mmwmmwwdﬁwibond@mgﬁéﬁamffh@@ﬂ|b&es
FIESRZhAE0 £ A8 aonimilaky Highes! EQMMTLCRRERIIAIRN isiptesant in

e region of metallic coating of nanoscale coaxial 25 walls, and highest
(SEMminum concentration is observed in the area of photovoltaic coating

(A1203) FIG. 3D shows a cross sectional view of an array of nanoscale
coavtilb stfeshoriis etk H<lon itk e ReloREAY Ih ERAFHALGH BF TR HURE

ViGRRECIQE AFAHDSidhe R ARassas:. Cuiex 3 Bhaaubsly atersflianibies lof &
mﬁqrg%% ér%%]% ﬁgl?ss%tglset{g%% 190 is 1?9 E}@F Wy (:Ag%g%ggg 4 Or other flexible

COpper, &arb steel, and similar materials). The

substrate is coated with ¢ tal articles Fe
chorRlCaPL HOYA RISBT %‘6%55‘ B 5&?68?’0@5’4%52%’“ b
coﬁiﬁﬁﬁhﬂﬁhﬁftﬁeabm@ihm @hmngenmmahmm@ééﬁsﬁﬂﬁﬁfté@hniques

cnSr: e HItering,; SYARATAIP AR A-RLB AL ﬁ%@?@%@@ét&l@&hdw@ﬁml
con ors 120 that are nanotubes are g&own usin chn ?S escribed

i (dg O B ECER Sr BT SR R o

chromium (Cr), and aluminum (Al) concentration along the scanned line. FIG. 3C shows
that the concentration of silicon is highest in the silica (Si0,) rich area. Similarly, highest
chromium conceniration is present in the region of metallic coating of nanoscale coaxial

walis, and highest aluminum concentration is observed in the arca of photovoltaic coating
(A103).

FIG. 3D shows a cross sectional view of an array of nanoscale coaxial solar celis
with a concentrator, a concave indentation of the ouier 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 and
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and the substrate area is exposed to oxygen, which affects only the
exposed metallic 5 substrate forming a photovoltaic layer 170. The thin

WfiIm}o,}‘/sléaﬂrlnlisconductor material 180 is grown using conventign%lf dSe _!006%@94%2
t%&h%ldues‘(e.g. CVD and similar techniques). Finally, the dindhrard Yrda

is coated with a soft metallic layer 160 with ropriate wettin Qperty
el DB AT LB B T o (L SO
evaforatiod afhemibntshtigies) 18184t intewatenid vroridedshatpacemomsbasare
aroSRAISEL IR GRAUHAI Sekaf (413 10 @D, embusinentidite: fretaile:powder

or liquid will be used to fill the inter-g%e %g%gigﬂ toelI{g)}\{/vgs%cpl\(leatliﬂ ICermal
and hs SHRETAY TSR R SR QBRI T FE Yo Meniscus region
subsirotridreachamanosclits doaxidilumtatts adfghniondereransicnss! Qs
gro%qjgiﬁg%n%ﬂﬁ&{%@&%ﬁ%@ﬁ%@E&h&&é@'{@@@@@ﬁﬂ%ﬁﬁ@&d&lﬂmﬂag.

nanoantenna itself. The con_centr?ors ]Iﬁéla"OVY Eltg% ﬂ]til’e sola{ c‘:,‘(f-:-létarray

Finglly, dhe-iastteirieis RARET B E gRTR KaRodcaie Eoasdal thits, While®
progtittyngimistinie ghesrychighceffioHysuThéreloneanseriteiy 1585 dampe dibsply

coidddled 10, thesolak cell ALANHSIEEE RIRMESEAGHERI ie@bitn 120, In

embodiment, the concentrator 185 self-forms in 2%? nductive medium that

an GRBeRRts eSS RS B YA RAL STorRO S ASBSESTE CoakiET
fol barebbalhearmabtingsaet adl ioméldi soedengaia hiétallie powalemsinidiguid

reg‘i"gr%ﬁ!m%m?ﬁ%ﬂ&&?gu&ﬁﬁ #is.HeRasiied Radhr-puiarsondueteke0,
and thermal processing is used to control the wetting angle, i.e. the
aniggp Rl A EBFEGRHER Y S HEN Y RBRRETREUTGRL. cHi

ncentrator
colkBhrReonyexideptessite alourd eaghtnbntdealgdorididbeeravihe, A,

nabasaid Bo 204 uﬁ'ug’ white %Bﬁ%&l%%ﬂ%ﬁg IS oh.oRtRLRYPEIMeRtA MRS S

white light was transmitted through an array of nanoscale coaxial
18frasPaizaiBl RAGRS teite solgrapll N SR SRS ISPRRABRY 8Fthe array
visible in reflected light with dark spots representing nanoscale coaxial
trandmrissioboiireentie caeshaiws e dinfaes 1BpsgrPapHiy corthiue fitle
po?ff@%é%@tﬁé @lxri%ﬁe\bjﬂ%ﬂ&ﬂﬁéﬁ@ﬂ&ﬂ%@@ﬁgﬁ@}lﬁh&%ﬁﬂﬁ?ﬁé’hﬁm& of the—
illuminating nanoscale coaxial transmission. lines. LAC s
TR HUBUTARRY ot S S S S e
is (EpCHitdd)sethelctiier trombiiittd 0ighd BErpRIropaysiTRBESHd & GRRYYE5d
w&RHEiapen; beluesn Resilemot sReiE-dRillgminainginasascaleigoaxial

transmission lines both FIG, 4A angi GFAG 'n4ar§ds-c|:- e g{r}anéwgitlggd light 15 WO
COBBRRTAE 5 e S RITHIT35055" Femains Whits (FIG. 4B), which

suggest no cut-off frequency and wavelen(]:;th independent_transmission.
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 Iines. 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 topegraphy
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 light
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The nanoscale coaxial structures of the presently disclosed embodiments
can be used as low-cost building blocks for mass scale fabrication of
w%oi@’/?ﬁl(}j]%'ts' Solar cells 5 could include non-ahgned Congi‘f}ﬁﬁooemsmsz
produced in mass scale as nanoscale coaxial cores. FIG. 5 shows a cross
seclonaldanal an embadinent ol i aeseale camial selgncplsyhaving
rem?fgﬁy@ }tgi%?cg% uc 16’%3 I‘Si'%tri’fegdble matrix. fﬁé non-strl%ght conductors
trangimaspion. aligned with respect to adjacent conductors. Non-straight
conductors can be used with any highly conductive nanotubes,
narthwitesysoanofibérssondineiaf twoessrely diockeee sEbiiEostts M S aight
1seSAORULIRLS AR ReARABARO the S:arRYd Y tbrnBal-GMD foheital

vapor deposition) technlqtue. Th n:ggerrlni{aiéscsosgag%gor cgs%geb% Elac?@ ros.

couith BRSSP AN LG SRR ARPYEIHAR g RS iCondL Ctors of desire
Fichantgaps and sestemtlalipmitakizeodio i all renvreadormsp St erds FIG.

hav?ng'#&%@&g- {the, ReResiaight reenELGtan: NoR:sisaight annduatorss20not

multicoated with semicondyctors 180a, 18Qb, 15.180c of ropri
S b

higeWbedidethintmancendustiveranshfieiicte anddiliansiugyesyy., conductive
paint or polymer). The protruding section 110 is exposed (e.g., by
etchingkangiothimlaysipnfcpliotoxekaibmatbrahdvduisdsposited in the
top.of this structure. Then, a s fransparent conduetor (e gigkdium
thef?ﬁe%’)éi@ 8‘?‘5% ulé'rra %rn%g%sﬁ%% %%grjﬁlé%%is%g%&%a A 20 first contact 172
theis chcljaicelist RolrepRiAingts sRROAERL RRANIBBI0E HESHETRBARIRIAY
evéh{ D1/ S860RECa AL It inadiacenrtie tRi@Mdbfthecitternal-onguctor
120 opposite_the protruding, secti coftgctidgd is in
co'ﬁﬂzlécg) h%%gff’éigl E(t—:' ﬁcr[ﬁwf%gﬁﬁi g‘f‘?ﬁg% %%%%%%%?g%%gosections would
13Beofepprligatcherdaesnond edwiid o n asiaRy itk e ntrLaeRAYSITE 4.0
ard @RGSR d H@o?%rﬁﬂ@eiglghgmﬂekﬂﬂailili%ﬂylﬂﬁqgiﬁ(@flg?mﬁdilm' alﬁﬂ%mcg,xial
transmission lines would dramatically improye i Tolls)
POSARTINGC ISR &Y and ﬁ%ga%élr%r?’ﬁr%%g(}%ég{d%%%h%d%%on. In
phatvernibodisreiat, 196 iidendisst drdin s BirerIAPBadRrEssF & bsed
traiﬁfb?&@n%%n%lﬁﬂﬂ%@%l?hﬁ?%iﬁhSﬁﬂl%fr a@dmrwgzwﬁgmlmmt@m}ed- A
efficiency, Better matching the semiconductor han
R G A e R R L
1Mtanossalel cosxehbEed shiassedtiernd piibtdvishatopdnstny) ' edRimasits

thgggb%%!&%% s@!:@liBQ ih;@, ptespalcqnoiisiasina mﬁaﬂfbmﬁ?wmm(f I@s.

6A) or a serial configuration (FIG. 6B). FIG. 6A shows a front perspectly
GO RS CSEUTAT S e TSNS SOD PN e PR
1IRE BAIBROOE1632¢BR. 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 cell
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having multilayered structure of different bandgap semiconductors 1 80a,
180b arranged in parallel layout. FIG. 6B shows a front perspective view

nanoscale coaxial solar cell having multilayered structuyyr %f[{g a0l
ammj?l2E 127em|conductors 180a, 180b 180c arranged in serlli&éflefﬂs W52

havgig g%é o@g%gé%?ggtayéng cP Hf SLE Y &?co%%ﬂ&%r@l %Qr?gl‘ébem%@éﬁ in

ecause t evan s energies of collected photons
paraliolily & Mtéammae&wﬁneﬂs@%‘fﬁ%w SRS RAFs T coll

havﬁfé‘m%é‘)%%d %%@@@Eﬁf%elﬁﬁaﬁ&@%d@rﬁ@mad&@ 804, aBthe18anoscale
coaxial solar cell t enhan ton coll tion.e ows a
s ALY SN e Sy S 0
efficioncgntiatarsoSHiederriisdhe0drions erespesd %ﬁlﬂ?éf’ﬁlna’i’f&%‘&a‘fé’&’éé%ﬁ al
betSP LGNk JRBRORSE AR BRnigaeonical section extending from a top
end of the nanoscale coaxial wire for improved photon collection. The

Congep %L Rlakenis AhQmanepa. antheauld hayevasians ahshianes
known in the microwave technology art.. The Cﬁ)%/% eéf) ator 5 /may have
sl

congjith sriariprd) G‘dﬁﬁ&afﬁﬁtpﬁﬂpﬂﬁmgﬁtlﬁlﬁgﬁé’%%a LI8r straight,
pe@@d@tﬁs&l Wl Sﬂ&rxﬁt{nik&lleﬁlmesd& Tdilevcbribe atrartra®s ]r%fa?}»ﬁ@‘iﬁétal lic.

a pscmm
fmnrﬁgtg%oa?l |ncIu n%%%lﬂ&%ﬁ%%%%@ﬁ%%%ﬁr;ﬁigj r% %/gdok\y:d

secﬁenﬁé@némét%@%wa&eﬂ\% 5B BARF R GOBHR MaE AT (hPBRSE. The
colGRA6E NNR ehrk8kraould bie Amintegeahpanicobtie vutertopdustisredayer of

kn&QSh ’1?”0%‘%&!\%&%&&%1 %y%ﬂnﬁ%@%&&%{lﬁ%{wqm@;meq%sémﬁmclmg
?“brlca 7

separate ont e top of the nanoscale 20 coax.. T

bumé@nteéﬂ@m@%%lﬁﬁﬂmélm M&%ﬂfﬁﬁ%ﬁ%ﬁ%‘@a&sﬂoﬁ’ﬂ;}aﬁh@%

TreQBslaHvRMedi thatewald Needycaetthe 86 faveofaricated from any

hi%ﬁ mc‘{?l? ug%il\% %a Oaﬁr‘i’c il %ﬁﬁfi ngt(f%%géllt& 9 'iﬁ@t:lp ﬁgﬁﬁtﬁlgyc '%ngﬂoped
ression around eac oscale coaxial core, as shown in

senriethdeiof, mﬁ@@m@ﬁwaﬁr@ew%ﬁﬁm%%&ﬁﬁ?f&‘a sﬂﬁs‘tf’&féﬂﬁﬁﬁﬁ’fa‘g
coﬁﬁtﬁ-éyéiﬁn?eérm @l@trb’ﬂﬂr@ rQuanehadplurality @focatoh nanasatubes.aSlinternal

OB b i et e SRRHEPp e lalor e mBERle:

FAte With otov itaic film: and 1 illing with a metallic
corve dTomeahesninases k%%ﬁbﬁdﬂﬁ!@ﬁﬂf’rﬁ st PR ARRB AC R KEERA units. A

canescaesaaxal wela selligarbedabraatethusigdiianetdractoutined
below 30 or similar methods. A flexible 9@5@1@ such.as.a
nABRTRATR GRS 4T 18 %rgét e%c%ﬁﬁxga?a f}%llég rre‘%%tgnj (e.g. Nb by any
asshiteblz @6hAidue including but not limited to wet chemical deposition,
electro-chemical deposition, CVD, sputtering, evaporation and
A method of fabricating a solar cell comprises coating a substrate with a catalytic

material; growing a plurality of carbon nanctubes 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 fo wet

chemical deposition, electro-chemical deposition, CVD, sputtering, evaporation and
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17 WO 2007/120175 PCT/US2006/032452 similar techniques. The
processed substrate is used for a catalytic growth of carbon nanotubes or

w%@(} Og;g%g%uitable nanorods/nanowires as internal conductq{]égqﬁgz&%y&% 152

of “nanoscale coaxial units. The growth of the nanotubes ca

smBSHRImed by a0y, ApRIGRIE JeRNRIAUS IREUinG ErnasREol D and
similar téchniques. After growing 5 of the nanotubes, the remaining .

naneiupRRE ARG AP HEN R ITER BSAPEE PR ctors ane core
nanftefepesnanewitessisvaxidideddoofabricatettheinoted bitaiy layer

E ate, 295 hepLieh RdUGION ThaRdheerliteRyatem

pewesn e -&“{%%Lu :

PR Be coated with a photovoltaic layer by any suitable technique._(e.qg.

of tigmoblbrsk BcHeEIiiBE GESER RS SRR tath i se4Rg Slentually

nanﬁd{@@sryf{m%mm@,u@lmﬁm?dmdrm&ﬂcgﬁetihe(ﬁm)opommray&mmmnmsmuwm
.0 should be selected and pr. j ' ot

e L e E e e

by axzanitairle terbmiie (hedioth- Gt kraperlitsany ik KHRERTGHY) ues -

and! SRDRIGNIE 8- vEI AYiBEIIRAIRINE: GINtEASHNge G, Rvapoutitiongdium

sputteri nd similar techniques. T ) | iments
bR e e gy desost avbogine

oaxlal transmission lines

medNGThY teefabiricarsdecivanblcaenesaksapparatrectiibie MsaREsE &optics

depPRRATAUS I shiRpii N elinnaLaang sepesismateri-matie;of @bmetallic
film having a to surfacequgcﬁ bottom surface and a plurality of cylindrical

eV R R R ST R A L BRI TO VS HAIE Miaterial. An array of nanorods
penetrate the metallic film thr_oua}h the paéllléllraliﬁ/}eotf %ﬁgnggi&a& c%acrgtpeels.
The Rf By SR AFENEH TP A BPSHE 8RAE 20 portion that extends beyond a

cosiufaarsef thenmataliCln @ricbsimem betded oamtiRserpaeiss wiksin the

neafRIALIS flm, The RroldingdRaiamasts Rsmuanaramen Anand is
capa%fg) of receiving and transmlttlng an elect on}agd?etlcfra | |onlat a
maﬁﬁﬂ%@Wé‘&ﬂéﬁéﬁ?ﬁ'ﬁgﬁ@%ﬁ&&Qg%mgﬁc‘éﬂégé’ AR SsCaIE Codxial
chifaesmiksioniing{@R)tainchaticws Ma@appégmmgp@méhmmﬁ%
fil iha "ﬁ%’lge'%‘ H@y%?ﬁ%gamﬁaﬁﬁéﬂe'ﬁ@wﬁﬁr b flimensinns slthating

anor e nanoscdle gptics apparatus can concentrage light,.and .
potHienaiareERERRBOR AR ATH BT %@é“&‘?ffgﬁdg}%%?fé%“ 9
wiidhgantennes mihaaoeddit rembeddedsin et fid ieffoetizal(
rod. egfegnkgmiuggn%%%ﬁﬁg&& MERSIANS NIGHRAMSNNaE are
capable of receiving and transmitting electromagnetic r g@tl irg ‘gst g}e

emiedidhs BOrFRSGETRSIBSITEAISAPRH R OSBRI & Hand-CTL
pripagktitn areASWRIMENEGon 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 10° times. The array of optical nano-antennas, with nano-CTL embedded in a
metallic film, effectively compresses lght into nanoscopic dimensions. The nano-antennas
are capable of reée:iving and transmitting clectromagnetic 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 direct
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tunneling of electrons between the electrodes of the nano-CTL, and thus

provides a rectifying action at the light frequencies, and thus conversion

of the light into a direct 18 WO 2007/120175 PCT/US2006/ L

W?u%?%{%ﬁﬁ) voltage. This property leads to a new class of %ﬁ%ﬁfngﬁ%mﬁ

low cast rectenna solar cells, The extreme commassion ofdightdn the
cuﬂﬁrgﬁlg)&?ﬁ%@g&u@f gﬁogﬁlﬁrfégt ﬁ}mited by the usual parasitic capacitances
recithaa snlakeclive EbnodrmipnearensascrSdirthb RS eRTctehl, FASEHABLSsible,
not 8k{c ightdrRamaReissc 2dpiGnashtusmalsohe matiednageliofia nanoscale
oSS Apparats 100 syhiesized b AgeAABgANh the presently

odiments." The nanoscafe optics apparatus 100 has an

array of metallic nanoraods 120 that penetrate, a metallic fijm, 140Q.the
R e e
accndnarodit2fchassanlyobsidatedanbaditentia Thonerasqaie ariifs STP8THEach

}0%5%@%}9&@5@9%9%@%%& pRAARCAIR.eRXBhiranstasion line
(CTL) 115 that is embedded W|th|n]t e metallic.fim. FIG. 9A shows a
oyliprdeal hamrrdidfaI it gth A RIS SR R BRI Contigliration of & nanoscale
optRplics sapanaiE 2 Gl gynthdsiZeun naacariden cbtvithethldiqphbn et
na disg{ggggxiﬁ@gx%giwﬁ{%ny rPP'l% 220 :etending havendanetalligdlm
40 act as nano-antennas 10, capable of receiving and transmitting an
eleghamaanetic cdiatian ot he.yisible 48 Legusngies. L daseming ont
collected by anarray o the optical nano-antennas 110, is compressed
natinselvambse aptterENaRAPRRTEIHE G SHSqeTHAITE ML ISR MR 4S5,
-m8hddsnBUbsagUanty decompssedd(and utieniitte d) bavtheroppositerside
of the film_by the nano- antenpa 110 : s $.110
11y sanale S EGRraREShare %F%E?&%t?f%%%% coénsg-g\?%r%gggr??ﬁg%?proving
fretrat Gen TnticralinatibtceHerte §y approsAbiRereH ArssERR Bt 18
coﬁg&@g@%@&%@%&@cﬂﬁ\léiﬂ%h@lg@m@ﬂﬁﬁiﬁaﬂgtﬁsgﬂih@oﬁom‘de(ttzitbh:a] ttigxial is
cables for light may also be deyeloped. An advan ' )
SUpRS ALY geﬁgﬁfgfgl%%ﬁo edsri?i%&l/géeh%tt fey'do 1%{c’hosi_i ga%fet%é gl%%%ﬁ%ngn cy
anfenneonfr astrientsaviguidesynicenah &l (enserse s Srckianad shies eigiel gl
COBQEB{&%?Q%U&%QE@Q@@Q%\@S%W@ﬂ@]}b t@iﬁ?&@mﬂmkt? the .
perpendicular dimensions. The purpose of usin nano
e CPLBS PR AL b BT ARBE a0 e  ci
cabbmpréasitheeiternaderaltimtoiinty tnesesiiinig Ssasasetieeritle

cafligNa! i@ﬂﬂt%ﬁ AR AdeE iR deareenabiiiisscampregsian)can be
estimated as follows. A matched antenna ?%ﬂﬁ%% nr%q{ﬁltlon frgg&n an area
I

nagpsrresigRirbraRiesd b LAY R RS YU BHER Ehergy RN ciently

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 foliows. A matched antenna collects radiation
from an area of the order of 1%, Subsequently, this radiation energy can be efficiently
transferred into the coaxial transmission line, where it compresses into an area

of 7(R® — ), thus the power compression factor is of the order of &' / 7(R* — ). By

employing nanorods 120 with a radiusr »~ 5nm, and using a perpendicular
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transferred into the coaxial transmission line, where it compresses into an

area 30 of 2r(RZ - r2), thus the power compression factor is of the order of
W;Z | rr(RZ - r 2). By employing nanorods 120 with a radius r ~ 5nmi.and .

Gt A% E bendicular 19 WO 2007/120175 PCT/US2006/0324827/06/032452

_ dimension R z 20nnz, the power.compression factor, ;
dimenyerdl Rumdred 6.R‘m%f&Pﬁbﬁ%%é%“g%d?gﬁfig?b@%}rﬂfegé‘fgf‘%ﬁ”ﬁ%‘”g%r‘féide
the thetdoemigd limessirlies as 1 | p, where p is the radial distance from the

center, and thus can be made very large for small P. It can be shown, that
5 thenelaettit: field esikdancenweil isnofvtinesardd pofvbetepoanthetedias of the

._order. of apout one hupdred in the visi nanored 220 withy
dm@’é‘?}%‘?.“&ﬁ adt ?ff’oaﬁlg;?}al Famatic. gﬁ gfﬁga%%:qegrﬁﬁ%?ggﬁbe achieved byt
the gliejorlaid roblsngeepithoi s earfiashdA-resianiseyd hy tiderahagrone
e ﬁ%iﬁlt@ w%ﬁgieggﬁge% %Léé/ﬁﬁn&@&mkah«;mﬁs Sméﬁh .tba;tatmﬁﬁmsmaadﬁﬁionaﬁl,

resonant enhancement by factar as hi ".due to t (Mi
Sttt e R T
in thiglaras A0G¢eO7 ¢ angbthersibie. Kighlairnsghom B gsraisanddiional,
re:DIQRERRES I LieRRIRNRie Rl e caaxiahs phigndaaving (otbr-desitrd

switching-off the transmitted elecgomgaﬁrlyletm@terpﬁé. To | |lérSe atae?]'{h'&-:-
totalfisid BRSSPSR A G EEPETHHR & AdELI*T5 ARt With the
enqigismanigcnandiods @20:sThdn dorpbsipunitiivg fidleldpreinbiable H8uE OV/m
thefﬁgss%g%il @&%ﬂlﬂ 5@&9%&%%& W&@&ﬂ%&i@@%}ﬁmmﬁ@%ﬂmjﬁ@r@m

that of a typical laser pointer. Such field intensities are sufficieg%té)ec?#ese

cosiietad BwiesiaRsFIER Rl harbiBws!e e e P S BORIIES e 8 iy
coRlBEHRAN BRI saOReMageshoningfthenralativiag charaltdistics ot the
nanagrads 220 of FIG. 9A. The nanorods 220 are.ali I in.the
e AT L S BB T e et e e o
suffiitrosoopys20 field gatstiendinarivrical 8a8pEs Aparatus 200 of FIG. 9A. In

the nanoscale optics apparatus 200 of FIG. 9A, only the top half of the
nandscals ehiies amma@slmmreimdmmofébgiﬁﬁréﬁﬁﬂ@e _
ChQ&E@thQEf\%?ESHQI%I‘g&Q Q%g of Pi& regulisdndustdnetopalf prenr faMing

transmitted light, as seen in the transmission ogltgcal milfroscogx image of

(RO LPRS ISRAER A e Hp AR HSTHBCPIRY KD HE ARG

aking the nano ale
inRptiesiapRAatas: @Fid0Qpaste ol o RFGnidmlistspurttescd comtis aaghasgus

2004 fét%il\ty(g ﬁ)&)amripfi8%%%@50@*3%‘&&&%&&@@@%&1&B@K%ﬁﬁ@f
|

catalytic transition metal (for example nickel) is _ele trodeﬁqisitelg oq}to the
ol FAeRalaONGEE B BSPSGN LGt RBHART 8 ShoRm-on Pavine

transmitted light, as seen in the transmission optical microscopy image of FIG. 9C.

FIG. 10A 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
electrodeposiied onto the chromium glass followed by carbon nanotube growth, as shown
in steps 2 and 3. Plasma enhanced chemical vapor deposition (FECVD) 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 SiOy, where 0 S X £2) is sputtered on the

substrate, as shown in step 5. Those skilled in the art will recognize that the sputtered
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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

\7\)83;'2 s(}_ﬁﬁ%ﬁ_an hour, A photovoltaic 30 (or semiconductor) material (f
ple

R : Q632452
exam i0Q, where 0<_ x<_ 2) is sputtered on the substrate, as shown

in.step 5. Those skilled in t it wil ' the.sputtgred 20 WO
mat%%‘?ﬁ%ﬁ%%&ﬁa Mﬁédé}g@%&é\% Istﬁr?a&t%gﬁgﬁﬁr%%f%ade ct? any material
apphicarieiycd bp eentechlinerin aRprednrad B AR WBHRCAGSTPRE e ﬁ?é{%&@é e
pre&miyl%@&%@éﬁ%@nﬁeﬁtﬂthr@pM&hmttth@sgomm'f@miﬂmGﬁ.@i@@t@;’e’@éﬂ?

. disclosed e imepts. Typica Halisig 0
thicknges 81 ¢ ?Bﬁllaé%%f 'gélgﬁlﬁ%d rtlkrynen %ﬁwi%?%{ﬁs%?e%ttered ?ollowed
polpyedmitmethatinrio BN rathiaeg RAE A IS MM A Hh S BBk H°%Bout
in AB06 401 AbOW AR MiBo@sIGhaNRT iusipps & apdideTypicaiy§.about 400

nm of alJuminum is.sputtered. In,step 8 t ' tehing of the
oL PO e A S Ch ot 4D o e eI o
acc@fptishehaaliout 20962 S0t 2S5 A1EVa saamBo Sppfahplgi o™
o1 SIS el AR AOKe lordils, SxarTeonmbbE-baitommbifot eample
was etched, 10 resulting in just that.portion Se%vip ' j
resgfiog Wiﬁ%@?&ﬁ%ﬁ%&%‘ﬁ“& éca:?rscr)rha%n{#cl%g copy ?m‘gtg éq%?%}ﬁ tfI%QI_%HSg r‘%}vt\%% an
miaterativegnethod for making the nanoscale optics apparatus 100. In

step 1, chromium is sputtered onto a glass substrate, typically at a
thicknessiafsiabauin Bhaimtik seldotetithidine §v opezralytiv tes oS

1 FaAlder examplenickalis nslotiedanesiied aninhehiamunglass
olfow by carbon nanotube growth, as shown in fsteéJ%r% ?qu. .eﬁli%lsma

abeiriHAmEe dAcHdsiRHPIEREI P RN B E D B (SR S ETRIE S

ol REABpILIE day s IRscERomwiminiate follo WypipalFte ChBoTBeszeNo bt A HINeUr

in ;%%Q tj%\c/:lojtail’?asgr% ﬁx%gﬁg&{]&%ﬁ{gg @96?5@0@(@6& RIS S iQsewhererir_

IS sputtered on the substrate, as shown in step 5. Tho egkicl)llt-%d in

chrpigm Wﬂ‘lﬂrrééé@m’i‘értHi&PtﬁeEf%ﬁ?b?gg‘éB Reltahar #hy B MAde ARy
(om@f%lﬁhlhamgﬁ@negkﬂc@mﬁ@m@wﬁg weuired by Bris applivationtbf Q:tf:]i
nanoscale optics apparatus l Wi \ the
Sy e B B e
maoosteth4p byieldda of ek resy ik bBeRIoecin RIS A IEHHEN Puttered

ap‘ﬂPEgtmﬁo@%tﬁﬁxwgd@%sQ§p§1’ﬁ@1ﬁ\/ﬂlﬂbﬁﬁ?§: @it}]}iﬁ]i&ﬁ&l:}qmbﬂdltlﬁﬁﬁorﬁ theof
aluminum_is sputtered. In step 7, the.ti e, ]
PR I e O LAt bR Ee il
thiakpesoof theutip§lofthe\hanioroeis 120 jeugeEdPpRdheePacd SERASS - H#in in

sl‘%%% 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 etelting of the
aluminum layer on the tips of the naneorods 120 is accomplished at about 25 min in about

20% H,804, 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 versus
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20% H2S04, 4.0V, sample as anode, a platinum electrode as cathode.
FIG. 11 shows results demonstrating the antenna action of an array of

W%azrﬁpgggfh %20 in the visible frequency range. Both, the polq;gﬁﬂggh(}%n{m

€ nano-antenna 30 length effects are shown in the radar cross

radiohi Crtil ?Vrgl\d("&/ gﬁ.tXP e OJX%%%@@E&%W@QE{&Wt erpal; Eﬂ"’i‘%@lpﬂﬁage in
retlecte &red by an aperiodic array of nanorods 120, in ef«ie lent
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r|g |mage in hows an image of the sample with interference

colars (from left to ri due to radually changin arog h.
ThettiGver gt ﬁ]%‘fgh SROWS th gs@é%w?%g ?éccstr% %nggggggope
macmagmfrnﬁhmmmbrtb@jgrqsmﬂ:sdm@)smméwr&w@m@W&Eg“é‘éflé%‘@é’ﬁon

et ARASEAIG:ORlicH FRRARIISAPR (Mg Boacgerdaneeswiibithe guided
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Sriidjt isdgigblesdothreudge thebiard @ TRshors. t@a@ﬁra@wém&ﬁ%h@’fesafs is
(o L Read me%@%anbmmmﬁmdm ht:spots Adsdaisabasitlard|G.

_ 5B shows the corresponding SEM close- P étoyﬁ’ we&u}ﬁ)f the numbered
singlgrgres Fihdleyentq Afi UIHB?‘F\ ?’ﬁ‘flour%ae fOifiber 47 are single core,
comfrienuiseretd, entburiihs 48ave woble it NeadoTEl ¢iber 37

ené{lpcﬁ%{ ﬁfﬁ FNT L0 B o ?%ﬁ@d\éﬂg’n%) L@ﬁ%é’s %&@?‘@H&‘téﬂﬁm &om the Al
Inaric

canal penetrating an Al Al d rk ri
e e e e o AR ey
theibgapisAIcmihingeds 40065 jrthanrtdy Waveﬂmgmmi%é Mwaﬁﬁn

1:he(-?g O for green andHR0nm for red). Thus, the subwavelength action

e nano- CTL has been demonstrated. In an embodiment, the

nan%)LS%%lgm Qcim pparails can 0% &35 &%;%u@éi?lﬂg ﬁgé!i as, shaniinFIG.

hé asymme?rlé inter-electrode electron tunneling in the nano- CTLs
shshowiiGe abrdlhy aTEBONIS tHETEERARYHAREIHHIEHIRG A B BARee TLs
(sRAUERGAMy Thes@0duRnetingiis Wa{rlﬁ,mltheummm 6o figlet is
always. at the inner elec rode. .Thus ctr inperdQ
ﬁ“ﬂ‘?@“&%ﬂé?@f&’@%@“ Bﬁloat}ggl&iaée 50 ggﬁ%é%&l%gr%%ﬁar%d Uce
eliyamd soffisetsian it Fﬂ@ftmoﬁh%)f@%’lP&?@tli?fiérf%‘”é§hqtﬁﬁ’§1%’tﬂ %&fiminate any

(sCRAGRRGGY B RlioR Ribe Rheevokaietaptdibusiul inakedhd fistdill
o AR e g A SR AR B A A Gk R RE The
induced band bending, and the resulting tunnelmg a quick process. The solar radiation 620
enters the nano-CTLs 6350 via a nano-antenna segment 630 of a nanorod 640. A
sufficiently large field will trigger the tunmeling 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 paraliel 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 paraliel to each other. Inan

embodiment, the first and second electrical conductors 710 and 720 are metallic
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25 enters the nano-CTLs 650 via a nano-antenna segment 630 of a

nanorod 640. A sufficiently large field will trigger the tunneling resulting in
WB%.%?‘; Y§ {;Jlarge accumulation on the outer electrodes. The,PRgE a06/032452

ele es can be connected providing the positively charged battery

elec t%rc{nsn% 'lzlog vé%aﬁhggyéﬁ Rafallabeapian /M aNRULdR AR IRclitiaD a

irs eec rica conductor 710 and a_second ele ﬁ‘ltrlcal c nducto 720. In
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deligern w@em@dw%@@we%aﬁéﬁﬁ@%ﬂ&e&é&tﬁ8%&" Y§'710 and

energg0. Air or a vacuum can also be located in the space between the
electrical conductors 710 and 720. When the intervening space between

the}@@%@%ﬁbv&%ﬂlﬂﬁi@&%ﬁ&aﬂeﬁcaﬁ%& filpdguits 'rmatmiw‘@ plateital,

th idi I ht.e
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confiugltiskoyre mmanaikeh@bﬂl’aiﬁ@lmb Giber 764 ﬁ‘@l%nb e of
e1ec%l?c%¥&%ﬂh&89@lé%%§tﬁﬂx£)elZ&%dZ@OAlﬁlafmmmommm dhebplorakisy iofthe

lectrical duct llel tg
Spagfl‘;%égf?ﬁ%?ﬁg mlljégﬂ?{}?g?ffye%? %f ?0}‘/ PRIAera vac%%ﬁpcgﬁr%%ro {JQ RBPBated

Slectrical éohductors are metallic
in tﬂ@ﬁ%wécph@tpmmtm@ﬁmml@@ﬁd@ét%%é@ﬁq ErateE RN B veen

betll& ﬁPe HL 'fHaHEP&?Eﬁ!ﬁﬂéa@%&iﬁ@wﬁsmwﬁmmw%ﬁﬁa alsaibetecated

In the space between the plur of electric con ctors endhe,
Yﬁ@@%ﬁ@%@%@t%@%ﬁ%& gy ctg'feefi’e &fica (1330?1"1 fﬁ%:%c[)]rsr%s e
cowiifiephottxatieitamagerial, the wavegwdlng function acts to deliver light

energy to the photovoltaic material, where it is 15 converted to electrical
energy.Same phinelismetielacicakconiicotods cimivmarsatiadydls. For

%"{‘é}sp SR tals, Lo, eéﬁ‘&h@'ﬁ‘zé%ﬂ@d@!@ﬁ%%@h%@e%ﬁgg&z&o in

can maae 0 atranzparent metal. FOI' an optlc;a%%{;gagatlng
matabder (e orTEaVPrAREaY 1 sk icturbERd £ pAT At SEBRIEIRL WATEShide

cofi@Aaf SRR IR FiG (dllabutanithiay ndditionaldistcekd tiredieciod A
multi-mode propagati n.be.achi ] | acin
myfife é? g‘égf%ﬁ%ﬂp e %\ ved w1ﬁ1 cvad,; \é\ﬂ{{} %E&E&I Yidake8 spacing.

spacmg OWS a nonparallel coplanar waveguide
T e e et Sl Sl 0 URaSPRRAS

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 alsc 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 photoveltaic material, the waveguiding function delivers light

encrgy to the photovoltaic material, where it is converted to electrical energy. Inan

embodiment, a multjlayer version of the nonparallel coplanar waveguide bas three or more

nonparaliel electrical conductors.
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the first and second electrical conductors 710 and 720 are metallic
electrodes. A photovoltaic material can be located in the space between

the electrical conductors 710 25 and 720. Air or a vacuum -
Yidehtde 2%‘iﬁe space between the electrical conductors 710@?@%%’%32432
When the intervening space between ¢ ectrical cendyctars. 410 and
720 }gfﬁiéq%%aﬁﬁé cril{/gftéllacp?n%) e?%\ “tf %%véve uiding fu_nctionS d;é%vers
invdiiging tetiergyprogdipiioteiaiiiie sratedimetl iy eorrrip e th%electrical
arbiBRE) S¥ap B RMPRLIRER L. AN Biaxefeveysion A b e ndnparalielal 180

coplanar wayveguide has three or more 30 rall leal

con BENERAAONE LEAHS D 015 ECTI e D i Eipalor 160,

Whem thebitraryrshagraaorpraniwmiseicre o Re G baregkapiior 160

is ANYARRRLID RS PIRRRAgatNirasiaR fisRNThadisnents B tRUlisye
version of the arhitrar 5551% c%met | wave %i e Q@g tlfég?gngrr ore

enefﬁyé?@%pﬁﬂt&'é\%ifa?@{?{ W0 HBY° & bRV B cated i the spacs between
an inner conductor 120 and an outer condugzgr 160. 5 When the

intePhEg SPRCEBENESSHTREMHEIEL AT X578 tRE SHter
shageNahsiang 6t infileduithrphdioyoitajcemateniat, £id0 aheviiedrigladihg
othffg nelion acts éﬁddn%'ﬁ‘é%fnlQmiﬁﬂﬁﬁ%ﬁo&}%m@%\@ laie woaterakidht by
where itis converted to electrical energy, The inner conduqtgrs[,hthe outer
alleying et 6hsitAertn & devivass iahy HERAN AHBE S eLEp & AHETA%INg Blit not
skiligditaarioarouthesagtare i diangulanmciiciokar toytindricaldngrsibther
symmetrical and,non-s | e 10: sk ) 6
R e S R U S bR
thedueseris®isd9harray. Those skilled in the art will recognize that the inner
conductors, the outer conductors and the devices can have any shape
and Amyrcrosks spitiomwrmusties Mt B CYhTRRECS ApE Y thle

nalSESENLIRENRNtleANEBASSAHM ORUESIGRIAI IS {AEIUSERS Resalar cell
comprises a plurality of nan §ga!§ﬂcppgg{gg!ﬁ%rruq%rg%g%%ﬁ (ozotli@prising a
B R SR AT S SR BERN SR 8 Hiret electTical conductor and a
appeaandselecirical obmdeiCtor. The nanoscale optics apparatus is a cometal
solar cell. The thickness of the photovoltaic material is the separation
distanestheieenrtine pREdiksta ectrical isondsartortandiiftensebomgen the
ﬁret! SRS g‘altﬁcc%g *LL!JC%E)? LN SRR J&%u%ﬁ)?.afﬁtéﬁ @rgb%tﬁﬂﬁﬁt,%éween
& Tirst electnical conductor and the second electrical cogsgrctqr is
|

seprIART Aleaner DFR (PR 858 BHRSh SRR TR ST i e ale.

cdadlAkgEis 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
oply 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 ¢an occur with a {ransparent

24



10

15

20

25

30

carriers (electrons and holes) liberated by solar energy via a photovoltaic
effect need travel only nanoscale distances to be harvested in the form of
lectric_current or voltage. The 25 thickness of the photovoligic. rial . _
wéhouid %)%ewﬁpproximately the same as or less than the carrigé%r%i#%%ﬁﬁb%z
length. For example, in.amorphous silico '),1 h %acfé{%ém’rﬁ% length
conqueiRy e ST F OB R R) %%%S 'Séelsg%?nt ueé%!veér%ﬁj:ieinter-galectrode spacing
condndoeacbiretales tershirerdioriditse spbrobpiaitepinmatgint ddthe
tran%%é&@%%ﬂm@{iﬁk&@&@%ﬁﬁi@ﬂﬁydﬁr@g&ﬁ%etllzectgﬁdﬁwﬂag;g s0 |
multi-mode propagation occurs.in. 30 which the TE (transyerse electric
thatéﬁﬁ%?ﬂrﬁ“’(‘ifﬁ%%‘ ﬂ‘g&@ﬁ%‘@ﬁé i&g%egqé%g%gﬁ %‘}S‘é%agaﬁ% ?naagditjon to the
condiEN madesWiuitirnesdis-probegatricvaleiscraionlPa e s pafetites o
muitQ7 12005 R HVSRANGHR3 2452 609ALRIO B Ginaer ssanatcibs}ior a

transparent conductor?gg(i?%%d be ng%l the inner conductor and the outer
be RBFRIRAH YSRGS photovaitaic material). The transparent

conductor can have a diameter smaller or Iargger thar‘i the Iight w v%length,

S0 Iha fFhe I EASFATRIEE PRTATBY TBSNTEER SANR YRS, The

beydANBRALCHIEROBIACEONdNEY axe @ mma&esmmsgmr@wmic
plu%@e&ﬁla%gsg e o%%n%%ﬁt}t%gﬁes':% JHU#HEHB%@nE ORISR dhgieverall

r-electrode spacing in the cometal structure should be ?P%[ggoximately
locakrd BeiremberEshglvesterRytrTFaietiRertcd SPBtHkg portion
of the first electrical conductor extends beyond the second electrical
contiustemiediotea iRt e E HSA S B ETPIRRCA D PUfslity of
re sﬂl@%ﬁgﬁ@@ggémgé %’iﬁgﬁﬁﬁ@lximaw&i%m@dﬂﬂﬁmg@ mswm;mmé : dﬁ?r
is located between the first electrical.conductor an e ica
come RSP G 3r?‘é?ﬂ%’c?éllnrﬁ%lﬁt;ﬁlt%%ﬁ%ﬁ%I?g/cg?lgg?nsg% sif% Eﬁ%?esga%g
paretisinestiithirise s, volisgithstrisnatoiaivenays pEIRgBEPRINHLtERES
phtdl LiuRliageapNeiRsaeaarated by each cometal structure. In an
embodiment, the plurality of cometal structures are connected in 15

pargel, (oA 0.l QLA HolladeBevBSn A FUpIMUm ARG AmaXimum of
S

the volt ges photo-generated by each cometal struct re. Iga% 1E’h%%°‘é°|taic
seristandg ey HeteE B ARGy B S R Y W S ST R S S S e tor
ThiDGdiunseand tiansfered teatestrpnsuirtitiyelsentichndeiom@iseice band.
cor-ll-emcstilor}lcéea &h Ii']ee tﬁé}eg@éﬁg m@oﬁéegﬁgl? §}e9ﬁ%ﬁ‘&ﬁpﬁa§fb%8ﬂ Eé?pm@csd to the
seml_conalbétor 0 conduction band, where they ?&ejoge ngm ile. ig{ggg&
copfaeturpasdisresiiebirhrdnipiad e Hract B i b5 85 FREHER Y a
pdagiRindhegealente, hanshuThechdelearvive nopsicieriedideal 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 eleciric field in a solar cell can be created in several ways including a Schottky
barrier, a p-n junction and a p-i-n junction. A Schottky barrier is a metal-semiconductor
junction that has rectifying characteristics, suitable for use as a diode. Most metal-
semiconductor junctions intrinsically form a Schottky barrier. By forming two Schottky

barriers, one at each metal-semiconductor junction in the cometal structure, an appropriate
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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

W%gzréggﬁg%ggseach of the electron and t_he hple must be harv%%Lf:gj, 9 h6/032452
migrating {0 a metal electrode. The migration happens 25 unde

influence of lectric field, with I g i, t iectioneidhe
elechig fa‘{%ﬁ%e&%%:{isr}g@s% et the fllsél%%%?i gfeé(;gtﬁ\éiﬁg) dq}naggegcﬁé%%% can be
and proptediincoelistalsiRapd ANy ANBEh JHRY! BAFHER A5 eTabRtRsAtand a
eiecﬁi&'Eékqgiﬁﬂn'ﬁ;]ﬁﬁmttb%t}%rﬁﬂﬁfﬁrgmﬁﬁhf haemicendustorciomoiipr i,h;é
has rectifying, characteristics, suitable for use ;
s O O T e e
betwasm Beiyotiapitvadicrs, da-Ae4eN FRBLNSE RS LF(E’EO‘%D}B‘h‘t"tillénﬂ?ﬁ Bhe

and GO REI SHUGEU 18020 RO RiiAls c 2oV R 12104 /i PLET Pepsent to

82056/032452 z{liectric field is established. A p-n junction is formed by
establRBRGiRlGeRE 5 semiconductors and p-type semiconductors together in
close contact. A p-n junction also establi an electric field. }

o FlmERePoT R SERREBUCOR Tt SR o 8 e°
phot®MiBRNENeIRIS: A lanation abbdd@w@paphtd@:%&i@p@@ﬁ%ﬁﬁﬁ%&layer
780G, %‘%Q%%%&%%é&%%ﬁ&%ﬁ@%ﬁ%-&& B REDIEORGMEIRCANAI R tor

semiconductor regions. For solar cells, the ﬁ anéi n- It ?IOI’]S are tr]{]n
12(gfishithe e ediansRsie B8PS SERAUEPTE or "8 aér‘éeg e&&RTT6 Btablish
sunbiiereleelia fiald «EIG. 18 shows a nanoscale coaxial solar cell 704 having

a p-n junction. The p-type photovoltaic semiconductor layer 770 and the

n-typesphotayeltaicsemiandustosiayen 105 Fa0ican hinhtecthanfedy-so

either one can he adjace the inner electri DEHctar.Lanith the
YPERRSENg E&%ﬁl}loc?ﬁéeﬂ%tﬁ 2:7 é%ﬁéﬂ%’%é]ﬁ] féo%ﬁéﬁgﬁééﬁgr cellis a coaxial p-n
layjuriBticandarivatatheotad.cel R TRFGOEGHHoR A AR D AP ELEST I lar cell

corl QB haMng, & Rrks Beildn GlRRent Rerir dypecphnicplteic Berhiconiuctor 770

layer and the n:type photovaltaic, semicanductor .15 layer, 730-eanhe
Selmfg?éﬁgﬁbléﬁe,rgg 521??%9 i‘“(’)eﬁlé%gﬁ b ea(ﬁ%éaeyr?tr ) ({ﬁ e |r|}1r$gpr elé%trical
soleondUstorcdh2@hwitin iectthacadfakolt 5ihe outer conductor 160. The

intrinsic semiconductor layer 775 is between the p-type 770 layer and the

Nn-typestayesl 8ompties sqlaraditl i§ mcoestial @ial Hmetiers edh etairssiag
S5k A selan cell comprises.a phyalinelaarossaieForKiaksiataseach

comprising 20 an electrically conducting core contalctlneq a photovoltaic
claviegeH ek CAE vith GRS @ comal cometal sola octl

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-i-
n junction formed of a p-type semiconductor layer, an intrinsic photovaltaic
semiconductor layer and an n-type semiconductor layer. In an embodiment, a transparent
conductor is located between the electrically conducting core and the outer elecirical

conductor layer.
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electrical conductor layer. The solar cell is a coaxial cometal solar cell. In
an embodiment, the photovoltaic material contacts a portion of the

w%l%ﬁ%',&?i Il\ésconQUctlng core. A substrate may support the p%?)ﬁé’z% /032452
nanoscale coaxial structures. In an embodiment, the photovoltaic materia

contains &R N9 &9&9@%%%?&;&99&9\@&@%ﬁ@ﬁ@tg@”&é@%&@

an 8mbédimen , the photovoltaic material contains a pi- n junction for_n?ed
beyerdl Qs derhietitanBIBTAET RAShHIRS R SRBtoVOTEIET sEithRRtitor
conlaMer AR AMmA-Bpa semisanductor layer. In an embodiment, a transparent

conductor is located between the electrically conducting core and the

outer alegthicah RNAMFIQLIRYBF <36 M ekl dkmected in series,
PCT/US2006/032452 In an emb imenltlbf’;\

CT/ protrudi rtion of the
resylfmg iR SARGE AR e r B lends Beyond ﬁ?@%%%gg%%%ﬁ}ﬁ%%ﬁductor
struayer. th actabalimantshnpluphiey séleaasial FEus a8 COBRTAa ISR EI

rest1BYING 2RANVERMR biRRRMRARINE Bhdth e pliralit Dheeaxigbsiluatres

are connected in series, 5 resulting in a total voltage being a sum of
gensEte s BRLTSTSEN SP4ES By each coaxial structure. In an embodiment,
the plurality of coaxial structures are connected in parallel, resul):m% ina
p

total FoI PAGEBERRAASSIRRARTR SHY eth Aot R Uit g es phbto-
typB pRetAtRMibycrah domelals T tunethE Gy R0pbhows tal nemoswatector

iaygro ‘%3%% Y gn LSglL 06 Daving 8RR iHRCHRE RS s gigtté@@am@wvo'ta'c
semiconductor fayer 770 and the n-type photovoltajc semiconductor layer

comBEtEanas m%ﬁéh@@@?%d@ﬁﬁ@rt%‘f% TEEANSE AN R tHE fifs £

roelectically cepndusiingdayer daiwitvienbtbier adiacent to the second
electrically conducting layer 792. The solar cell is a coplanar p-n junction

comgial solaseell nkilGeAd ShRWS SoRABasTalcapin-agactall 70 p-
having a p-i-n junction. The p-. 15 t hotovoltaic iconductor layer
P A g e S L
lajiet@sohangethischeigvdr wrritearmiscaiacdircstiod B esritcally
coﬁ%ﬁ&igtliﬁgr: @‘.y{%v%ﬁg%%%eﬂ}%j@é@ﬂt@di@ﬁ&ﬂhﬁbmlﬁenpBfi;&k?ﬂ;g'dﬁjrlgt
conducting layer . The intrinsic semiconductor s Petwe
79%’1e%ﬁﬂ}‘ﬁ‘é“??@%%?%ﬁﬁ’ﬁaé’?{-@%és Syer eﬁ'ﬁg ‘?ﬂr‘ el élls Jco;?l%ﬁ%r
layzsi T8¢ubtienacosiiétal splarceti-2ircsolapmsipbetapeides a plurality of
nanoscale coplanar structures each comprising a photovoltaic layer
locateddngtwresnafitat ptatiitaky condubtinglaye samiusesersbrrgmprising
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 siructures. 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 coniains a planar p-n
junction, Inan embodiment, the photovoltaic layer contains a planar p-i-n junction

formed of a p-type semiconductor layer, an intrinsic photovoltaic semiconductor layer and
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electrically conducting layer; wherein light enters the coplanar structure
between the first electrically conducting layer and the second electrically
W%ozngayg% Slayer. The solar.cell is a coplgnar comgtal soIarP(‘ceglI{U%?OArﬁ]ﬂ% 4?2
embodiment, the first electrically conducting layer is approximately paralle
to the second electrically con ' t the
an RGP nf‘%‘%%%%ﬁ?é’ c% Spa%%gﬁﬁ%%gé%mﬁ%ﬁﬁ%gﬁﬁg rﬁ? H E?é&?rst
betvetgrthicly @mﬂe@m@m@%ﬁa%%%&ﬁ%?&?ﬁEéﬁwyc%‘&ﬂ%‘fﬁf-’g‘%‘;‘fer
are electrically contacted only through the photovoltaic layer. In an
embogimentditherp hptotrofiaineyien cbiafiists prairalpeAndBeiitcasH. In
exie Qs%%gg mes@bogaeefem@}@ ltaigrhaes RoalaIms ﬁ)}é{ﬁﬁﬁﬁﬂk kGpfaimetion
ormed of a p-type semiconductor layer, an intrinsic photovoltaic
comgihielhERIEISY RRAT AfE"$7 WO 20071120175 PCT/1]S20061032452 an
n-type semiconductor layer. In an embodiment, a transparent conductor is
(ocAra BEtRIENTE TRVl RER CARPED TUEHRG PSSP ARG <825nd
resiBEiHCAMCOPRIGIRM Iy e b antemhddimentoarpt Oiraaingoplrion of
the first electrically condugcti gnds, atlel,
S““@%@tr%ﬁﬂye@%ﬁﬁﬂ%ﬁ%gt gﬁe‘f&%ﬁ?ﬁ?gééell IS _g ﬁc%%?a%l%?%é&c@:?r%qeﬁigﬂolar
reswtifigiavitrjahrodage HERYSH A BTRBERANLH AR IR S ESSIS
corsSikGiutes a BoaRANestetin Series, resulting in a total voltage being a sum
of voltages photo-generated by each coplanar structure. In an

embodiment,ihe phwality of ceplaRalk SupeHARS A ecnaNBeRierin parallel,

resulting in a total voltage between.a minimum and a maxij ;
cmHREBS P SHEPL Do L1t B CEPHGIAl ke ol I 24 TARS: o
phaisie Mevnakdahasbbcaie! doptersins St weth 704, ar s scsABARFHETE the

Théﬁﬁf?{ﬁ&lerﬁ‘?_éal&%é iﬁyi%%ﬁ%@ betwaen e ahdheritshmetels F94enith a
pho

tovoltaic material 180 located bem%eten tt}ie %St Qet%'] ZI% etpe% ond
megd J9RANH el B R ITRSE R IR 78T ) e Parallel to each
m cofisat sarvang leiopliengeciondThs rheitioTes matbrisblfifstambtary 794

pha?c?%l%%c@%%llﬁl,@.%%%m 6F 95 AL ARAAEn ThR668004c MBEI HeiE SO
serves as atollﬁacon uctor. The ph%tovoltal%Trateré%nﬁ? gan be any
knpFpisvbiait WA SEoRFHEa8R, GHRIPAREHSA Configurations
beliRSEibRd hergicinliahommciint 8 lamhikhiers trevsubé frlsdsietFacienny
h G?QQ éggg}g%%g% Iggﬂ; gneray from below rgaches the photovoltalc
material 180, where it is converted to electrical energy in 20 the
nan()ﬁ%gé%g%%@lg&%rs 3&'%% %%or use as a solar cell comprises a plurality of
nanascale 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 metailic
medium. The method further comprises oxidizing the substrate prior to coating with a

photovoitaic film.
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A nanoscale optics apparatus for use as a solar cell comprises a plurality
of nanoscale coaxial structures comprising an internal conductor

“ﬁ%ﬁ. Ii]zqs by a photovoltaic material coated with an outergcézﬂgg%q}a)(r)?z 452
im ' a pro rud}ng :

| aving the pI_uraIity of nanoscale coaxial structures; an
905110”6%%% cﬁ% 5”&@5@%' SphdueianaRedending hevend wsu tagaelthe
film. A metho o? ?a ricating solar cells comprises cchatln% a substrate with

layess elapaigARPORIERE ASRIYHSHIHG HHBILIRGIR B CarBBR TTARSTRE 4 Ther

as ifnternal
arraG ARSrOhNARRAGRIS ChAXjak tRitaal thessabs vriencdatthpwitmasyer;
hotovoltai¢ film. and i ' efallig medivmicihasmathaed further
coa@%gber%oélseg% sz{ﬁé %ﬁ%q%g%g%%%% to coaIlJt?iiﬁmg1 Withl(:f:l 30 EJhotovoItaic
coafipp RGN %@@W@Z@i"ﬁ%@F’W/ﬁéﬁﬁﬁﬁéﬂg‘fa,&“ﬁ@fﬁbd of fabricating a

solar cell comprises coating a substrate with a chromium layer;
eledtroabpbsitinbrisatiazylic HReMBNIFNIRSHIRE RSy SUKSHHEe
plal%g%%mgiﬁg; d%h%%%@ %pgﬁﬁtw%ﬁ&&mi&kwgwwémwm; f
_etching the chromium layer: coating the coated substr ay o
Wlﬂﬁ?\?@‘%\ﬂﬂ@a\oﬁﬁ‘gﬁ?}g&?ﬁf rrﬁ%&%r%?igﬁap GE%ﬁﬁﬁ%?ﬁeg%glg%é Slﬁtgf?%[ti and
surthesanralcofiGhTe pittvenistsdmicaesigionyife oy er FaswicatirRf 61T cells

ayGOTRLSES PRERAT %8 RlialitvRiNenercrielplanalsiitCbyresschating a

piurality of planar surfaces of the plurality of planar structur i S
Pl O B SRS O R B e C o e i et i

e plurality o
commmanysuatamlamdmoanhgmr&m@mw@gémeéﬁ]@a@téﬁr%nﬁﬁér% Buter

phc%la%ﬁﬂé?é‘lln%%?ﬁv&ﬁﬁf poaxesnvie iR RIRinNRf Hhreueteleciticabes
conductor Ieﬁ/er is located betséveen thehglanaﬁstructurels to form coplanar

notgeraigrely G G BTt AR IS ISV IR hAtenal cor %rri?ﬁally coats
stribRrphukaliiy i @lanan syrfadesraiskecpl sebshyiokpariog Sgienarey frpghe
suRPotoxaltaic materiakoniv. Rarial flishe.spacehetveendbariaraerey

structures and does not completely fill the sF%ace. In an er&l?l%giment, the

in HpfotalicoRin BT E boTR T AR R RS SR SR GBS B P tically
prdfaraparansaishtirapecatiowisglignt drempnfetrncthinsisssmarerside to

h the.ph i i it legtrigak .
adr&le@f% é}g?t‘?h}% %QH@&SM@I@&Y&%%’B&%%&QHY@J%@@ HeakRNGIEY:

~in ar cell. In an embodiment, the metallic nanoscale coplanar
it igportened tadeqapssEs indbe SPRESH, opaque substrate and the top

metal coating is transparent, admitting light through the top metal coating
side Ad petentr-tbriqphenphesitais it eHAShAEIPENERCHBhDRRE T oDy

in&iﬁﬁtx@;&%l eIl thensalakizel. [t will be appreciated that various of the above-
disclosed and other features and functions, or alternatives thereof, may be desirably
combined into many other different systems or applications. Varicus presently unforeseen
or unanticipated alternatives, modifications, vatiations, or improvements therein may be
subsequently made by those skilled in the art which are also intended to be encompassed

by the following claims.
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All patents, patent applications, and published references cited herein are
hereby incorporated by reference in their entirety. It will be appreciated
ngaéﬂ\%ri{%g of the above- disclosed and other features and functions, or _
alternatives thereof, may be desirably combined into manf&ﬁ’é‘%‘fﬂ%%ﬁf’z
systems or applications. Varicy:lﬁ éently unforeseen 25 or unanticipated
alternatives, modifications, variations, or improvements therein may be

subsequently made by those skilled in the art which are also intended to

Whahls iR Fassed by the following claims. 29 WO 2007/120175

PCT/US2006/032452 CLAIMS What is claimed is: I. A nanoscale optics
L. apPdiiRisasOnLes F8PATEBRIO LI ES AVRSIAY. SPPRIFERS of nanoscale

cometal structures each comprising a photovoltaic material 5 located
betwbaniity ffstacRsealR eI RORISIET R SEEBRERIEGHUAN EbHEITEET2D.

The nanossale:optics appasatuselaiaimds uiher Gempasibgiacprotruding
portion of the first electrical conductor extending beyond the second

2 e'%ﬁ@%%&&@ﬁﬁ%&gs 2piBe.NangssAleQBlics ARRaratusRbElaing hdurther

~comprising a substrate that _sug%grtg g%e Iuralit1 of. nznosﬁcajﬂe cometal
of g ek B o A ST BB SRS BB PR e o L P e
comprising a transparent conductor located between the first electrical
3. cortaERmPEINF MR ScEpABICERieE ICBREIOTISISES RUNBECE optics
supstRRanakis-akglaimdowbieraindabsplistadiyy of cometal structures are
connected in series, resulting in a total voltage being approximately a sum

s, Of . valiages phelosgensRiatby.coshmemaiatsiidelutas e _
nanoscale §r%tics aﬁ?&agtusloftglasm I gvhereindt&% é)a!ugaéit Q%‘m%olmetal

con gyt P ET R B TR e S ST ST 2 PEETRTHG I & total voltage between a

confilmrmum and a maximum of the voltages photo-generated by each

cometal structure. 7. The nanoscale optics apparatus of claim | wherein a
5. thicimess.ekthcophatapaitaic F0laaterakisiagpropkimiaiety thesgtdme as a

stru%%rrgs? L 9'&5%%%%%‘%9%%?, rélﬁgll@ru?glﬁ!ogﬁ%&%EI‘&lﬁg%{{ﬁlk%%mﬁe

coaxial structures each comprising an electrically conducting core

voliagpRAbRECASH AV SR AT S coated with an outer

6. The nanoscale optics apparatus of claim 1 wherein the phurality of cometal
sirnctures 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 glectrically
conducting core contacting a photovoltaic material and coated with an outer

electrical conductor layer.

o, The solar cell of claim 8 wherein the photovoltaic material contacts a portion of the

eleciricaily conducting core.
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electrical conductor layer. 25 9. The solar cell of claim 8 wherein the
photovoltaic material contacts a portion of the electrically conducting

W ozrﬁ%.,jgo WO 2007/120175 PCTYUS2006/032452 10. The solar cell of

dai & flrther comprising a protruding portion of the electritafi{fS2006/032452

conducting core extending beyond the outer electrical conductor. 11.
TR i e b A RS O
condphiitaditpreondmdsusieycod dia bstrnelenmisalsamivrielaviar cell of claim 8

wherein the photovoltaic material contains a D-n junction comprised of
11. phuteveliiekemikanduntoms ckdpiitiegsolabtelkdha|sinp@twhe rmretife
o &%9@%‘%%%%’& a{@%&%{ﬁ%sgon_tams a p-i-n junction formed of a p-type

semiconductor layer, an intrinsic photovoltaic semiconductor layer and an

n-type semiconductor Jayer, .10, 14, The solar cell.of clai further ..
12 o R B R C I o AR Y on
composdutigtoriaiigmireowiédrelectrical conductor layer. 15. The solar cell
of claim 8 wherein the plurality of coaxial structures are connected in
13, serfas sehsuitihgficiantGtabvoitate Heimydtsumattizdierjags & p-i-n

unddDRIB:HERSrAEA BY £RED.ARAXA R UG HEMIR Hid RS0 Rsahalelaim

8 wherein the plurality of coaxial structures are connected in parallel,
layereagIFmB Pa YORIIRIHEGE B&fween a minimum and a maximum of the

voltages photo-generated by each cometal structure. 17. The solar cell of
14. claiessalersin e Briushen FameTIR SVORICTRAFORSITLT 9tkimately
berdB6h SRR AS AIBAHIRNCIHY SN AengihoRer tBcAied ndelteimprising: a

plurality of nanoscale coplanar structures each comprising a photovoltaic

15, layet, Jogatedihatwesradicstplackicaliy canduatingrayetand asrecrad

~electrically conducting layer; wherein light enters the coplanar structure
in spESHITRE lﬁr%f%?é@fe%’%%%ﬁ ﬁ’é% ?ﬁ@@?ﬁ%ﬁ%ﬁ%@‘?@? L

coagigictrically.conducting layer. 19. The solar cell of claim 18 wherein the first
electrically conducting layer is approximately parallel to the second
16. eledtricallyreendocking Sayesein the plurality of coaxial structures are connected

in parallel, resulting in a fotal 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 photovoliaic 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
iocated between a first elecirically conducting layer and a second electrically

conducting layer;

wherein light emters the coplanar structure between the first eiectrically 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 electricalty conducting layer.
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31 WO 2007/120175 PCTIUS2006/032452 20. The solar cell of claim 18
further comprising a protruding portion of the first electrically conducting

I ding beyond the second electrically conducting )
WA il

claim 18 further comprising a substrate that suppor

plyality, of nanoscal A AUy ST S el pliclaim 18
20- wh ee%l?ﬁ%er}ﬁ%fcz?emcgia‘y %:}or?gﬁgc"t%% Ia%%r and%‘ie second electrically
eleciporiBUetdycRn e s ERaGH S RRYO8E s crsams iy Tialy AP Pro B Bitaic

layer. 23. The solar cell of claim 18 wherein the photovoltaic layer
21. comeinsia @knacism | fUfuclioncobdnT heubsatedbil SERIATH MBNWRIZIN
of n&g&&@ogé)ﬁﬁ%@imgomai_ns_a planar p-i-n juncFion formed of a p-type

semiconductor layer, an intrinsic photovoltaic semiconductor layer and an

2Z. n-%gg s% a@négl‘%gg cl'igit rll?%%&%? tﬁE%g%@!@Jﬁ‘?@ih%&!ﬂl[&ﬁé i%'gihé{d the

comprising a transparent conductor located bétween the first electrically
secopdriatEinalivl agRavatiee IRESS BESIR BRI C ESHILE IR RVEP 15 26. The
phoRRbMaRalyef. claim 18 wherein the plurality of coplanar structures are
connected in series, resulting in a total voltage being a sure of voltages
23, Phato-ganerated hynerchmenianapsiiuailie. idver theselameelkof-claim
18 wherein the plurality of coplanar structures are connected in parallel,
Jungylting in a total voltage between a minimum and a maximum of 20 the
voltages photo-generated by each cometal structure. 28. The solar, cell of
24. claiFieIRoTRer R IRk R B s YRR AT RS A 40 akimately
jundhén Samedas aesmiaedifusiondength 22 MtAnsiethothofifabsoatnodyeiir
cells comprising:. ' plurality of nanoscale planar structures; 25
iayeéc?ﬁ%rﬁrgi rzla%ﬁr%ﬁﬁf 5c)) gg%%gF‘gysglrirfaces of the plurality of planar structures
with a photoyoltaic semiconductor while leavin e
e e T e
berPET SROCEIOGAS Zordusting WS IRE 169 SReTecsdrRTteHIRORAvGHIS Hver
outer electrical conductor layer,
76.  The solar cell of claim 18 wherein the plurality of coplanar structures are

cormected 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 whersin a thickmess of the photovoltaic layer is

approximately the same as & carrier diffusion length.
26, A method of fabricating solar celis comprising:
preparing a plurality of nanoscale planar structures;

coating 2 plurality of planar surfaces of the plurality of planar structures with &
photovoltaic semiconductor while leaving space between the plurality of planar surfaces;

and



wherein a portion of the outer electrical conductor layer is located between
the planar structures to form coplanar structures. 30. A method of claim

W %{)\ég_ﬁl}ezrﬁ%ir% the photovoltaic semiconductor conformally coatsTS the 4
plura &y ot planar surfaces of the plurality of planar structures F 33 2006/032452

coating the photovoltaic semiconductor with an outer electrical conductor layer,
wherein a portion of the outer electrical conductor layer is located between the planar

structures to form coplanar structures.

36. A method of claim 29 wherein the photovoltaic semiconductor conformally coats

the plurality of planar surfaces of the phurality of pianar structures.
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