WD 2011/ 109644PCT/ US2011/ 027066 NANOSTRUCTURE AND PHOTOVOLTAI C CELL

| MPLEMENTI NG SAMVE FI ELD OF | NVENTI ON [ 0001] This invention pertains

gener al | ywoaonzmedsechnol ogy and nore particul arly to nameTarsadia/02t066ICt ur es
and processes for making these structures. BACKGROUND [ 0002] Sol ar panel s

t hat harness sol ar energy and convert it to electrical energy are well
known. A typical solar electricity systemincludes the follow ng
conponents:  SEAROSPROETERECAD PRI OOTART cEI.NWRPL EVENETIIGGANgR batteri es.
A typical solar panel, often referred to as a photovoltaic (PV) nodul e,
consists of a one or nore interconnected PV cells environnentally sealed in
pr ot ectyR.DPOEHAVENTTION1SI sting of a glass cover and extruded al um num
casing. [0003] The PV cell nmay be a p-n junction diode capable of

gener at{oh® | el 8&d ibl Gkiby pdridids %@neﬁ’il@fs@ 'ﬂ@rf'ot&fmcﬂé@l dnftore pdrtidudarBftb BihorREle Of
crystalllne silicon (e.g., polycrystalline silicon) doped with el enents

from el &efrPhitiRoddd Gl irllthdse OfucglrUP 15 (group V) on the peri odic
tabl e. Wen these dopant atorms are added to the silicon, they take the

pl ace of silicon atons in the crystalline lattice and bond with the

nei ghbogAORGROUKRGN atons in al nost the same way as the silicon atomt hat
was originally there. However, because these dopants do not have the sane

nunber ghoyalRnge %arf‘e'lsecﬁét rlﬁllih%ss%laﬁéﬂeké&%d b RAR it t@%fe&ﬁcﬁ |e§@rtg;f]%%veﬁ kno@R! €s”
becone present in the crystal lattice. Upon absorbing a photon that carries

an enerlgyylp &%oldr%le@&mﬂtﬁ%%ﬁenhﬁ&u&e@% f%ﬁo&uﬁg Qﬁ%ﬂ(i}e&@l% Bpﬁafngbé Ghirdehe silicon,

t he el ectrons becone f The el ectrons ree nove ar ound

wi t hi n éoﬁﬁol?e?hhxqfrt%f hﬁ&%n%ﬁfek%ﬁp@&ow 8§ﬂeh ﬁ%re@é}f}ﬂ‘ﬂ&ﬁ oto-EEﬁ“a[lgl oser

t he absorption event 1s juncti e greater t Ity of

the. el cpLf Aol SuRal ire cln%%g Bl DL aL ARl AR GROPOY than

silicon rgy S ine's e el ectrons
and hol es 318 ngk SRR e ﬁasst satt o be RRLRRR ERGL 0 becomi ng
absor bepdtﬁ fR&““8p'det? Sr‘? ahd 1o &8V e c1ru?l er ence"5&Y Ween t he amount of

LB AL A D192 B ossis%d?%%b%%%%%@éw w?}é%@?%%taf’sgiiﬁ'
o SR SRR s RO AR
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configuration of current PV cells, as wel] as the relatively Ia

di st anclemE alded tq e silipone they dks thervpce REsiBcoq atqrmidp .ﬂ&r?rYS%weéwflmné R means
that |arger and heavier arrays are needed to obtain a certain anpunt of

el ect r i itk fhe npighboring sifipen #eyat ingimest disisape waney thasieqnaqm hagwas giginey t o

| arge-scal e structures. [0006] The npbst common material for solar cells is
si | i corthergy Heweyer.ibseauss thpseshapangndosnot haviehesame apaberrif eglencgiclpgirense@p yidieey
silicon, polycrystalline silicon, and ribbon silicon. Solar cells made with
singl e mmmmﬁcqlgﬁétp@ﬁ ¢ri“helesidfeqnae praseat in e dny g asticee fUpoe plsadyneof phoka t hr ee,
at about 20% Unfortunately, single crystal cells are expensive and round
so t heythdsamiet aicenergdydhaslisyat idaptgheasampdel the baRbgapengrsy af thi nidcgi, thecbuatrins nade
fromcast ingots. They are nmade by filling a large crucible with nolten

si | i corbeaorde fre. effhglelegtrapahd hgesinatlysobyakirdynidrgthiréesolifhdicon matriglk making ne
silicon is |l ess expensive than single crystal, but is only about 10 - 14%
ef fi ci esilicod epeindiveg Toa cloke therabseptioncyndiit fooinsp-aohcti@s thetgraager ithepaotilgy bf ons
in the material. R bbon silicon is the |last major category of PV grade

si | i conhe ¢lectioa-Hotrpaed by drawing flat, thin filnms fromnolten silicon, and
has a pol ycrystalline structure. Silicon ribbon's efficiency range of

11- 13%(os04al s@hdnowyiotdnian haIB@ehEH &lah kili€oB$ bind @Bp chéGoyt Dk KR crystalline

i nperfections. Mdst of these technol ogi es are based on wafers about 300 pm
thick. siheuRVine eleborhed hadydréastashbilned mokarsrest fHogatshatrgl Gedoafiig @ nodul e.

absorbed by the electrons and holes, the difference between the amount of energy carried by the

photon and the band gap energy is converted to heat.
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[ 0007] Anot her technol ogy under devel opment is nultijunction solar cells,
which is expected to deliver less than 18. 5% efficiency in actual use. The
process amo2nHt®Pd4al s t o produce nmultijunction cells ar@CEuseono0siogs
expensive. Those cells require multiple galliumindiunfarsenide |ayers. The
best is believed to be a sextuple-junction cell. Current multijunction
cell's cannot be made econom cal for large-scale applications [0008] A

prom si oaosqnabh@thgfdewf&o%bérﬁnmr%&g}v td el [Qﬂ\bér h& Mmanepgsehnol ogy.

However, one problemw th inplenmenting nanotechnology is that the mnute

conduct QhSenfiB¥al §Qhr ﬂﬂﬁel@f?ﬁlv@ 1fted YQeL Bh(LARGAGRGIANI2 LM AZ1Py W dhbst and

their own fornmation, | ess subsequent processing condit’ions or

condi t'rgﬁg% Ri54884 b Iﬁa{ﬂﬁ%@ﬁ%dglkfﬂgEG&l?f sf1bn %f%mh dp& ggﬁ%c%ései gm ng the

nanoconduttors may be so prone to breaki ng during

appl I ¢ ét%lso frhﬁ%lb Eff%ﬁﬁéy %ﬁé{@{n art chﬁ’lgzianf l{:ro}lpﬁfratlo'ntof plﬂ?enpﬁ{/ %Elﬁf N FelPr oven

di fficult and even 1 npos nanoanzays havi ng structures o

uni f or ms%llle r%la?veq/ [21 éea?]s?a %gdet\Le%g %lloe] HH& S a (? th%lP N?u%?tlcgn 0wQ?fic1e%8h91%l1

avai | abl’é ¢'6 crex et e Fonic FUCTares 9899 Imt ed to

the. st 00t UpdSFHGRELAVDS B HnaRa I B TG ety £0FE° ©
enabl e crﬁgtlo tru Hres a&;ngghlgh aspect ratios and yet are

dur abl & WHoAYH! ¥y h“bl?&%t i ‘ésﬁl 5E5H t¥y. [0012] It woul d aI so be
aver aqd I GG oen T SAe SR BRSO BHBTIE ALROCHBUE 0 BRI £
g ic 0

DESCR I%E‘Itego\ilecs]:sn-lrgwg crysta Vs!lll\é%;r? polycrystalline silicon, and ribbon silicon. Solar cells made with
single or monocrystalline wafers have the highest efficiency of the three, at about 20%.
Unfortunately, single crystal cells are expensive and round so they do not completely tile a module.
Polycrystalline silicon is made from cast ingots. They are made by filling a large crucible with
molten silicon and carefully cooling and solidifying them. The polycrystalline silicon is less
expensive than single crystal, but is only about 10 — 14% efficient depending on the process
conditions and resulting imperfections in the material. Ribbon silicon is the last major category of
PV grade silicon. It is formed by drawing flat, thin films from molten silicon, and has a
polycrystalline structure. Silicon ribbon’s efficiency range of 11-13% is also lower than
monocrystalline silicon due to more imperfections. Most of these technologies are based on wafers
about 300 um thick. The PV cells are fabricated then soldered together to form a module.
[0007] Another technology under development is multijunction solar cells, which is expected to
deliver less than 18.5% efficiency in actual use. The process and materials to produce
multijunction cells are enormously expensive. Those cells require multiple
gallium/indium/arsenide layers. The best is believed to be a sextuple-junction cell. Current
multijunction cells cannot be made economical for large-scale applications

[0008] A promising enabler of PV cells and other technology is nanotechnology. However, one

problem with implementing nanotechnology is that the minute conductors may not be able to
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[0013] FIG 1 is a perspective view of an exenplary solar brush that may be
used to inplenent solar panels with inproved efficiency. [0014] FIG 2 is a
si de croswo=entiogsa4of the sol ar brush. [0015] FI Gs. 3A &ou/u3B01a/e7066
cross-sectional views of enbodiments of the solar brush having a | ayered
structure. [0016] FIG 3Cis a cross-sectional view of a solar brush

enbodi nent enploying a thin filmplanar device as a filter. [0017] FIG 4

IS a topimstaRIRIr om%l%@dklaﬁ RIS &s &tb@yémeﬂ p&&%sstrfg%nmoﬂs%ecmmtﬁnk §Busgeor di ng
to one enbodi ment. [0018] FIGs. 5A- |l ustrate an exenpl ary met hod for

fabri Cathé 881 ﬂr&fﬁcﬁ @blaé'xafﬂf)lésﬂﬂe %%@fcgﬁlﬂl% tﬁ@naﬂ@&n@i@?&l’g hﬂ?BE sof{ %ﬁgﬂg t@r&% 6A- 6H

illustrate an exenplary nethod for fabricating the solar brush according to

VO 2011, %&%%Omi@a&éqmgoe@ﬁ&%&Bﬁiaamoﬁﬂ igERodi nents of the present

i nvention ustrates a photovoltaic array and | ead frane

accor ?T%[ 9tr1ﬂa n@ﬂﬁer?ﬂh%q{e?&&%re p[r(Q\Q:g Mfﬁgdlt%nd%V(gﬁmp%s?ol@‘tor@éa@%n@a%% ﬁlivlﬂ% to

one e

structures of uniform size and/or spacing.

[0010] Thus, as alluded to, the technology available to create PV cells and other electronic
structures is limited to some extent by processing limitations as well as the sheer fragileness of the
structures themselves.

[0011] Therefore, it would be desirable to enable creation of nanostructures having high aspect
ratios and yet are durable enough for practical use in industry.

[0012] It would also be desirable to enable fabrication of a solar cell that has a higher than

average efficiency, and in some embodiments, higher than about 30%.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 is a perspective view of an exemplary solar brush that may be used to implement
solar panels with improved efficiency.

[0014] FIG. 2 is a side cross-section of the solar brush.

[0015] FIGs. 3A and 3B are cross-sectional views of embodiments of the solar brush having a
layered structure.

[0016] FIG. 3C is a cross-sectional view of a solar brush embodiment employing a thin film
planar device as a filter.

[0017] FIG. 4 is a top view of the solar brush showing the tops of the bristles according to one
embodiment.

[0018] FIGs. 5A- SH illustrate an exemplary method for fabricating the solar brush according to
one embodiment.

[0019] FIGs. 6A-6H illustrate an exemplary method for fabricating the solar brush according to
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[0022] FIG 9 is a flowhart summarizing the steps of a

di mensi on-controlling process. [0023] FIGs. 10A-10l illustrate the carbon
j acket prwoessl/foed44pr oduci ng organi ¢ nanocabl es accor di RGTIUS2@N®27066
enbodi nent. [0024] FIGs. 11A-11E illustrate an insulator etching process
according to one enbodi nent. [0025] FIG 12 shows the sol ar brush
encapsul ated in an optical casing for protection according to one

enbodi r’@%rrec{é}%@]méﬁks%ftﬂ%r&%@n%a&h showi ng a potential power generation
for a planar solar cell according to one enbodi nent. DETAI LED DESCRI PTI ON

[0027] b f qilboy‘ﬁlfﬁgtréi’é%%cdhbfb%l‘é’% drdaytal@ 1&@%@9&%&@5@%& b &@RLRMP! at ed

for carryl ng out the present invention. This description is made for the

h
pur Poseodf 11 1St i@k gk e SRORARL 0 BRd ORbRIRSOf the present invention and

is not nea t to e 1 nventive concepts clained herein. Further,

parti Cgbgizf] ‘;%%“é k% fﬂ)‘%\ﬁcﬁé{#h szn?tﬁ' &ﬁ oPE aiffGtoh Qo&%ﬂgﬁg AdeQn Wi th ot her

descri atures I n eac € varil ous pOSSI conbi nati ons and

per nut bgé% > Flbg’%ﬁlloml]%aﬁe “3 fa‘c?kég % Iéorfﬂ_é&ﬁcﬂgf {gaﬁ‘l oA olrc%BClFu df"ng

terns ar eir roa
meani ngﬁsg rﬁ%l |tednfr ronlt rég speci fi catl on as well as neani ngs understood by
t hose sKFY'fea'q W% n% and/or as defined in dictionaries, treatises, etc.

[ 0029] al ot ed t hat sed in the eC| fica nd t he
appenddfidai et 1?% W‘:&anw%m mg%?ﬁﬁssgﬁ%?r bEont FabbBReR i b
refere nl her se s ified Var.i ous enbodi nents qf the
AR T R TR R N TR R L
is to be understood that the particul ar application provided herein is just
an exerﬂ%‘F&F‘@ 4psi cation, and the nanocabl e arrangements of the various
enbodi nents of the present invention WD 2011/109644PCT/ US2011/ 027066 are
not |i nPP&d Gt h%‘saﬁfﬂpﬁéléftwl%aB‘Ptelttﬁ‘ép‘é’i‘ﬁﬁ@ﬁ‘?‘??ém%orcﬁl%ﬁab%oé% cHbpespiing

to one embodiment.

DETAILED DESCRIPTION

[0027] The following description is the best mode presently contemplated for carrying out the
present invention. This description is made for the purpose of illustrating the general principles of
the present invention and is not meant to limit the inventive concepts claimed herein. Further,
particular features described herein can be used in combination with other described features in
each and any of the various possible combinations and permutations.

[0028] Unless otherwise specifically defined herein, all terms are to be given their broadest
possible interpretation including meanings implied from the specification as well as meanings
understood by those skilled in the art and/or as defined in dictionaries, treatises, etc.

[0029] It must also be noted that, as used in the specification and the appended claims, the
singular forms "a," "an" and "the" include plural referents unless otherwise specified.

[0030] Various embodiments of the invention are described herein in the context of solar cells.
However, it is to be understood that the particular application provided herein is just an exemplary

application, and the nanocable arrangements of the various embodiments of the present invention



[ 0031] This disclosure also relates to nano arrays of thin filmsolar
cells. Solar nodul es constructed using thin filmsystens tend to use a

si ngl e | awgeniigiopghte plane thin filnms solar cell, ratherCrhsroian2ans ay of
smal | er interconnected nano-scale solar cells. The entire nodul e can use a
| aser scribe to mark individual cells. It is inportant to note that nano
systems may be processed differently than current technology thin filns.

Four nm&jrdindihintielikd Me ll‘é‘ﬁticﬁllor%%%%1%%%15@1%@%d%}%ﬁrphous silicon (A-Si),
copper |nd|un1selen| e (CulnSe2 comonly referred to as CI'S), copper indium

gal I'iu 0 /lenﬂlf#sedlgc@gh@&@@'raz&&ees)naﬁ&m%bythrneffﬂﬁ{sroﬁdcélg SstarrhdaRles and

CdTe/ Il ms are typically fabricated using plasnma enhanced

cheni caaoag@g%a u mﬁgﬁﬁﬁ ﬁfn%}g{el%%&}{@ usg[eacggé?e]c}arg@emﬁg%mneq q%ﬂp & fgnotes any

el ongat e Se one di nmension meter or w i's of hano or

mcro srﬁ%lﬂ:ﬁhﬁ{ ansa{n?a oflglgalfppﬁlte%otﬂﬁ%clté?l dﬂﬁg' §éa?ensoia§ célfs‘r gﬁ{e’enﬁ%mﬁﬂezhﬁ YseMUC h

| ar ger nanostructure In one or nore nanocabl es nanocabl e
{Tﬁg t ble‘slzlﬁ%chg?)g} elgargﬁ%cp Ylgu'ﬁ %él%n I? {s H@ér?an{ t%ln% e tﬁeittngr?or sfygtﬁm?m%? E)? {)IYO)QQSS(%Y wire

nanot ub s fil eri aI Pé as a S|ngle
struct ut' GYS‘%}Y&he ”telén hP°1°%¥c1“ N&’ﬁocgﬁ‘oﬁ%as}n ar“%fla %“%terr%%srt? BHPEE Ranot ubes,

of 't Lidﬁa SUSAe s %‘eﬁe&w&feﬁ{iﬁlﬁ GisBreR bt kaeh R Phe p%r'r eﬁ?b
I
Succesar Hm(éﬁll%ﬁ{f's& BTt Fror sniconiieb IEc: e (S ngéﬁ%%ﬁﬁgafg

different thickn SSes of materials deposited to forn1 ed Iayer
nanoca B arq Ry TaHicaed pHRe PIRSEY FI%CS?? lé}?mor Popitinn | P&n FBon" denot es
unction with an adequate p-layer and n-layer thickness to generate
eI ect ri [8%)%29 Thedem "npmagebly” degotgs Predgnasted bedyyrhose @ﬁe BmensioapBatiym o4y
brush 10 that may be used to inplenent solar cells with inproved
ef fi ci eWeih) isRd natporirmicroeale o sige apd thstpthen dimegsign lyeery patentipBy mycl lagese. A
conductive layer 14, an insulator |ayer 16, a second conductlve | ayer 18,
and a pinem%tmqtgreomabrmblﬂpe@,ecmnor%nmeft@ﬁ Apandgphle map §e Phrieated wifown t o be
cylindrically-shaped in the particul ar enbodi nent, they may be of any ot her
shape idhssimihr mgtdpials, pider dsiargioteadd powiothetsts laut@@ltyaﬁmg@lbmd,bydmﬁersmomyers of
2011/ 109644PCT/ US2011/ 027066 or nore conpl ex geonetries such as branched
bri st | essterudlohgat rehopba kit isdillothgih ene orandra faybe of melconl(ataed spgleytoetsreet c.
Each of the bristles 20 has a nanocabl e extending through its center, and
| ayer s afonsmaicoandudfamocabios arecilsolrefennaha nenotnbesymncatld, eancvhies,daked or nicro
cable can be thin relative to the PV coating. In that case, the bristles
may be mhotghdslayd bedtlee dhe viemchurtal elomtdt yf the amsjpalsle i cachltme & thaintcathas)be
diffraction that will help distribute Iight throughout the cell.
Al t er naictwezh yhe tivb€oratidrs) hasridtamn agiovetheriakii €konfighationgand motiefghetto\aol t ai ¢
coating; that is to say that the bristles could be at mcro scale and the
coat i ngueeklish draayats dflaefonain maseiak altematiid@ite GASE, ditliirédt ilelcine@Bs eMthterials
reflections still distribute |ight throughout the device. Bristles my

pr ot r udan e dtjosialdty fdrmadtthRy&Wasdcaeee Oor may protrude at angles. Bristles
protrudi ng at angles may increase the anount of sem conductor materials

exposedobd Bt heneSah WASDVIIRRaBWALLVS p Gl jiRELHYdAYERSE A3n AnekidhaYitd ISy Rite
i nt ernal reflectlons [ 0035] BrlstPe angl es can be created by heating a

pol ymer,, H?&Q&@Hﬂgép%uﬁh&@hiQﬂm@&eﬁ%ﬁﬁﬂ?tr'C drag to get a tenplate with
tilted apertures into which a material may be forned, e.g., by

el ectr qghafi Nge. P%facb(’if’éﬁédn%v%@v &Qﬁeﬁe%iﬂi’irf%cﬁar%é{sh% tl@a?ﬁl%y BYylay4 ng a heat

source, a source rag, an optional cool |ng source. One exanple would

be a dgt&ia%heﬁ & %E%@ﬁﬂ%r&v@&rﬁi‘gigh‘éﬂ AQROh, e PR BIRA 16‘?&%@9&%‘1‘2‘ g the

substr IS coo coo I ock or ‘cool air or water. A heated air

knife cu c%n@&u{v’esﬁg 19, dnSRLASG | eJé ?%%Eé%'hd %rﬁﬁl%lve {}Jeﬂsﬁ"aﬁé’a g@&hﬁr ge done

with two con ere on I'S C00 novi ng ow speed

and rol t;rlsllés Zt&e%tl gu ehqge ]5"?5\{ sn % 5‘5 sl%wn 1o %hgﬁ}{ldﬂgﬁlﬁepaqeﬁ?ne ﬁile rr? gulgl onally,

seedi ng” processes Scessed can. be ed’s aces to grow

por 0. mTRPAHEE: R e B ARG O S Fhe Sl e ©

across the array or portion thereof to assist in carrying electricity away
fromthe array, thereby inproving thedoveral |l efficiency of the brush. The
efficiency gains are nore pronounced in |arger arrays. Such strips 32 are
preferably very thin to block minimal light. [0036] FIG 2 is a side
cross-section of the solar brush 10 with a netal nanocable. As shown, each
of the brlstles 20 has a nanocable 22 extending through its core. The
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Ni ckel can be etched wth a 10% HC1 solution. Wth that clean | ayer, Cu504
solution could be WO 2011/ 109644PCT/ US2011/ 027066 applied and heat treated
to cause W0 2iffopson into the nano or mcro rod prior wPoTAISaMILOYI068/ar yi ng
degrees of oxides such as Si02 can al so be added to the m crorod surface
effect nodify the plated conposition. [0038] In a further approach, a thin
netal oxide |ayer nay be fornmed or allowed to renmain over the netal

cont actor nyrdeompibx $c@M@irics Li2h &g aaﬁ&leabfirtfeﬁ téﬁrngae@ararsl BbndaRdtrB®adopiyer net al
contact el ectron back barrier height and the overlying PV naterials.

Gener al dj3hga B BolPOsHs Btc@XRALET tRNRUELR) Ha@Y Bhndcfb18 Sltéd diRth RLLYitedeh@E tand

performance by Creating too nuch el ectrical resistance for proper operation

of the 1§3Fe"r§é/fser§}é?§ddc§>k Rl¥a th@ﬂ&ho%?‘ﬁﬁ&%%aﬁl@ 'Igl%éﬁ?d‘&r'n% lcatih 8088 hRUCh an

oxi de | ayer was orrre In an experinent was found not to cause an

exper | noaivd G o %&%Gﬁn PSS EIBSHATTRORG, SfcknBeta, 11 Le
EXpos urt?ang are%zt(y ee?é (fa]n %g d fﬁ’Xc%on Yl%?w lpﬁeﬁ?gstégﬁ[ﬁ?gl%qﬁfou&%ﬁp tilé §%1ng y, t he

array fUNGLT orie Ni xOy
Rgggi Idﬁ%l? TN, 1V?‘ tﬁ%ﬁes%d%an&)fezélhrﬁﬂlcg rela[tlve tol\#h%%)}??tévt'o tfnc 8)0%1&1& tlha%s %) esaqgr gllatma d

bet 1 | 1 1 1 PV te Such | t al d
ngy“ﬁgn% r?ﬁélaso OBl i il Iﬁqghet%“fﬂfﬁwlid'bwﬁ@se%‘f?%Saalgﬁwg%aﬁmcgm AR

envrron ajr ne. rich at nosphere, etc referably while being
heat ed (Egion P B sTEAr L JenThaReBec e pevssrifle Thogartdne. phot on
absorpti on is to the ction t he re |likely e event wll
resul t ‘ieﬁlcﬁﬁag% the %“faitec‘?rt“%y pr%{m?iﬁat qogles Bt QDH%?HB%‘P%%W“% S &Y IEfive back
contacting layer is not required because the photon can continue along the
li near PatROWH ok %alecorl@u%%rrmaé%m%eéposewthawr\rlap thsrup edispihodietisad e of t he
cell thereby achieving a double pass in each nanobristle. In FIG 2, five
cyl i ndrip@amipsencayraflccipiish PV cel |'s are shown. Thus, if the photon
passes slightly off-center of the shell it has the potentlal to cone into
cont actl 00&53 h Resstlpanglesasn bhercaseflipwidating 2 plyme menly e and geplingantieyNagiee wher e
the sol ar event takes place) in this brush design. If the p-layer conductor
i s suf fdreg tergel yytempiatd wighosltedgpertures ipthotharhsr mitptial prag de formedighe. fiyve t hi cker

| ayers. In the actual case, the solar brush, with mllions of bristles per
cn2, woldetioplhfiee t Peletnyatiap pf hatimpldie mey b dorerbyhavhg 4 00 s@ficcah bowealfldeigphot on
energy. Wthout being constrained to any particular theory sone |ight that
was WO 40 24 btdDeLedPIITY WBRO.1 1I1R2X06Hc poeMibe uslytocadi sdepad thertes@tkap ofeul d
excite electrons in a streamwhere reflected |ight has an additive effect
so t hatpolsmeer addibidno whilt tHewobgphtion®ladivtith 4 @eng blagk driceclband wgap Afhcgokr gy
can create an additive effect that ejects the electrons fromthe PV

mat er i adiz knife@4QJ bd hed sateptatathe dddontiyde D&hA aOGIIE b Y@enEthatvio @bntadt rélls
nonconductive material (coated with a conductive material), rigid or

f I exi bl\gherd@rc reX argbrd atdh@oshbsitsiont §edPandaull # oe @hiRisBovittopadlightlyl (@,

di anond, netal, polymer, ceramcs, or a variety of conposite materials.
Thin maphadd. AQilitiomly CREdiRE ProRRbYRBFE pERBssBEcali BE dsoohartided bekdith bfow 1 S
desired. Flexible materials can be processed by vacuum attaching themto a

St ruct UfaBowhédrrd)aat dnbRs.COAIHRS bha bR Bk BPGined udihBdsPRERtrR ot Berhth}En Rl OKESS -
Structural integrity of the nanocable will vary wth nmaterial choices. In

the casg Qe Qéétltl&llll? cORduERR sltrYps@@fnpa&@Qh@a&MS itd £y otap(frh@ﬂ(ﬂhgrlegf Substat e
material could be Used if attached'to a rigid or Ssem-rigid surface. The

mol ded a%fng%%éélkﬁ%wiyeﬁaﬁ?ma AR tﬁ@%y@ﬁpﬁb%n@%etdv%ﬁlllae?ﬁél‘&ki? of"(‘ﬁ@ﬂruEWT%@ I's

are desired for an aerodynani c Surface Such~as an airplane part, the roof
of a caly sl R %36 R SRANARDS LGSt AMRAAL S Y.
thin rrge{ I?IEIQ y1 é{ng%?otr)%grﬁs% géd}é ?gtae uglﬁér?llgS rgjgger#%c%fgtlﬁx ST e$e

r eel pltﬁ&{lcrhgi dlspch systens degrease, positive el ectropolish, negatl ve
el ectropoli SPI I1 ctrochem cal depositions nade sem contuous via dancer

rol l er ;803%[]2 su?ﬁ% a mc@é'c%%s 9&%%@5@9”&1%%%&'1@ w1t%aasrhgallnanocgl{)lg RAs ?lfbs 418 aI o g ous

advant a sem
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rat her than the current approach of providing a nunber of nodul ar arrays to
achi eve at |east the desired power output, and in nost instances, nore than
needed. The approach nmay be achi eved by any nunber of techniques such as
cutting the array to a size that provides the desired power output, form ng
the array with characteristics tailored to the specific parameters desired,
etc. For exanple assune a custoner needs a 20kVVoutput If each 1 i nch
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"xyz" or a three-dinensional surface. Thus, for a given volune, the solar
brush 10 has a useful surface area that can be several tinmes to tens of

ti mes (orwoupnd)iogeseat er than the "xy" surface area of ceavarstélonatosdV
cells. The area between solar bristles 20 could be sufficiently wide as to
make the brush absorptive to the majority of photons. Additionally, the
bristles may be thin enough to be partially transparent. This effective

trans pagrﬁaglycomtd@rdnategencﬁn%h@gthmmdnﬂ%we@@éeo &éctr%ny V&n@&%ﬂb’th&ﬁl@ﬁr at i on
to happen from sunrise to sunset at PV cells work optimally whe

the sunhducté ALY, %b&%e Ldscdn Vu&WeflﬁiéPM BeCavRSont kRS Ghdukgs @oer gy

generation fromthe solar brush is expected to be many tinmes higher than

Conventﬂa%@tﬂeay aﬁﬁ'h t@ﬁm &géfuctl%gﬁﬁm%%@Eufﬁagntaﬁntﬂl\@?stlg c&@éa%%@g uld be

many tinmes | ower ness o e PV materi I's as Inporta S the

he! ght ﬁ@ﬂl%ouﬂi%tﬁep?ger@g t(%regltpg Qgtbéotlﬂaf%gli a{cftwe ﬁ %hgﬂ inaelaéh (?f;tfr‘e @rﬁwﬂ ﬁ ent | yp

t hin, ectron-ho reconbi na on mnimzes I cl ency, and
E:gl Ia ggﬁg) Omssgtma 1t3(a¥%q51ttgfaaluﬁ% bl‘gs?h,Z %Jh' anl(arﬂ? 1In§;uef'(lt1n flaIyeIC (ie %(i‘grm tfhle g%ct%%l&(; %lsesju EEC;I on

chargin ctroni ces,

medi um%&‘i‘fcgl a{)ﬁr 1@ ?er%ms éﬁ“&“d ‘Fonéttﬁfve ?ar‘/ %ﬁftwy rS%fle AfBP e g‘?/“sﬁ?)srzd
|ndust uIt raI enerati e i.n large applications
such %thefgﬂte on ol egB LB pRERRS A ASirelE Foriilioh ABb R, e,
aircraft, r e effi.ci gne .he cel | a roved
pover * GEHEPSILGIE TeHNGH ts‘t“{j}ﬁ‘t ats%ﬁé.owr e oyt dos gt e

adsorpt on may al so ate infra-red. |i ht at night ti

[0043] i aw?a@\gfu ived eﬁa PéF The ginguetiiigos | %ttetbag%%nqngegfhat
the p-n junct] on associ ated wi th each nangcabl e has a snooth interface that
resul t SSoithpt g skfbingemall seréien eﬁthe sHeveHb BetHegdejckbaringPaions aiththBNGekal e as

t he roughness (neasured as rns-root nmean square for instance) increases as
t he scatcstipnicpegdeidivibpinested with oulydoad BYtips Hdiealsvien bsseogrihert hEhcaxes of
the bristles 20 are oriented nornal q(r‘ per pendi cul ar) to the El ane of the
array isiemensedrreaniofeenduetive layge ks epuld Hw rae bustqdasiopipyplasmesight tag caerRypauld, (a
few degrees fromnormal) or pronouncedly (e.g., 40-89 degrees). One reason
why a theldebeeredomfongpartet thiarranpnéd sotdelrs: aBy ewitehingregaehiten andiofip tdee
penetration of light into the array when the W)

2011/ 10964 4FETynUSaRtidll 0BG kicdhn diffsrant paradrisid therarray.diThe sdgimentahior eaild t o
the array. Pseudo tilting can al so be acconplished by controlling the

pr of i | ebus hajpelyoidivhiealypws buesitls patteineng techaigbaioeltbswikited io phediraome bes sveor

wi dt hs being smaller than the bottomdianeters or wwdths, e.g., with a

coni cal otloar bfistlesih @ bednt walve ppotiedign, opanyaictpdssible divisish of lpistlasm Take @nbdki | e,
etc., thereby exposing the bottons to the collinmated |ight of the sun or

ot her ldnghtimbawfaateridReictréfiacdin texi@skediveiralchipn, ahd asrdvagt bhietlacuebd ed

per pendi cular to the substrate, the w der bottom enhances the exposure of
the brigtiheedtOPCahitkndRtes mdt@hil typbOWKiD) akkfpecidily bifited fRPRSPETRA spectiin@w Of
the sol ar brush 10 having a | ayered structure. The structure in FIG 3A has

a | ayer[ods@ndnaddiffeo niddifpink hedscdniéefrol @ dagdRtisebst ad risliéa, 12b, the
first conductive |ayer (not shown), the insulator |ayer (not shown), the

second GERRUEGE bantildodd @odlMAtwihNeMe lals BREaRdred ds8mprRVad batRBentddk. tdien | ayer ed
structure, the substrates 12a, 12b, the first conductive |ayers, the

i nsul at Qe AYRERde SDAnt 08 S SBORE EPOAMGL, \&%ta'l @M@és5810§103“§ N, Rbh N@y ers
may be at | east sem -transparent so that |ight can fravel befween the

layers A 3p@0miBuiTWsn sidlecs A & ybiass R 1R T§C|0?¥ﬁﬁﬁgatlohpﬁlelt%f Sle&Sur0 do

not have to bé as enser arranged as 1 n t e sl ngle ayer structure to

h
e ey Setilfin BRARCAINIR|EARNion THOD) SHRE BllodE Iiah Uik A AGIDPURHBIS.

cruder ore S expensive, equi pnment than e singl e

struct Ui &Yl"ﬂﬁﬂg ?o‘?f‘éﬁfﬂtdm% HRNGRRiANdrel G %%te ﬁpﬂtta&%‘dﬁgl} %tébt | gﬁﬁ%gﬁlﬁ‘i% shown

in FIG yers of approxi mate e sane erght, this is

not a dﬁ(.g&? u&h ﬂ% raof '[ayogrtoe dotl?ﬁ “aﬁf&xéct nalﬂgtmu r'h?ciro 51%?6 a%\é%llftf 50% b%F ks with

dT
| ayere UI’ES can contal esire 0 generate

2l 0. bevhEag s Sl {i‘%@%’lﬂ%"%&wl 45l A58 %%ﬁ?y%@so&gwh&g% fFgh- and

| ow- band gap naterlal and sem conductor thicknesses tuned for spectral
sel ection. A high band gap material thn be used to coat the upper

phot ovol tai ¢ brush, and the | ow band gap material can be used to coat the
| ower photovoltaic brush. The upper material would convert higher-energy
light to electricity and dissipate nuch heat. The | ower material could
convert Iomer- energy Ilght ThIS mould |ncrease both the eff|C|ency and
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silicone and a silicone substrate nade from photolithography and chem cal
vapor deposition and the | ower brush nmade with organic dye technol ogy. This
way, the wowetizmge4sgap |i ght can easily pass through thePapgseoliaymee and
reach an organi c nanocabl e base. The base may be nade from an anodi zed

al um num tenpl ate, carbon nanoj acket, and wet polyner process. The |ayers
may or may not have the sane di nensions and/ or conposition. The design need

not be Jnhrdded hEaQ utew@d {oYRES Of diFQSPUR th&hdho ©Ehlicto rof) pmét {d ﬁlaﬁtg Qhryefl | s can
be included with a nmultitude of photovoltaic material's so | ong as each cel

has adeQUALEfJxRASARKENSIO, AN alkd SUddt ProiRAaRrdrbEs e abd el QYR tﬁ@@ﬁﬂed FIG 3B
is a side view of another |layered structure wherein the average brush

hei ght s..af gsgﬂ{ferent inthe two |ayers. The enbodi nent of FIG 3B

i 1lustrate at there can be structural differences between the two

| ayers. 0§0949] , '?% ﬁ% delch U Bﬂh%e‘?@ H&g‘;aygr\/%%ﬁks%%e%h%lah&& tB'TréngauPB@e‘?ar

devi ce can al so oye as a ayer | sired

0050 d al

[ with J[ Hié_p lﬁ{e]fal é‘n Critﬂll {Tg § é'i\lgiatygr Cogéi}]%g% {TE %‘fa 18n géillc rg t? ﬁlqu\?/g n?‘?% cgrﬁaét %l)égtroef\l al ong

ff t h I

Co s p‘ﬁ%t’r%%"ryg% R R ey SIS PO b éﬁ%&%ﬁxa@‘e shlgg oo
ev.e other be achi eved

t t t
T eri bt fm?tqléaﬁtyg?fc%pft@fman SPGB b&lerttéﬁ@rat%@cr ﬁoaanpsaoq%a gyett o
| t . T d t h h b t GaAs
ST el TGy Barumi i ey P rsao e andh et Byet S dedaan o

-1.6 e at the tip of the bristle a reduced ban a terial _further
down t HEPHIPLY 2ad ?&%%“ain%lt%cad‘rse Wﬁtémtﬁ’(}‘aﬁ%f?eét %‘? C? Efjrolt%itmad’&%vﬂ frax
efficiency of -24% band g z% Photons with [ ow energy will not
react vi'ieH Iﬁ.ﬂ@ﬁfxaarra%aﬁhnéwr Pfatﬂ Guiorigd on the Nalpsier eastast dus to BOPYGAG h | ow
band gap material further down the bristle at further penetration depths.
Thi s couveehd GHisilareapiprsdsherover Suptsaelyathe graafunetitgedpr, M‘PYG‘P‘{%\Agd by
etching to the top netal core of the nanocable, followd by catal ytic

gr owt h s few thit thelayon afiNs@pbenchieinly nravented iifausins of theBd intp Hieshdd laver. by

el ectropl ati ng of CdTe/ CdS. The sol ar brush PV cell design could also be a
mul tij ulespidarslc et omgraghbodimentsupley¢red metat piidemeyibefofoed katveden thellbwey unct i on
cells could be easily WD 2011/ 109644PCT/ US2011/ 027066 acconplished by
deposi tdonget aayg dred \omagiiflf.uelntay eraf ercted bsids max kethroed, € gp by expamb thetlheer.
These deposition nethods can be diverse and include any nethod currently
used i reontaet tapt oxygdeygont§ifis 2hvirknfewk.gl, eir,namopohetsespbere,ate) wafrably used as
the substrate 12 for deposition of netal. The substrate 12 could be a
menbr anehiipplngddattd(eqy, tc o X €y bhed agring etchi n conducti ve sheet, and may be
made into any desired shape. After netal deposition in the nenbrane pores
occur s,[003%8 brrhegtds@3he2thoamenbi@ptivactyentid foeheqi-h @imctdda, thepese Akdy thilevant have XY
flexibility and strength, they are limted and no other technol ogy all ows
for XYZed@sh geubRfela@tricitgl th @€ cdst 6%d nBblug) @ réfREfiVet@cls @ndictifelaler islig vari ed
geonetry of the solar brush allows the PV cells to be optim zed for solar
exposur@qiife@Brcudd thephot@Cah tOMinu®Poh gk 1ia&s bBkd hatip PAontadithl fihidHdTRh
aerodynam c drag for transportation applications. Specific geonetries

conbi nage Yhpokhte @l Fehe 4B (RIS LEREBS: £AUbRIFa8CH ¥ @l éndrRAUCE FRGCOMRE ned PV
filmand solar concentrator. [0053] There are many conbi nati ons of

mat er i alyfindRat shEBYol BB e QS ateREovwP! Bfus RF the BhdiOn pd0& sﬁ%ﬂlfy'ogit"cre%{er gn is to
use a S| thin film Oher configurations include C%

(CdTe/ GSirp Qét{at ﬁfélpH{éhtle o Qfﬁ&%%ﬁ%&%ﬁ% )ma&ﬁﬁ% Q@M&t’em 0B PE Rayers

gggrg?car-x) SL ISZlthaxSel_y Y, 3 nxGai xTeZ%n EEFﬁSZ and
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Cul nGaSe2
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tenperatures to allow for the consolidation of polycrystalline deposits to
forma single crystal material or inpfove the structural integrity and
regularity or geonetry of the nmaterials. Alternatively, single crystalline
grow h of |ayers should be favored by slow gromh of the |ayers at noderate
tenperatures. Single crystalline deposits are inportant for optinmum
electron transport and photon absorptlon [0054] Deposition of the various
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WO 2011/ 109644PCT/ US2011/ 027066 chem cal vapor deposition, plasma enhanced
chem cal vapor deposition, solution phase deposition, electrochem cal
deposi ti owp 2elebe4achem cal | y i nduced sol -gel depositi orCTaiSeet newben cal
atom c | ayer epitaxy, electrol ess deposition, e-beam evaporation, sol-gel
wi th el ectrophoresis or centrifugation, electron beamlithography, scanned
probe Iithography, pressure injections, polynerization and

el ect r QyPabsRIOh &b PThus MY Qi dx€itdQERHTROBI ol skBdn w\a@l@%ﬂeueamgm{ag an
deposi tion, sputtering including co-deposition of conmponents, closed space

subl i majguRRe cfrBLMA (RY RRATALF Rl p%ngmtlésg%an%%aﬁ@éﬂay f%ﬂer Né’dﬂ%?@a es can
al so be grown fromcatal yst sites fromchem cal vapor ep05| wet or

dry_et chedafiomi: SSIAahCrealfy iifidhd b oRleaoPt i onal processi ng

treatments nay inc annl Ine to increase Rs CdCl2 additions in

liquid 96 &%%Erat@ﬁ@%ﬁg b@ggoﬁﬁcMRﬁéﬁa?gr M&nﬁ?@%‘é)nl%' Iﬁ’z{térﬁgg&tﬁ@%t L ot her

connnns e s to Inprove Voltage open circuit oc is

better e f u ential .

e T PR A0 R I B R T
hoton t hr. t he ) a given

fl ux. nber . of u no

poi i rUaRTHERSE] BB §er%%llr?§moaﬁtvaf1%§gf g R f?%latn%%ar%sm. o By
cel | tha recei vyes th en det e .appropriate netr for a PV
col |, ey e R o w L Bl ERRe Iﬂaeﬁaﬁseca PE RIS R SR ang ¢ he
area of the bristle-tops. F FIG 4 is &ﬁ Vi of the solar brush 10
show ngt* ‘F*Héngc Bt Stpyqirgh C%e“ﬂlni}%élﬁ’@%or Hlei?r ugpg e PSS e shown to
be arr ed re ul ar | this arr ement can b changed to i.t the .

appl | Attty %%%ffith%?anpf?@?%w@s We%lra‘z@atﬁ‘é%}é‘r aiBorbiRatreal it pr X whi ch
is calculated as R(D/ 2)2p wherein D.is e dianeter of the bristle and pis
the cabfic®raaplspriyfict, ﬁdi?zs&le %lbst@épo%tgr/l%ﬁwld a%%f)ilf aftaghefl & arigid cesemiAigdt al ) o

1 f the PV cell is Wx L. The area of the gaps between the bristles can

t hen besutatee ulherreeldessupfacetfirsiblompabiepmrobhefiparticapokedp whengYgells apggap [ 0057]
Buring the sanme calculation, it is useful to deternmine if the spacing for a
gi ven c&birad féwetqﬂyn%nlvﬁlafmsucbras & vEhang deitethe joe5of agge tha syefags drieer of

t he nanocabl e 22 (Dnanoeable) is 50 nm the mninumPV bristle dianeter D

i s aboutesRREr npita icph adeanditle, thingalnppy alhebavisad andplaed uyyg a semi

2011/ 109644PCT/ US2011/ 027066 bristle optical thickness is about 320 nm The
physi calontiiummeteekto ofel platndor InstublesysRms vedreashepodi@oe eled@@oliin tegatger t han t he

di anet er of the nanocable 22, but these numbers should be used for the

opt i cal clgdirapadiskrelcabdunatal dapssibtetanrsle s¢rmeorvuitue viagheder rdllsrst niansphdmg. The
optical diameter is used for calculating the solar efficiency, and the
physi calpeditiamseiresll fessihis @cthis @bsed €ine ndvaniaggtopudcesstehi ik fematneofpr ef er r ed
density (p) range for nanocables is: p = 106- 109 pores/cn2 = 1010 - 1013
por es/ imiflexible matt analogous to a window blind.

[0041] Moreover, the continuous nature of such an array allows one to tailor a power output of
the array to meet specific needs, rather than the current approach of providing a number of modular
arrays to achieve at least the desired power output, and in most instances, more than needed. The
approach may be achieved by any number of techniques such as cutting the array to a size that
provides the desired power output, forming the array with characteristics tailored to the specific
parameters desired, etc. For example, assume a customer needs a 20kW output. If each 1-inch band
of array provides SkW, a four inch section would be provided.

[0042] Each of the bristles 20 is a discrete nanoscale PV cell. Compared to conventional flat PV

cells design where only a single “xy” planar surface is exposed to light, the solar brush 10 has a
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when using track etched nenbranes. Wen using netal oxide tenplates the
density range shifts to: p= 1012 - 1015 pores/nR [0058] For the | ow density
case, thewes/m@abl e per 1040 n2, or 1 cable in the cecrars2af/o270d®-5 X
10-5 m square, so the separation between the center of cables is 10-5 mor
10000 nm From that nunber, the dianeter of the bristle fromits center
axis (which extends through the | ength of the nanocable 22) to the n-1layer

i s subt@pt G thrEOQinkR&EANGufRY. TR, RFRLIVER Vélh@@ thd\@ 16 BRIE 1674& o el ef erably
| arger, 50 cases involving unrealistic physi cal spacing were elinnated

from cal,ohilaldaRs chibel@Ph8l thnes Wichead tlrﬁeﬂ"{‘&l H&ke) éeatérsthﬁl' tH@‘rkbeuIIf'Rg area of
following: S = cable separation (center to center - dianeter a

bri st eco(&é?ﬂblﬁ]aﬁ BUSRA eﬂlte I%tb%{wle@ﬁ goflzir%ggt%s 26\ch1% b fh?@ﬁtg%%ﬁg gﬁ% nila]%e the

det erm ned e areas of op 0 PV bri st as areas

bet ween, {605 tﬁk't@%egﬁ?@ tﬁﬁﬁ’g ggg-r[ﬁtp#l%ﬂés ﬁ%&i\% Hl%%u%at 'ty of

t he pl anar sur ace ar fin't

bristle a?t?a@g tra r ea is q@%&%e‘%{gﬁ Fe%&ﬁﬂld%%s %U%lgg WOlh'lal crease%J E%ag'lt‘ ulsﬁvel S

of top SUI’ nar area ca I ons

AL ( le]r'l:el:'rzg%/ g@l%r'ﬂiogl tg he[f)pér# rom sglnrlse {0 s%se?w%qg}lat??\pce)ﬁ w0ﬁ< optimally when the sun

is straight above the PV surface. Because the effective energy generation from the solar brush is
expected to be many times higher than conventional PV cell technology, the weight per kilowatt
gencrated would be many times lower. The thickness of the PV material is as important as the
height and the spacing of the bristles. If the materials are sufficiently thin, electron-hole
recombination minimizes damage cell efficiency, and up to a 15% gain above that of 29%
theoretical efficiency of a single junction cell becomes possible. This would allow use in small
applications such as charging electronic devices (cell phone, computer, PDA, etc.), use in medium
scale applications such as light weight roof-top energy for industrial and agricultural power
generation, and use in large applications such as a light weight energy source for transportation
(automobile, aircraft, barges). The efficiency of the cell would also enable improved power
generation in low light conditions. The wide range of spectrum adsorption may also generate
power from infra-red light at night time.

[0043] Another advantage of using nano or micro cable structures is that the p-n junction
associated with each nanocable has a smooth interface that results in a sharper junction. The
smoothness is improved at nanoscale as the roughness (measured as rms-root mean square for
instance) increases as the scale increases.

[0044] It should also be noted that though the axes of the bristles 20 are oriented normal
(perpendicular) to the plane of the array in the drawings, the axes of the bristles may be tilted
slightly (a few degrees from normal) or pronouncedly (e.g., 40-89 degrees). One reason why a tilted

configuration may be desirable is to reduce unimpeded penetration of light into the array when the
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light is traveling in a direction normal to the array. Pseudo tilting can also be accomplished by
controlling the profile shape of the bristles so they are shaped with top diameters or widths being
smaller than the bottom diameters or widths, e.g., with a conical or frusto-conical profile, pyramidal
or frusto-pyramidal profile, etc., thereby exposing the bottoms to the collimated light of the sun or
other light source. Thus, though axes of the bristles may be oriented perpendicular to the substrate,
the wider bottom enhances the exposure of the bristles to collimated light.

[0045] FIG. 3A is a perspective view of the solar brush 10 having a layered structure. The
structure in FIG. 3A has a layer A and a layer B, with each layer having a substrate 12a, 12b, the
first conductive layer (not shown), the insulator layer (not shown), the second conductive layer (not
shown), and bristles 20a, 20b. In the layered structure, the substrates 12a, 12b, the first conductive
layers, the insulator layers, and the second conductive layers of one or both layers may be at least
semi-transparent so that light can travel between the layers A and/or B. When the solar brush 10 is
layered, the bristles 20 do not have to be as densely arranged as in the single-layer structure to
achieve the same efficiency. The layered structure can be made using cruder, and therefore less
expensive, equipment than the single-layered structure with densely arranged bristles 20. Although
the embodiment shown in FIG. 3A has two layers of approximately the same bristle height, this is
not a limitation of a layered brush structure. Photovoltaic cells with layered brush structures can
contain as many layers as desired to generate the desired efficiency and power.

[0046] The layered brush structure can also be used to increase photovoltaic cell efficiency by
using a high- and low- band gap material and semiconductor thicknesses tuned for spectral
selection. A high band gap material can be used to coat the upper photovoltaic brush, and the low
band gap material can be used to coat the lower photovoltaic brush. The upper material would
convert higher-energy light to electricity and dissipate much heat. The lower material could convert
lower- energy light. This would increase both the efficiency and the life span of the lower brush A.
[0047] The layered structure does not need to be made of the same material or by the same

process. For example, the upper brush could be produced using a conductive/transparent core of
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silicone and a silicone substrate made from photolithography and chemical vapor deposition and the
lower brush made with organic dye technology. This way, the low-band-gap light can easily pass
through the upper layer and reach an organic nanocable base. The base may be made from an
anodized aluminum template, carbon nanojacket, and wet polymer process. The layers may or may
not have the same dimensions and/or composition. The design need not be limited to two types of
photovoltaic cells. A multitude of cells can be included with a multitude of photovoltaic materials
so long as each cell has adequate transparency for light to reach the cell below.

[0048] FIG. 3B is a side view of another layered structure wherein the average brush heights are
different in the two layers. The embodiment of FIG. 3B illustrates that there can be structural
differences between the two layers.

[0049] FIG. 3C illustrates that a transparent thin film planar device can also be employed as a
filter over a brush layer if desired.

[0050] Thin, minimal reflectance metals such as gold may be layered along with the n- and p-
layers to conduct the current so further gains in efficiency might be achieved.

[0051] One benefit over current technology is, as previously mentioned, that the maximum
efficiency for a given material can be achieved. Another potential benefit may be achieved by
layering material with different band gaps (energies required to excite electrons). The idea is to
have a high band gap material such as GaAs (max efficiency ~20%, band gap ~1.4 eV) or CdTe
(max efficiency ~30%; band gap ~1.6 eV) at the tip of the bristle and a reduced band gap material
further down the bristle such as CIS or CIGS type PV material further down (max efficiency of
~24%; band gap ~0.8 eV). Photons with low energy will not react with high band gap material but
will be available to react with low band gap material further down the bristle at further penetration
depths. This could be achieved by CVD of CIS material on a nanocable, followed by etching to the
top metal core of the nanocable, followed by catalytic growth on top of the nanocable, and the cable
would be finished up by electroplating of CdTe/CdS. The solar brush PV cell design could also be

a multijunction cell and is a superior architecture for such. Multijunction cells could be easily
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Culn;.xGasSei,Sy, CGSe/CdS, Culn,Ga,.<Tey/n-InSe, CdS/CIGS interface, ZnS/CIGS, Cu,S-CdS,

CulnS; or a mix of CuxS, CulnS,; and CulnsSg, Cu(In,Ga)Se,/CdS, CIS/In;Ses, InN, CIS/InSes,

ZnSSeyx. GalnP/GaAs, GalnP/GaAs/Ge, GaAs/CIS, a-Si/CIGS (a-Si is amorphous Si/hydrogen

alloy), FeS,, Cu,0, ITO/a-CNx (Al Schottky thin-film carbon nitride solar cells), and MoS, based

solar cells or more general: MX2 (M= Mo, W; X=§, Se) thin films with Ni and Cu additives layers

may be used as well. An Al,O; layer may be used as a diffusion barrier with the CulnGaSe, type

PV cells. The manufacturing step may include heat annealing at high temperatures to allow for the

consolidation of polycrystalline deposits to form a single crystal material or improve the structural

integrity and regularity or geometry of the materials. Alternatively, single crystalline growth of

layers should be favored by slow growth of the layers at moderate temperatures. Single crystalline

deposits are important for optimum electron transport and photon absorption.

[0054] Deposition of the various materials in any of the layers can include one or more of
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Penetration (/c)p Penetration (% 980 17.24 97.

electrochemical deposition, electrochemically induced sol-gel deposmon, electrochem1cal atomic
layer epitaxy, electroless deposition, e-beam evaporation, sol-gel with electrophoresis or
centrifugation, electron beam lithography, scanned probe lithography, pressure injections,
polymerization and electro-polymerization, pyrolytic decomposition, vapor transport deposition,
sputtering including co-deposition of components, closed space sublimation, thermal evaporation,
spincoating, and spraying. Nanocables can also be grown from catalyst sites from chemical vapor
deposition, wet or dry etched from a substrate, etc. Additional, optional processing treatments may
include anniline to increase Rshunt; CdCl, additions in liquid phase, vapor phase, and co-deposited
with the plating baths or other commons methods to improve Voltage open circuit (Voc); etc.
Higher Voc is better because it defines the upper end of the delivered voltage potential.

[0055] When designing a PV cell, one of the considerations is the photon flux. The number of
photons that make it through the atmosphere at a given point remains relatively constant regardless
of modifications in the PV cell that receives them. When determining the appropriate geometry for
a PV cell, it is convenient to start by calculating the area of the gaps and the area of the bristle-tops.
[0056] FIG. 4 is a top view of the solar brush 10 showing the tops of the bristles 20. Although the
bristles 20 are shown to be arranged regularly, this arrangement can be changed to suit the
application. The tops of the bristles 20 have a combined area of Ay, which is calculated as
n(D/2)’p wherein D is the diameter of the bristle and p is the cable density (number of cables/unit
area). The total area (Aa) Of the PV cell is W x L. The area of the gaps between the bristles can

then be calculated using the following formula:
Atotal = Atop + Agap

[0057] During the same calculation, it is useful to determine if the spacing for a given cable
density is viable for given geometries. When the diameter of the nanocable 22 (Dpanocable) 18 50 nm,

the minimum PV bristle diameter D is about 220 nm. When Dyanocable = 150 nm, the minimum PV
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bristle optical thickness is about 320 nm. The physical diameter of the bristles 20 will be 100 — 500
nm larger than the diameter of the nanocable 22, but these numbers should be used for the optical
diameter calculations because the outer shell is transparent. The optical diameter is used for
calculating the solar efficiency, and the physical diameter is used for determining process limits.

One preferred density (p) range for nanocables is:
p=10°- 10’ pores/cm” = 10" - 10" pores/m’
when using track etched membranes. When using metal oxide templates the density range shifts to:
p= 10" - 10" pores/m’

[0058] For the low density case, there is 1 cable per 10" m?% or 1 cable in the center of a 10™ x
10~ m square, so the separation between the center of cables is 10° m or 10000 nm. From that
number, the diameter of the bristle from its center axis (which extends through the length of the
nanocable 22) to the n-layer is subtracted. The spacing may not smaller than the cable and is
preferably larger, so cases involving unrealistic physical spacing were eliminated from calculations

in Table 1. Optical spacing, S, is given by the following:
S = cable separation (center pt. to center pt.) — diameter a bristle (semitransparent material)

[0059] After Optical spacing is determined, the areas of the top of the PV bristles (A,) as well as
areas between the bristles (Ag,p) are determined. Table 1 shows that majority of the planar surface
area lies within the gaps of the PV cell, not the bristle tops. However, there are design points that

have significant levels of top surface area.

Table 1: Planar area calculations for the PV brush.

Aop (M) Agap (M) p #em? | D (nm) S (nm)

3.00x10™ 0.9996 10° 220 9780

-15-



680 1.20 6.8 38.56 100.00 227 0.40 2.27 12.87 100. 00

WO 2011/109644 PCT/US2011/027066
8.04 x10™ 0.9989 10° 370 9680
3.80 x10™ 0.9620 10° 220 780
8.04 x107 0.9892 10° 370 680
1.90 x10™ 0.8100 5x10° 220 227

[0060] Planar area and mass per area are crucial to determine back reflection. For planar cells,
reflection bounces much of the light out of the PV cell before it has a chance to be absorbed and
generate electricity. However, back reflection can benefit the planar cell by bouncing the light off
of the back of the cell to give the cell two opportunities to absorb photons from the same stream of
light. However, while the back reflection increases the number of absorptive events in the planar
cell, it also increases the amount of heat generated per unit volume. In the case of the solar brush
10, only a fraction of the photons that hit the bristle tops can reflect away from the PV cell.

[0061] Inmany cases with the solar brush 10, over 96% of the light falls into A,,,. Several things
happen to the light that falls into the gap: (a) the light is absorbed, (b) the light continues straight
through the bristle into the next nearest bristle (as shown in FIG. 2), and/or (¢) the light is reflected
down into the solar brush at an angle of reflection equal to the angle of incidence. In each case, the
light from the gap continues into the bristle. The majority of the light is either absorbed or
continues straight through the brush. Back reflection is a function of material thickness as well as
material type. Because the solar brush is made up of millions of thin bristles, they become nearly
“transparent.” Thus, in every case except @=90° (where O is defined as the angle of the sun relative
to the plane of the PV cell substrate), back reflection is minimal. If it is assumed that 96% or
greater light falls within the gap and each bristle has 90% transparency, then there is a maximum of
0.04% back reflection.

[0062] The depth and areas of penetrated light are also calculated. This is a measure of how
uniformly the light can be dispersed throughout the PV brush. The penetration of light is governed
by the following formula:
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Table 2: Penetration percentage for a T=10 um cell as a function of sun angle above the horizon

Spacing | ©® =10° ©=45° © =80° 0 =90°

(nm) Penetration (%) | Penetration (%) | Penetration (%) | Penetration (%)
980 17.24 97.8 100 100.00

9680 17.07 96.8 100 100.00

780 1.38 7.8 44.24 100.00

680 1.20 6.8 38.56 100.00

227 0.40 2.27 12.87 100.00

[0064] Penetration percentage for a 100 um cell as a function of sun angle relative to the plane of
the PV cell substrate is simply 10 times lower. The penetration % is an important design criterion.
For transparent cables, if there is 10% penetration, the light will have as few as 10 passes through
PV cables, and the average photon would have up to 20 passes through the p-n junction since the
photon may pass through the p-n junction twice per bristle. It is probably best to set design criteria

to target less than 20% for most of the day to insure adequate absorption opportunities for the light
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stream. When © goes to 90°, tan © goes to o, temporarily making the penetration level 100%.
Optimization, however, will be a function of field testing results.
[0065] The total PV absorption area is much greater for the sides of the bristles 20 than for the tops.

A is the surface area available by PV brush which is given by:

Aceu = T(TE)(D p/ 2)

where T is the height of the cable, D is the optical diameter of the PV bristle, and p is the number of
bristles per unit area. The quantity is divided by 2 because it is assumed that most light absorption
will come from the sun which is shining on half of the cell at one time. There will be significant
absorption events from scattered light as well, but the majority of photons come directly from the
sun. Table 3 summarizes some Ay calculations, and shows that the PV cell surface area increases
rapidly with denser cell spacing and bristle height. “Cell spacing” is measured from the center of

one bristle to the center of its neighboring bristle.

Table 3: PV Brush Area Calculations

Height | PV Diameter | Cable Density | Acen Cell Spacing
(um) (nm) (#/cmz) (m2 Brush/m’ planar) | (nm)

50 220 10° 0.17 9780

100 220 10° 0.35 9780

50 220 10° 17.28 780

100 220 10° 34.56 780

50 220 5x10° 86.40 227

100 220 5x10° 172.80 227

50 320 10° 0.25 9680

100 320 10° 0.50 9680
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50 320 10° 25.13 680
100 320 10° 50.27 680

[0066] The penetration area is proportional to the penetration depth, as shown by the following

formula:

Apen = area initially penetrated by light = Tpen(m)(Dp)

where Aq.,>>Aop the dilution of light is represented by the following formula:

Apen = Tpen/ T*Atotal

[0067]

From Apc, and A, (Table 1), a calculation that shows the amount of light dilution that

occurs in the cell can be made. The light dilution is important to opportunities for solar absorption

events and uniform heating. Wherever there are hot spots there is rapidly degrading conversion

efficiency. Wherever there is concentrated light that tends to create hot spots, the ratio of

opportunities for an absorption event to the number of photons decreases.

Table 4: Dilution levels for PV cells when the sun’s angle is at 10°.

Height PV Diameter Cable Density | Cell Spacing | Dilution
(um) (nm) (#/cmz) (nm) (times original area)
50 220 5x10° 227 15.23
100 220 5x10° 227 30.47
50 320 10° 630 4.43
100 320 10° 680 8.86
[0068] The inventors have surprisingly found that some embodiments using thin films with small

grain size exhibit greatly improved performance. While the precise mechanisms are not completely
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understood, and without wishing to be bound by any particular theory, the inventors provide the
following hypothesis based on laboratory observations and modeling. It is believed that such
embodiments take advantage of quantum confinement. Particularly, the architecture of some
embodiments allows quantum confinement to be a controlled process. While the exact nature of
quantum confinement is not completely understood, and without wishing to be bound by any
particular theory, the behavior of the photovoltaic mechanisms is enhanced when quantum
confinement occurs. For example, more than one electron per photon may be obtained. Moreover,
more powerful electrons may be obtained. Each phenomenon will be discussed in turn below.
[0069] In traditional solar cells, as well as in some embodiments disclosed herein, one photon
goes into the cell, and one electron comes out of the cell (in normal situations, in bulk material).
Again, while the exact nature of quantum confinement is not completely understood, and without
wishing to be bound by any particular theory, the inventors have surprisingly found that, for
particular constructions of nanostructures using very small feature sizes in the range of quantum
confinement, more than one electron out can be potentially obtained per one photon in.

[0070] In addition, the inventors have surprisingly found that more powerful electrons may be
obtained due at least in part to what is referred to herein as the “blue shift” phenomenon.
Particularly, as will soon become apparent, the tuning of grain size and film thickness may allow a
PV cell to take advantage of higher energy shorter wavelength photons in the blue, violet and near
UV range to increase output. In traditional systems, one photon goes into a PV cell and one
electron comes out. The electron is of a certain power, called the band gap of that power. Again,
without wishing to be bound by any particular theory, it is believed that particular features of the
nanostructures described herein allow shorter wavelength, higher energy light in the blue, violet,
and near UV wavelengths to reach higher energy electrons surrounding the nucleus of the PV
material. The tunability of various embodiments with regards to light wavelength and the blue shift
phenomenon is believed to allow power output of about 2.1 electron volts while the standard “red

area” is believed to allow only about 1.45 electron volts. In other words, with traditional bulk
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material, there is one band gap, i.e., one valence clectron that is available so no matter what light
color comes in, any excess energy is converted to heat. Accordingly, if a red photon comes in that
was almost completely matched to that band gap, most of its energy would be used. If a shorter
wavelength, higher energy photon came in that has substantially more energy, it would still cause
release of an electron, but there would be an energy loss; in other words any excess energy that the
blue photon has would be converted to heat. Thinner films and smaller grains create a quantum
confinement that make this energy available by allowing the higher energy photons to reach deeper
into the valence shell and eject electrons closer to the nucleus that have a higher energy. The higher
energy photons may also cause release of two electrons, each of lower energy the sum of which
would be more closely matched to the input energy of the higher energy photon. Thus, some
embodiments are characterized by a capability to produce more than one electron per photon
engaging the array of photovoltaic nanostructures, for one or more of the photons engaging the
device when the device is placed in light.

[0071] Embodiments which take advantage of quantum confinement generally utilize thin films
having a small average grain size of less than about 100 nanometers, preferably in the range of
about 1 nanometer to about 60 nanometers. Particularly preferred embodiments include electrically
conductive nanocables with small-grain thin films of PV material thereon. The thin films of the
constructions disclosed herein result in more conversion effects (events), and more quantum effects.
The smaller average grain size and thinness of the films produces better quantum confinements,
which allows access to discrete energy levels (versus a single bulk bandgap energy level that would
occur with larger average grain sizes). Based on modeling, the inventors have surprisingly found
that that instead of the standard one photon in, one electron out, embodiments of the present
invention get around 7-20 bounces or passes (pinballing from nanostructure to nanostructure) where
the photon may cause release of multiple electrons. Because of the increased number of potential
conversion events, use of very thin layers of photovoltaic material is allowed. This is another

benefit of such an approach, for both energy conversion and cost savings. Moreover, the smaller
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grain size allows blue and ultraviolet light to reach electrons of a higher energy level, or eject
multiple lower energy electrons. Additionally, small grains break up the bulk lattice structure of the
CdTe film, possibly resulting in the confinement of small discrete groups of atoms which virtually
eliminates recombination effects due to small lattice structures contained in the smaller grains. This
may allow the electron to move through a substantially smaller lattice structure to a grain boundary
where is then easily conducted through grain boundaries to the metal rod structure producing
clectrical current. The presence of many grain boundaries has been considered a detrimental aspect
in planar, thicker PV materials in the past, but data suggests that with structures as disclosed herein
and more grain boundaries, the device can actually increase the drift velocity of the electrons
resulting again in higher electrical current and considerably less recombination.

[0072] The thin films with small average grain size may be employed in any embodiment
disclosed herein and the many permutations thereof, as well as in those described and inherent in
U.S. Patent No. 7,847,180; U.S. Patent Appl. No. 11/466,416; and U.S. Patent Appl. Pub. No. US-
2010-0319759-A1, which are herein incorporated by reference. It is presently unknown whether the
noted quantum effects would occur in planar embodiments, though such embodiments are not
foreclosed. It is possible that planar films may not provide the noted quantum effects because the
film may be so thin that when a photon comes in it might just bounce out and not be absorbed.
Regardless, formation of the layers on a nanocable provides several benefits such as stress relief,
fewer defects, enhanced absorption and quantum effects due to multiple photon bounces, etc.
Moreover, construction on a nanocable reduces recombination versus a planar substrate as well
because in a nanocable, the junction is much closer to the conductive core. Lower recombination
may be highly critical to the performance of the cell according to one embodiment, because it
allows the device to sustain necessary voltage and current levels for high performance with lower
incidences of the electrons recombining and the cell thus losing the energy to heat. In addition, the
nanocable-based construction increases reflectivity, which increases the opportunity for the photon

to create a PV event as it bounces between the nanorods.
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500 nm, more preferably in a range of about 100 to about 300 nm. Preferred average grain sizes of

at least one or more of the PV layers are less than about 100 nm, preferably between about 1 and
about 60 nm, more preferably about 5 nm to about 60 nm, etc.

[0074] The film thickness to grain size ratio may be tuned to capture a particular wavelength of
light. Moreover, some approaches use a mixture of grain diameters to capture multiple spectrums of
light. For example, larger grains may be used to capture longer wavelengths of light, while smaller
grains are used to capture the higher energy/lower wavelength photons and produce higher-energy
events.

[0075] The films may be formed with small grain size by a variety of methods, such as those
described below. Particularly preferred methods included pulsed and/or reverse pulse electroplating
with a controlled temperature, and sonication of the plating bath. Any PV material may be used in
the layers.

[0076] Without wishing to be bound by any particular theory, another possible effect to explain
the extraordinarily high current results of the thin film structures employed in various embodiments
of the present invention relates to the semiconductor junction mechanism known in the art as the
“depletion region”. The depletion region in some embodiments is believed to extend across the full
thickness of the P—type and N-type PV films of the device due to the thinness of the films. This
means that some embodiments of the device are believed to behave as an “MOS” or Metal Oxide
Semiconductor, and not as a standard thick film absorber PV device. A similar theory has been
previously reported through the work of V.G. Karpov et. al. at the University of Toledo. Only now,
after the discovery by the present inventors as disclosed herein, can the theory be contemplated as a
potential mechanism that may help explain the substantially higher performance of present

embodiments.
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[0077] Without wishing to be bound by any particular theory, the presence of this MOS-type
performance is another likely explanation for the superior performance of various embodiments of
the nanostructure device currently described. As the CdS layer is thin and the PV absorber layer
becomes thin, both become fully depleted. In a practical sense this phenomena may be described as
follows: a depletion region forms instantaneously across a P-N junction. It is most easily described
when the junction is in thermal equilibrium or in a steady state: in both of these cases the properties
of the system do not vary in time; they may be in a dynamic equilibrium.

[0078] Electrons and holes diffuse into regions with lower concentrations of electrons and holes,
conceptually, much as ink diffuses into water until it is uniformly distributed. By definition, N-type
semiconductor has an excess of free electrons compared to the P-type region, and P-type has an
excess of holes compared to the N-type region. Therefore when N-doped and P-doped pieces of
semiconductor are placed together to form a junction, electrons migrate into the P-side and holes
migrate into the N-side. Departure of an electron from the N-side to the P-side leaves a positive
donor ion behind on the N-side, and likewise the hole leaves a negative acceptor ion on the P-side.
Following transfer, the injected electrons come into contact with holes on the P-side and are
eliminated by recombination. Likewise for the injected holes on the N-side. The net result is the
injected electrons and holes are gone, leaving behind the charged ions adjacent to the interface in a
region with no mobile carriers (called the depletion region). The uncompensated ions are positive
on the N side and negative on the P side. This creates an electric field that provides a force
opposing the continued exchange of charge carriers. When the clectric field is sufficient to arrest
further transfer of holes and electrons, the depletion region has reached its equilibrium dimensions.
Integrating the electric field across the depletion region determines what is called the built-in
voltage (also known as the junction voltage or barrier voltage or contact potential).

[0079] Forward bias (in this case the presence of photons), (P positive with respect to N) narrows
the depletion region and lowers the barrier to carrier injection. The diffusion component of the

current greatly increases and the drift component decreases. In this case the net current is mostly on
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the N-side of the pn junction. The carrier density is large (e.g., it varies exponentially with the
applied bias voltage, which voltage is induced by photons in the case), making the junction
conductive and allowing a large forward current. The mathematical description of the current is
provided by the Shockley diode equation.

[0080] However, in an embodiment with fully depleted P and N materials that comprise the
absorber and window layer of the present device, the presence of any photons, including that of
merely indoor room light, surprisingly will cause a current conduction event much larger than
planar solar cells with thicker films used in the absorber layer which do not become fully depleted
due to their inherent thickness, as required for planar structures.

[0081] Again, without wishing to be bound by any particular theory, another possibility that can
explain the extraordinarily high current that various embodiments produce is a “pseudo-quantum
effect”. Essentially, the inventors theorize that a similar mechanism to that theorized in the art of
quantum dots demonstrating that quantum confinement effects can occur in films or dots that are 30
Angstroms or less in thickness. It is believed that in the case of some embodiments, the
nanostructures that may have films that are actually thicker than this number but substantially less
thick as compared to planar thin film planar cells, may exhibit a localized quantum confinement
effect if the conversion event happens within this 30 Angstrom layer adjacent to the nanorods. This
would mean that the distance for the liberated electron to reach the conductive core is within the
previously described quantum confinement boundaries. Uniquely when this is combined with the
substantially larger surface area presentations that various embodiments of the nanostructure
presents to the flux of the sun, much larger currents are possible and have been demonstrated.
[0082] The theoretical efficiency limit of PV cells having the thin film layers in combination with
vertical nanostructures as described is estimated at about 65% - 70%.

[0083] In summary, some embodiments of the present invention exhibit the surprising and
unexpected phenomenon of one photon in, more than one electron out, and/or one photon in, a more

powerful electron out.
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[ 0068] The inventors have surprisingly found that some enbodi ments using
thin filmse with snall grain size exhibit greatly inproved performance.
Wi | e t hewpnet/®wessaechani sns are not conpl et el y under st @oajusasd/opdobhout
wi shing to be bound by any particular theory, the inventors provide the
foll owi ng hypot hesis based on | aboratory observations and nodeling. It is
beli eved that such enbodi nents take advantage of quantum confi nenent.

Parti cubedd)y, FIGb%mHthﬁ%% ex&tplaa %ﬂ%ﬁ‘@aqrréﬂaﬂtga FhdtQWBraid YR HE uch

conflnenent to be a controll ed process. I'e the exact nature of quantum

conf i neBnbat SruflodxhHAR! Rl flcKoHOIR 0 Bﬂe%otoﬁr?ﬁj it BN bnd &R Gut Srdps bound

by any particular theory, the behavior of the photovoltaic nechanisnms is

enhanceg, &Bn UQP&O o% | DERALULREHE Sari FiR TaySX AR bi€ps APGiS16RA ©Abe
e obta ul e

el ectron oton i ned. Moreover, nore power ‘ectrons may

be obt I

Cradi ﬁ%?m af‘hﬁﬁffb%%gmrﬁf ok G2 SATRER LA LR LO0RRe
hat, |l d | ect t of th I (i

nor ml 6 Rkt bl n‘fmat erial). Again, while the exact nature of('”

t f t [ d th
Bound B0ty BIFRRE A I PheGTIf 2 ¥ RS L R e b f’nﬁéfriﬁf%ﬁ hat
f t | t t.i. f t 1
T oD i ARt B O?lﬁrf%)ssaﬁ%nﬁ%ﬁé?ﬁ*ﬁtﬁr{ﬁflgl%tSSﬁQ%l)VGr P ERpbat S S an

be potenti al obt |ned er one oton in 070 d|t|on

vent RS HbaEh e BPRBRYF O etsrfapn)rmrt@fag brgtglg %@Htﬁe
obt ai ned, due ast i.n, 5 rt t mhat ? referred to hereLn as % "bl ue
shi ft" JHHuH 'f‘t‘t?rf’ aipefpritic taw & typie] mepRctAReIRiPglspEPE it used Hetht uni ng

of grain size and frlntthlckness may allow a PV cell to take advantage of

hi gher SREBIUCERSF flpanRhlErig: ﬁorpqafémahslllpﬁratlhesqbﬁttiﬂées iR5llec00 grgsihety v
range to increase output. In traditional systens, one photon oes into a PV
cel | antfeme 08Inue pebsiv. 4o, Setible THstralPs cpisEpey eeéforélaE@nﬁlaﬂlw WoRey cal | ed
t he band gap of that power. Again, wthout wishing to be bound by any

parti cldcarratitiemdipr sive (speh as&lenite Gen hAflatgupelizas arcommanty wed tfmedgen flat
nanostructures descri bed herein allow shorter wavel ength, higher energy

| i ght imnelndensions), old ol et, and near UV wavel engths to reach hi gher energy
el ectrons surrounding the nucleus of the PV material. The tunability of

var i ous0esfi)odhmemiogalwilhdsion dayar 41kis famicd ghthewabsehierdgt Theaadbiesidndaysr aids ghi f t
phenonenon is believed to all ow power output of about 2.1 electron volts
whi | e tddbessinardizrteick plent @neat'toitls shbdtiaty Ady twtable Ingyerehingy bdowad fo tkS el ect ron
volts. In other words, with traditional bulk WO

2011/ 1006&4R0dY 32 04 4ppRoa0in 6 laget ef thadmal dxtiér gppraimndy bbowd 1@B1p,aboutes0) one

val ence electron that is available so no nmatter what |ight color comes in,
any excagsroaiepgitrabyy oo taeghtioms fedout 1500 anig@irogh i, applicdao thedulphetcon conmes
in that was al nost conpletely matched to that band gap, nost of its energy
woul d bgutisigd, plddmaaaphialep&itionar eDg reéMicalaghielep@ R Y VPhobaReran®y on t hat
has substantially nore energy, it would still cause rel ease of an el ectron,

but t hesi@nmsxidaBoP @tcAIThe REF@Y of M8 Sdhekion Rlybiess MO ESoRd¥n&X 68 S Sia@esigy t hat
t he bl ue photon has woul d be converted to heat Thinner filnms and smaller

grai ns $ieahg, & RIS Ah bneiRMle iRAlaMBILorhd 8dIRABH B tha¥akIpdhbe by
al | owi ng the hi gher energy photons to reach deeper into the val ence shel

and eJQ%hm@h@%&hQﬂé&ﬁ%Bsﬁ&mfQi%QEmBQQQRH%u%B@PmHﬁM%sﬁaﬂh@@ﬁ&ﬂﬁ”ergy The
hi gher energy photons may al so cause rel ease of two el ectrons, each of
l'over eggsQyinthe sum of which would be nmore closely matched to the input
energy of the higher energy photon. Thus, sonme enbodi nents are

char act [ﬁééﬂeq{é?éénﬁ‘g fanakiy {hfe%Fct,k}IlB{e%gh'&& 480{ a&id&&‘%ﬂh?&ﬁcﬁfee Fhe Bl EBFaBe p hOt 0 n

engagi ng t he array of phot ovo C nanostructures, for oné or

phot on Seo {Agt%l g‘ﬁ(%%y égleor%%nat? ?n 'ufta%lé ﬁat?r!laﬁ%? glaftenall se%h lbia [1&:9 %3'1]

Enbodi men vantage o tum confinenment generalTy utilize
thin fi ver f n

Nanome ttée:gacp@/ane gon?‘%& rﬁ?t.lstraf1 9 mggr?alsql %t% ? néa(:%’rre'tl ér %\@ é}b%tﬁ tzglg%/s
nanorreters1 Partuﬁularly preferred enbodlnents include electrically
conductTVe® %Hﬁbé 4bles with small-grain thin films of PV material thereon.
The thin filnms of the constructions disclosed herein result in nore
conversion effects (events), and noréfquantum effects. The snaller average
grain size and thinness of the filns produces better quantum confinenents,
which all ows access to discrete energy |evels (versus a single bulk bandgap
energy level that would occur with |arger average grain sizes). Based on
nDdellng, the |nventors have surprrsrngly found t hat that |nstead of the
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[0072] The thin films with small average grain size may be enployed in any
enbodi nent di scl osed herein and the many pernutations thereof, as well as

i n those woe=eariytved4and i nherent in U S. Patent No. 7, 84PCTAG01wW0B06dat ent
Appl . No. 11/466, 416; and U.S. Patent Appl. Pub. No. US2010-0319759-Al,

whi ch are herein incorporated by reference. It is presently unknown whet her
the noted quantum effects would occur in planar enbodi nents, though such

enbodi mends ah 8ndQprdaeh RLASEDN of the beckfaR icBhiget UbakoR! 1BD& athold 409 MY not
provi de the noted quantum effects because the filmnmay be so thin that when

a phot o\ GRIRS fhifinium MirARbs 8L PAHNER QikioR M PRL pﬁé?eri?@%%tpﬁg proegar di ess,

formation of the |ayers on a nanocabl e provi dés severa enefits such as

stress \,fa€+dn‘ifi oﬁl%{;dg‘ﬁf € Saine GRIGRCREPRSALRL Qe ?rﬁ&fa‘&é‘?d?&'s‘.”k%&t%%(ﬁ due
to multip |l e

e photon bounces, etc. Mreover, construction on a nanoca

educes, RSP IMIALLANARL AN B AU FUE 161 5 A0eb) LRSHRISS 4o
recombl ARt AN TR ABU ANl R Bl RS ASAEIRNGE: BlphlS 5 an

. U
accordin I e ause | (0] vice 10 Ssus

necessa | t and rrent leyels.for. hij er.for ce W ower

e o FREn St T Mec b8 ok Pl D B RSN PSR crer gy
t o heat n addition he nano e- based,constructi on j ncreases. ...

ot 1 oot ioh Pyttt b Mol BB R RN S S RE S RS G e R R PR plise o py
event as. it bounces ﬁ%%meen tq§ naq@rods. WO 2011/10964ﬁ§‘ / US2011/ 027066
[ 0073] %rﬂéefsé‘?‘ffé"&lotw PG A RIME K e Sgo‘t“é‘?r&?"fonti‘élﬂ)%@inﬁt%}?-t Fcknesses) of

all filns, and/or of those thip fjl fornmed. over the nanocahles, are |ess
t han abV&a%dﬂife@tbw?ﬂﬁ({dms Péﬁwilg%ﬁ%s the fifhet shesidinesa Wmﬂatfe%ayé) um?qr &Y PEffve
enbodi nents have thin filmthicknesses in the range of about 100 to about
500 nm filpdweoppteretingihs ferramagnetn goreticstidha nidgodyriedpsneticabocansinedr ef er r ed
average grain sizes of at |least one or nore of the PV |ayers are | ess than
about 10BHtEEPYBitener abl y bet ween about 1 and about 60 nm nore preferably
about 5 nmto about 60 nm etc. [0074] The filmthickness to grain size
rati o nBY3%Be Rafipigeg tod Teapt ardold agaask 8 if cagatefenbeyctheybask planp pejtiact 40vbyiover |
sonme approaches use a m xture of grain dianmeters to capture multiple

spect r wypvastiondl gpghniquess Thexeayk mey b rged otanaisnisablrayatireal (uettlastaphetoptsist. e

| onger wavel engths of light, while smaller grains are used to capture the
hi gher rehaemgl/ pabyvesrs,ichasl eamtshehshotlioasoaddorprivduoigridei ¢her - ener gy events.
[0075] The films may be formed with snall grain size by a variety of

met hodg00¥ Phioa® applgsig tikgdotordsed abeptowal iRaddting Udyar 4 ympy ef doppedd oethieods

i ncl uded pul sed and/ or reverse pulse electroplating with a controlled

t enper atctere. Binche apprbachl dbont 0 té Aeupl WOiangstdoask lof a playmdPdhhamdce IGVA) insEytobe
used in the layers. [0076] Wthout wishing to be bound by any particul ar

t heory,is agpdict €rhe pRiES ki I @f kaiebldplasadehiiinoed dxédeexich 204 kb athyl ytthdisgieateur r ent
results of the thin filmstructures enployed in various enbodi nents of the
pr esent(TEDER SO HBIN, &k at ©Sy-hiridde\fpaedtion BHHE i ilajinaydraproR DB HesOikgdown |1 n
the art as the "depletion region”. The depletion region in sone enbodi nents

i s bel i @uePHOVIEKIRNE 0f64:05Efabh@tibahld thbhigk dasgy efd i@t ¥he: RRE. N-type PV
films of the device due to the thinness of the filns. This neans that sone

enbpdi MRBiesv@f CV D /o&ait feQuidd a&ldh%h&l&ﬂ&ﬁﬁal_ts@ep@ﬁ!&@v&péﬁticﬁaﬁeﬁ&%ﬁre@ma%é al Oxide
Sem conductor, and not as a standard thick fil m absorber PV device. A

si m | arof,heQrypibaAs REQ&TRE ViRUR Mncfeﬁ%? bR kReKosteiist BEpoaFK d@hmMrafon, Kar pov
et. al. at the University of Tol edo. y now, after the discovery by the

Pr esentanh MEERK QST Hfllct! R3RAIARRERAIoCARIGNG HOSRIMIAR GARLATRY Ak as 2
potential mechanismthat may help expld h the substantially higher
perfornppge of present enbodinents. WO 2011/109644PCT/ US2011/ 027066 [0077]
Wt hout w shing to be bound by any particular theory, the presence of this
MOS-ty rfor i t-her i . I i I

pert of Haond o oBRARrleon @R Gllchl b5, RERCARAN: GG Blek e SURRE e |
descri bed h S er i in.and. the PV _abs er. | ayer cones thin,
ot h begiel T e 85 R s b AP e 8O 8 e A BRI e
describegxgﬁlfogloms:éggqgehetion region forns instantaneously across a P-N
juncti&ﬁ. 5% oY Bakil V'd&Seri bed when the junction is in thermnal
equilibriumor in a steady state: in both of these cases the properties of
the systemdo not vary in time; they2fay be in a dynanic equilibrium

[0078] Electrons and holes diffuse into regions with | ower concentrations
of electrons and hol es, conceptually, nuch as ink diffuses into water until
it isuniformy distributed. By definition, Ntype senm conductor has an
excess of free electrons conpared to the P-type region, and P-type has an
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[0079] Forward bias (in this case the presence of photons), (P positive
wth respect to N) narrows the depletion region and |lowers the barrier to
carrier iwpeotl/lwm44The di ffusi on conponent of the curreRrCTgISe@log7o661Ccr eases
and the drift conponent decreases. In this case the net current is nostly
on WO 2011/ 109644PCT/ US2011/ 027066 the N-side of the pn junction. The
carrier density is large (e.g., it varies exponentially with the applied

bi as vabpege, whhihGhr M&Iam&ma{ﬁg wémmﬂn&y RRRIPNSosttl e b Be ARSI hotd RRLENY t he

junctlon conductlve and allowing a large forward current. The mat hemati cal
descri phiyom RbodiBEuGHY cro‘?l%ntl'oﬁal RIRYih & d TRY rekB6s ﬁb@@s@oe(é di.Qflg. £gi4at i on.

[0080] However, in an embodinment with fully dep et ed N material s that

conpr i S[ﬁtt&}ﬂgdr%%pﬁg CBRfar ACh M RIRN LAY P 845t RL OB vf%@gb G shdwiEin REGSENce

of any ‘phot ons uding that of nerely in room | surprisingly

wl | Caéﬁ%@pﬁ&{ﬂ'itﬁ&% ﬁg’b&%&%& aHBw &Yeatlon %Sk%{a\?ﬁéﬁ %P@Q I%chh'g% L@ A Cell's

with thick I'n the absor ber ayer becone fully

depl et edb&ﬁue‘[nbé gﬁ\J]\jn%lg\naﬁoggb%s atrﬁh tﬁehdn%k&ﬁo%§ of @g % og%)lése’;?fn%s%fveso ltl%?e%r

structures out thcular

th , t h t h

e B SS9 G2 arrayg%na;nf%a%aq&ah@af i

E t I | th t.hat t hat

Theont 78t YiiehlS ouMeRlt it iabled far Bu el B %bn%”ﬁsﬁa“' &hbtife X%%dnenem

effects, can occur |n filns ots that are .30 A es

Ehi cndbEBRRES BF s Phstrtiv R rietoh e aBionEF SOE Ses D it St

nanostr \res th may have filns that are actually thicker an this
nber 1 i SEa 91 igPd 1R BROVHRiTRAD S P OB EHFAR WD BO%P%WS% flwq?wsrn pl anar
cells, may exhibit a |ocalized quantum confinenent effect if the conversion
event AN MRS this 30 Angstrom | ayer adjacent to the nanorods. This
woul d nean that the distance for the |iberated electron to reach the
conduct[PY] c df & nsulgiinghpisr +hwapiresppioths [Vias A & barstrndukiRerathraish Py At
boundaries. Uniquely when this is conbined with the substantially |arger
sur f aces & fwripe exyene plesrameichipg to ¢apicdhs cEhAtr Hadrlaydf t he nanostructure
presents to the flux of the sun, nmuch |arger currents are possible and have
been ddA®ifd thhaeepsed m@@}iverh@eﬂ%@o pleth¢ bettomedfithayiesrogy ho spirtteret topypiose | s
having the thin filmlayers in conbination with vertical nanostructures as
descri rdtiesian. Mordovert sdoxyempauna 8&0%be-applidd to @88 B viay hydnophalis wheabragds in

enbodi ments of the present invention exhibit the surprising and unexpected
phenonehoplatig ssepebyplidt ©m proper wettieg afvbprojom dqeld didltat g botiem ofithd Ams. 16the phot on
in, a nore powerful electron out. WD 2011/ 109644PCT/ US2011/ 027066 [ 0084]

FI GS. 6ndidtive indstlayat Becameexadipddar. y., ded toolt dxgpenyylaparticagneat, phyakav od 4igi C
structure such as a solar brush exhibiting the phenonenon of one photon in,
nor e t hadg, Dreidetdehi boip@tirmedrdl, O applging hdiloo HO1 solaticiofoea gowerefiod ofel ect r on
out. Wiile various |layers and steps are disclosed, it is to be understood
that thime.is done by way of exanple only, and nore or fewer steps and/or

| ayers may be used in a particular enbodi ment. [0085] Referring to FIG 6A,
a substipe® 4&firfin@lodMGISE! theM@ FHBddIAikiEcoNBYCtRE c 10 RfatakbCch €6tnDianadikles
suitable material, such as silicon, glass, netal (e.g., Al, N, stainless

steel ), 52bﬂfu@tﬁ4at1v99&§ila&%%ore§hdtér§a@s rﬁéﬁ%@lud@@ht&%ﬁ?é hdtGigfited ko, ®i,,Cu, Al, Zn, Mo,
non- nonocrystal line silicon) material, etc. For manufacturability,

pref er red .suDRLE 8f £ o@%\é@n&h@mﬁ bk Iﬁhb&ﬁs inhAd g dforof 1 the/idd CRr
manuf acturing équi pirent that is used in the sem conductor or flat panel

| ndust réx%%gle 1%sn%%%nﬁucu'vle kM%rn{a?etn'al\é‘?nc?dﬁQ IERNGSt, NS, ek, kOO, EHEl‘o?lﬁérh\Hon

waf er s mm waf ers, 450 mm flexi ble substrateés, Substrates used f

flat p%@%d a‘i'l'o?éoﬁvf’o)’a%dchfs - A" tgtahér??% n%@gé(gﬁr}lﬂé} & oS aBlcd @aﬁen 11

flat panel glass as co Iy use d at panel televisions), etc.
0086 h bstrate 42. Th
gdhes}&ﬁqugékggﬁl§%g%?§gﬁg§¥%ﬁ%htﬁﬁ%&&% qllgm?ﬂane %oﬁtzgtstgatﬁe subst?ate.

Any sui bgﬁg efh”%&no abqes. ag”? reg?abpsf%gm fdotflroug\belg q 1<f‘al d 0?1‘[1 n gg %ﬂe appr oach,

a Iayer therna oxI°ma angstrons

et 3@@%@%@%@?@39 3k lscg??ﬁh%f)a epaoé%e;g &?@ﬂ?%%ssuf'eﬁ‘?ﬁf%%dvéﬁo? e

deposition (CVD), or thermal dry or steam oxidation ,etc. The surface of

t he adhesion |ayer 44 may be roughenéd- e.g., via Argon sputtering, or RIE
sputtering with any suitable inert gas to pronote adhesion of the back

pl ane contact thereto. Preferably, about 15 to about 20% of the total

t hi ckness is altered by the roughening.



[0087] Referring to Fig. 6B, the back plane contact 46 is added to the
structure. The back plane contact 46 nmay be a nonol ayer or a | am nate. Any
sui t abl e watertvmbedar material set can be used for the bacik/ysh@anm2weant act .
[l'lustrative materials include Sn, An, Cu, C, Sb, Au, Ag, N, Zn, etc.

Al'l oys may al so be used. WO 2011/ 109644PCT/ US2011/ 027066 [0088] In one
approach to formati on of the back plane contact 46, about 150 to about 400

angstr %gﬁtté?fngtlﬂary%@ bk A nbd @l @ rd f8raBIp Uhb ﬁir%@at@é?,td% nToh@(te'i‘lqlB in@ind @Y 8f thd 4
preferably wthout breaking vacuum in other words, in the sanme vacuum

system gait aﬂ%et‘ﬂﬁte@i‘hﬂ&a‘l féh&’sr tB %fe%d B@err R tof@iqﬁé ml%d%@mﬁm%et&@ Ofcangstrons

of al um num copper alloy (9 : I's added by sputtering. An optiona

cap | ayg msectauso th%aﬁdcaaa'cum%ggaﬁaﬁ?myth@gaagged to prevent oxidation of

t he al um num al oy An 1llustrati cknes the cap | ayer is about 50

t b 0 kel
vanad: d00Fda TR ity (B By ?"%ﬁt Al R BT RLAR A ) ©1C
| h t it
f Lrlﬁﬁ&a%e?ff"éf 7 e %%%“‘%ﬁﬁﬁﬁlaﬁa Surnde pPleafl B BAT RS has ¢ he

ffect ti
count er SR TG Ofnhaevnﬁs% f?ns@ crfbagE gad qd‘it‘é B FlealP o Py oy Btrica

t N t. R f to FIG 6C d
oD, 5 rEgR e (8 LERPER! abAYLST ﬁﬁl%’ﬁ%%%%?u%ﬁa@?%mgi& S 5 ¥onvent | ona
t echni The. . ray be fornmed of any suitable material, such as a
photorg§ﬁ§?5p$6P9§ §e%sdoftomers, a hard mask such as silicon oxide or

silico ride 0090] Priaor. to ap i ng. fhe otore3|st n opti onal
i nsul aﬁp% | dY @ﬂl%@fﬂ@?&g)ﬂ h@ﬁjﬁsq s sriag L% BxhBeh Q an ﬁaﬁh@atsrp% F8hch,

about 500 to about 1500 angstrons of a plasma _enhanced CVD insulator is
appl i ed@VaHeowXPAstic Lpepd ﬂaﬁyab;@gﬁ%wogwareﬁa e AtheARadime WaEk efigielvds a
tetra ethyl ortho silicate (TECS), Si02, SiN, or an Oxy-nitride.

Appl i cathaskpighe engact wislythgm Sqaaly@?wplsslweéw&eémaylserr%an aad brg 2pETVD
because of ease of fabrication and the high density and uniformty of the

| ayer . BYREY aerossthrndiereyibiitste. Thefipnizcusion ellowsdrpranepteanrent densitics togbe,
deposition tenperatures may be low. It is typically undesirable to heat the
under | wpnbedrmmrgtmlstaa@% thewalgs eo B ghoyh irdi¢seof dhsl randaablies oa all gyl anequgéner at i on
of hillocks in the alumnumalloy portion of the back plane contact netal
fil m stiuekhis fe@®@.1the backandtad comtpgpribmctesistivityand nsifdraity ag imagreant joghd pnoeassl

bet ween the back plane contact and the mask. This could allow the open
areas dP0%e Rufereyg ©tHGcol e makiscmoval. PM avamplei o randcdnedeaemoypdrt of t he
active area of the PV device. WO 2011/ 109644PCT/ US2011/ 027066 [ 0092]

Whet herusomg chotentionai teshiliqick, e, |bgyapplidagorf affongdijc salvshtamahras aqeasic bt sleotof;
negati ve photo resist nay be deposited using conventional techniques. The
resi st dzsngdowass VR, EMAH, @pppsiedryachemizak seshrmadont EKITQ 63 toa Ada400 thae afeni ques
to create a mask 48 having a field of vias 50, as shown in FIG 6D. The
phot ol i spb@tcatip ysi@c@ C@Ske AtdnQ¥nevatat photraist. oA Sk tRRt is deibpe s sédded spaci ng
bet ween t he subsequent|y-formed nanocabl es and the di nensi ons of the

nanoc abfi@sink heFaR pyEsrmetl Refu@Byr dia Wedtrigu R ORRbak eﬁ)p:r@nhéso hlce@mabé used,
di rensions of the array of nanocabl es. Additional t he aspect rati o

(hei ghte ¢ ais¢hragyRhIBS o1, Mhethail6], BRNAGAR} @pi)r&@ﬁbsbald;@atadnmg &4 e k@8kh ihde t he

di aneter of the vias and the thickness of the photoresist. Thus, by

sel ect i pomAPRYRPL.I ate spacing, dianeter, and hei ght, the final devi ce can
be optim zed to provide the best power output, and potentially using the

| ovest iRieNtA AordiBbETd, &bsk R8Iyl fnoffd b|e RS &kIWG theyRk pf’azf Y@RacPEGSENt

the vias 50 can be ext énded theret’hrough by etching, e.g uori ne ‘oxygen

pl asma Iﬁ edtagox@(tﬂgﬁaﬁlohﬂf sG9 r@l‘d% %0 : hdgﬂg)%ﬂ@ya%rectkltgg'goﬂ SI&GDC?% posed

conduct i rIayer at the bottom o Vi as nay e sputtere to |nprove

adhesi %P| a\%n fif an b fAES 6 ee?llt?es{@d%¥% Pc?re %ﬂesggnc{‘i%?ag&ho%

hydroph| Int Ing s I'n proper wetting and
proper 'ilaéglose tlhela %0 Il"ﬁ'eeba%f() {%nq t?n so%ne em%b(%ﬁents ma, agsw? an a%ﬁju%%l Y& !Fl gner | ayer
becones ox 5 the asna tre é% ure to
air, etc rfor i l.ute HCl1
Sol ti o it by @%@89]&% BE gﬁ@f o Bl Gt otk %.aﬂggft%mn o 0@&51011 Vi as
are filled mnth conductive core material to form nanocabl es 52.
IIlustrative conductive core material®-may include, but are not limted to,
Ni, Cu, Al, Zn, My, etc. and alloys of any of the netals with other
materials in the list and/or not in the list. For exanple, illustrative
conductive core materials include NiCu, NNPt, NiBi, N Sb, N A, and other
Ni based aIons M and its aIons AI and |ts aIons etc. In further

N Y L T T D T . S rr Y -



[ 0096] The nanocabl es are preferably forned through el ectrochem cal
deposition, though alternatively a conbination of el ectrochem cal

deposi t i oNOQEGDN964H 0w pressure CVD, and/ or WO 2011/ 10962¢PTBLAISALDES 027066
sputtering may be used as needed. Preferably, the nanocables do not extend
beyond the top of the mask, as overplated material tends to bleed over the
top of the nask and connect together. The aspect ratio of the nanocabl es
can be gehinkMo ahexiegent of the plating. [0097] Nanocabl e di anmeters nmay vary
from about 50 umto about 0.35 um and axial |engths thereof can vary from
about 1901 4Nt R oBRAHIy dbsikiBlc (Y Roislidt¥ baltionBYihBAal AL TovPEIcGHEM | er

depending on a variety of factors iIncluding manufacturability, materials

const r%ﬁétgnce,t»bﬁc %&Jab&?korﬁl%c{%h%\%qugnﬁg&t YR LAIRPARRH i O dARbIBET

di mensi onal boundary testing w ious material s systens previously

di Sc.usstggnatfo}l Sf Ve{rgg&%lstehpﬁl% rE')gér tﬁé‘&%& @.tlsartictuﬂ?l ,f th%lfe ?0& Q@c&éa@s can be a
multi-material, and each materral can have i1ts onn bengfit . e of the
enabl i ng_.t.ech | €S ke an i rk i Cl. i . Kk

ol ane. Qo SEE OEin?Ahth e B, P R SRRt b GliSThstest Brfingify

uni formand has a_ |.ow resistivity acro the entire subpstrat.e. That

cont § ouP 2086 PR s Rl ERb plrold b BER e Rt e S BE lTe e i for i y
across the fer, so.the growth rates of the napocables are all evyen and
cquat . 1R ES predBe e Rl Beb ) S SRR FRePLE Bitbyt Sl
uniformty are inportant to the procgess. [0099] Referrin o FIG 6F, the
mask i 2}1“? é%\ﬁé?j@t Borak 5 eé%,OHB b &rdegiadid. E%fﬁ“%?’emflé WS YSEFRGT & 8HIENt i onal
techniques, e.g., by application of organic solvents such as acetone or

al cohol f ClizbiaPlstsERiarie RS Compiga th&ﬁlg‘bqsgb‘%t?%%é‘}egﬁeEWem cal's such Du Pont
EKC162; or AZ 400 that are specifically designed for the clean renoval of
phot or d89XR2] /npickicontagtspgeiicpldy dgsigned fojepprnge thg pedergrrBceand RardRsnfig be
performed to further clean the structure. In sone approaches, al cohol may
be usedhagctgristics ©distopstrh dlpeasid v orkhfapgiign properice of givengpreialegap e fumed

acidic cleaning of a type known in the art may be used. [00100] As noted
above, winggcrrieyef well knqyysehniguss inthe 6 The htdksentaglileysr eandeiaieed soanaycont act
46) may be formed above the nanocabl es 52, and in sone approaches, directly
t her eoref aSad¢ty bhaktalsand metal sy s.fsughmsdirose Hited hadie. Sk wetenials ieluslo Sdust.i ve
cores (nanocables) and the layer of PV material closest thereto. The back
cont actCu, €, Soneu, diRddT erpely memayetasidss, Si, $iQd SUNIQ, N QshNiSEefmSbiTey i, and
bandbendi ng of the interface to inprove Voc for the device and enhance the
adhesi o¥iTef, SMBIZOT L/ AL MEARCTE OSHGgehQRFOBM Tiche dombmeti¢ro tieact. bt dver.

[00101] It is generally desirable to construct a back contact that has a
very | oambel@aintsi Cell'ec, SBB¢, ZhARCEy, CahPd A u, AgnBiethai labBsysfoo tamdbdt@inlaydrs mey e

consi stent nanocabl es, which in turn enables formation of very consi stent
films aleposited tryorabyasablieScteRart in eumpauhd/forhheingany slitbleekgsition@@khoadesi st ance
of the back contact allows the subsequent el ectrochem cal deposition

pr ocessindlading Mgsd IBe:daéeid. TheBack@y@i@ nia bbdepisitddab mdepdsitioh ehidlaeds ic@nt act has
a higher resistance, the resulting nanostructures are not quite as uniform

whi ch i ndelyfBbdue$ WnlgStrdntofabbiits 00 PabstdhR nd@inad$, thikligh Aichickiencduliebd i 1 ms are
not uniform cell performance is degraded, and may include nore defects or

a vari efiyhePbr 18HBE ThRARbANFor bhBISontdchB B iSPRSESY & UndIAGr BB BadK UCt Ur es,
the better. [00102] A back contact specifically designed to enhance the

per f or rRRGe: AdopeidetiRgl ng characteristics to help match el ectrical work
function properties of given materials can be formed using a variety of

wel 1 kngw g CAWU ke Siay I dBEIRL to thggtl?ucgﬁfiiﬁu&l%tﬂ?&ﬁV la?&%&,%ﬂf&%f}% ed from

any of a variety of metals and neta oys, such as those [isted herein.
oxi oo, G ML By g Mg 1Y T gl IR gl o,
emhodi ATt & Fr ol PAe0rPERRR AT G PP RARE SR’ ALl
s Rl

The bac ont act . d sited.to a.depositiqn thickness in range of
About - Tfigas Pa B RaTE 2855 “RRGLb PR BRPaRRY A CHEUERTE wbSpfbknecs
coul d be higher or lower. This approach for back contact formation inproves
Voc and lowers the back contact el ect®on barrier height. [00103] Additi onal

| ayers are added to the structure, such as the PV | ayers 54, 56. See FIG
6G.



An illustrative PV layer includes, but is not Iimted to, II-VI p- or
n-type material, I1l-V p- or n-type nmaterial, etc. Particularly preferred
mat er i al swonelwmdes4@dTe, cadm um sul fide, gallium arseni @eT/usoppme7osedi um
gal l'i um sel eni um anorphous silicon, etc. In further enbodi nents, one or
nore of the layers may include CdTe/ ZnTe, anorphous silicon carbide a-S
1-xCx:H mcro anorphous WO 2011/ 109644PCT/ US2011/ 027066 sili con,

HglCdes%onQ@gﬂchsmm lg&lhhﬁél%un&‘é Gtc. FiHheh&hb RMTRIN ARMhSuiRYdTNGkiide CdTe with
contami nation or | ow dose dopants therein to i nprove Voc and/or carrier

L1 feti Baamaktitn GOBL YT RPhiss %@1@4&61 ﬁnB%‘V%c SRYor! cﬁ‘fh‘e#ﬂ'i%tnﬁék\’ s@dh the known,

conpati bl e highly conductive netals that are commonly in use for PV deV|ces

and/ or &ﬁ{ﬂn%ﬂﬁléga/gg c?opalll\iphﬁ¥ g%de MEofAhe HRGA, Y L]Janﬁle#ﬁ“‘é on(%cla@é )he‘JaI%yer S

54, 56 may I nc I"am na ayers a m xt terials,

ﬁﬁ?ﬁ?@.téﬁeh%ﬁ"ﬁ%’e B S ety Sl gy
Phot ovall Si6 AL S£S5aR hAEludEAyosty erx'n s 0 bRk IR, B g and

n-type one  erbodr S Iaye

forma hete nctlo l.n one. appro . het er,

bet weerl % s%ﬁ?‘é’aﬁ R0lge VRS E oRBRERRE b AP Bt A Pt iR TR
senlcoqﬁuct | ayer conprising a Il1-V conpound. A III-V conmpound i n sone
appr oachéd be a material with a chemcal fornula XY, wherein Xis

sel ect roup.includi.n oron,..alumn allium ndlun1 and

Chat 11 0 p R et o paRa Grsue e iIeng SR Bgh Mo phor us
arseni c, antlnony, and bismuth. A 1l1l-V conpound in some approaches can be
a galll%ﬂ?mﬁ§r|de for exanple. The galliun1nitride can be a gallium

alum numnitride. A second sem conductor |ayer include a I1-VI conpound
or al | d{Q15hdpegpe ﬁandmwnt% drgoulrgere ah Spanay fﬂfﬁ% 'féhqt%{mumttoa I3 onp apAreash
formula X Y, wherein X is selected froma group including zinc, cadn1un1
and mertBahgferopgiions josmedheskecad SEMSAIMICHF BYP CORBIEAE A G- Bxspgweundsandt ur |

sel enium tellurium and polonium A I1-VlI conpound can be a cadm um

t el | ur i aetherf sgmicondyeyirdaye] oowBEing @1E-\eptipriivae rt Lk ycomppeiilan spme dpaeackas
interfacial |ayer that enhances the rectifying properties of the junction
bet weermayhee 4 matenal Al alchenyicaldormpduniy . wherbioohdyeleeedsirorPagrqupunciuding  an
interfacial |ayer can enhance a rectifying junction, such as a rectifying
het er oj honat, Rlomityet, gelEnmainfliumyandcthahenrrhdand seledté¢d ram e gnopp impdidingmitrogen,
interfacial |layer can include an oxide or doped conpositions thereof The
oxi de qdwsiherus, asene, onintay, dnd bisexdnpl 1&-V Threpanil descnarepp@achesreanderay  oxi de.
The oxide can be a tin oxide. The oxide can be a doped tin oxide. The doped
ti n oxigdiveantrhle, MMO:A0Dk, TROGAMACTAIB2A1 hé  2a10G0 alundnune nidkdjeed stdond oxi de.

The doped tin oxide can be a cadm um doped tin oxide. The oxide can be a
doped zdetmizodkicte layfh@apixtidee £HVIempowridTialonszhdeofoX ilde] congppet capdede, iron
oxi de, magnesi um oxi de, nickel oxide, palladium oxide, silver oxide,

st ront i raterdd m@ a chérhiadll fuMmOXKOe, wheasali ik sIexdddeom § @foup XRMalng.zideh one
approach, an interfacial |ayer can be positioned between a first

sem condu@iued, ah@mercudNshday'seeratdd $RM L0t Rdnk 3yRien t:Qlfli0fdRnun,ect i fyi ng
junction between the I11-V and I1-VI conmpound sem conductors. |In another

appr oacBijurfh, kit 916derh 3 Il RY&mpean &8 bPashdrmiamadeRe abi Kampri de of a
sem conductor |ayer or on both sides of a sem conductor Iayer A

sem co f‘[@@)‘ﬁ%? OO dinR A ﬁlébﬁfui"tﬂ@r 1&2@1]'&: ah%teﬁmy@r th:Lt%Yiha[n@e?s' thd 1%@&[331n§0| €
transport bet ween a sem conduct or ayer and a netal contact or a

sem CO%&%&&@ of ¥ SincARTL AN RRS mserahf ﬁn\cﬂ%meuﬂdasséﬁﬁcoﬁmt&@ paﬁliamaﬁ)eqnby

usi ng high work function naterlals An il lustrative nmeth

manuf agfifd g flaepaqatewa GReY; Fﬁcn@@yshaasaa QEHFLOhUBBLAAN Go%Rvéeﬁ'QhUde

depositing a |rst sem con ayer on a s irst

sem congluc%sn bl ﬂmaglsomlgﬁdlherfy% %g;uhgnasar@a%@( %gagpeﬁnd deposi ting

a secon UCt or ween sSem con ayer and a

back met o ogpons% oIS SREANELSLIL Can&’“%otre asb . e o Bk BB, Berkls Y

TRy él
conmpoun em condt ur th |nc u eposi Ui ng an
|nterfaC|

we |rsI se t he. secor
sem contikt b Xé{?cranﬁsaﬁﬂﬂé SEE el %ﬁ%@f%*ﬁ%ﬁ%@ﬁ nSRUERRTEY and
[1-VI conpound seni conductors. In one approach the n-type | ayer can be
covered with a high resistivity bufféd-layer that may contain doped or
undoped transparent oxides such as Sn02, S102, Sn02:Cd, Sn02:Zn or CdZn02.
Depositi on net hods described herein may be used. Additional methods and
materials for formng PV structures with heterojunctions, usable in various
enbodi nents, are descrlbed |n nore deta|I |n U S Patent Appl . Pub. No.

. Y. Y. NN A A PN A A v — T Y |



WO 2011/ 109644PCT/ US2011/ 027066 [00110] Illustrative methods for formng
the PV layers include chem cal bath deposition, electrochem cal deposition,
CVD, at orwo 2bHy®ped4deposition (ALD), sputtering, etc. MPEDIES110k®6é ayer s
may be doped separately, may include doped/undoped | ayers, etc. Dopi hg may
include ion inplantation using twist and tilt techniques as well as
diffusion with the injection of various gases, or chem cal precursors.

[00111], Jife- @@@a ki bkias. e %ﬁerdrtﬁd)xmadw@wdﬁnums&d?ﬁ Jx@ernd 03(1&6%%93 by
eIectrochenlca deposition. Plating can be perforned at a variety of

t enper afiELsinc Exile. ThABAM ca%(%eta(eacﬁgﬂﬁltm&oox%g&ﬁ)ﬁ& 0§1de Théh i@t iaghdakh may

sel ect as appropriate to prOV|de the desired conposition. For exanple, at

| east opSOhickBY oMU o0BY s B LRUTRAoRALPLAR Helnfint YRR, CHTGA oDt b

Eenﬁerature ) |'ess t an about’ 70 For Te plating 1 n one approach, the
OO
2500000 Bl Tu bl @?waé%ﬁ%gg%ﬁ%ﬂf%%%%% %%S}Tﬁgéﬂ@%géo o GBI RGP ) PP

sul fur '1%&%'&?@ {S]Iﬁfslg%lﬁon&uc‘é’ojfjraé]e r;ﬂ}gr Fe‘c‘ut:&{%l%g 181% twge%‘%ﬁé {ﬂ-%ngpoﬁess for

pl ati ng-any o ayers era varlous

duty cycles The ) tire n fro
t he enac S’P st e@ Ctor ? é“hc?ﬁa%Pn%aC e “8?‘?3‘“53%’ “a“BF 8%51%°“e§8 e‘l
short er th out 70@6on

i ) a
Cooe: ¢ rifitembotRdl ol Hhen hies bl i odhur s Shi Wtortfaeegcaelhan about
10% of f r. than about 95% on, .l ess t n about 5 off, etc whi | e
anot hermﬁﬁ{ﬁ@iﬁeﬁ%e%epé PoheBrEneisis Faigesyt beerea weﬁogﬁwﬁlayfﬂm&daf bet ween
about 30 and about 70% while yet other proaches ma use short on
tinmes. g gceﬂfé?tawasww?@uﬁ%@#&m ancilyer yaCop aﬁes}awe?ﬁb SSPIYSU Wi - on®
time which, in conbination with other plating paranmeters, provides the

desi r echigh¥pkdencpmmatesiplse. [00113] It is believed that using a duty cycle
with 70% or less on tine may render a layer with snaller grain sizes.

Accor di[A810/] Ahidesieiivapethedehmeséastyrigsg paetoseigictdeige avinecd rederingiios st t er
"on" WD 2011/ 109644PCT/ US2011/ 027066 tinmes (e.g., greater than about 70%
of f, | asduderdenosaing it firgGomisandusiss fayaisongr eilstesic. thedfist aprpigendyows leyer ingleding t han

about 10% on; greater than about 95% off, |ess than about 5 % on, etc.
Again, 4 HI-V§01ppefnersebicenctu9tousre1 dgpeiifing a(ﬁy@qné setnicanduior liet betyeen thierfisstwhi ch,
in conbination with other plating paraneters, provides the desired average
gr ai n siemesonductor layer and a back metal contact, the second semiconductor layer including a I1-VI
compound semiconductor. The method can further include depositing an interfacial layer between
the first semiconductor layer and the second semiconductor layer to enhance a rectifying junction
between the I1I-V and 1I-VI compound semiconductors. In one approach, the n-type layer can be
covered with a high resistivity buffer layer that may contain doped or undoped transparent oxides
such as SnO,, Si0,, Sn0,:Cd, SnO,:Zn or CdZn0O,. Deposition methods described herein may be
used. Additional methods and materials for forming PV structures with heterojunctions, usable in
various embodiments, are described in more detail in U.S. Patent Appl. Pub. No. US-2009-
0211637-A1 to Eaglesham, which is herein incorporated by reference.
[00108] Preferably, the outer PV layer is transparent or semitransparent to allow light to pass
therethrough.

[00109] Preferably, the PV layers have thicknesses and average grain sizes/size distributions as

discussed above and/or below.
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[00114] In another approach, reverse pul se plating my be used. Reverse

pul se plating is simlar to pulse plating but the voltage is periodically
swept backoi2niittegs4epposi te (negative) direction, causi n@Cearseoiolomde

periodi ¢ deplating of deposited material. The paraneters should be set so
that nore material is deposited than renoved, e.g., by making the aggregate
of the deposition periods |onger than the aggregate of the deplating

peri 0dsioo{ 109 Lfidrafiit B&nGs 6 BEmink HelPIOLNGs MEMEE SRkl 88n BERLHiBY (al so known
as lamnate plating), allows control of nucleation of the deposited

mat er i allecrbfheRike1 APBLAGE BVIR aRInf %&E&Qpéﬁ%%i@g, s@ﬁ{t?e"riﬁg,eetcgliv?cirébv%},%lﬁ of the
deposited nmaterial woul d be "about to about 100 nm [00116] Moreover, by

changi [ i [ § i {Z can be

R S e ST S S S e

o ai s BPRIKAO £ A0 Ond (FICRRARL bl & GRS AL S MO B vl ARG 1

have in icﬁ%ﬁi‘?ﬁ{p&&%}soﬁsi ng the techni ques presented herein, one can obtain
a

smal | er’ an ger numbers of grains that are not all of about uniform

size; r t hey. var Crps . range. s, tor exanple, the.layer m ght
nave. a0iid) 4 RSB B ko figp AV Rrer B TR RrroqiRissln ™"  SoS1 7y
Soni catjon,. . or | i cation of .sonic waves to . the platin at h be

2op! | echeati i BPG oRg: PRty Bisa SenEal R Rl By S R8P BeRRat i on
with th ul se.plating. The inventors belieyve that the sonication assists
' 1 eduei TP R D sslecn aP B G omRe i IR b DL oy ST &
techni ques use ultrasonic, or nmegasoni.c waves . in tq the plating bath at
sone ngaé&?wfﬂ}eePc}ﬁ ﬁ%r;%,}mg?%&amﬁ(ggsb%%%m §dﬁ%ﬁ@it@§1te@ crafeepiy 'akr oss a
range of frequencies. Particularly preferred frequencies are in the KHz or
Mz r arf§8vt Pob1 8] Cde rigingn ancaprioash, therbath papynigelidrahe EllRpingiresstigicasent ed
herein |l owers the average grain size, WD 2011/109644PCT/US2011/027066
which is believed to assist in_inproving performance of the layer. [00119]
In addition, the inveht PP s¥PBEY i eve that a beneficial band gap shift in
the plated nmaterial can occur as a result of sonication. Wiile not w shing
to be bound by any pard iUPRPMHOIPP PR i s bel i eved that sonication
changes the electrical constituency of the electroplated filmin sone way,
which in turn allows Qi §wmeH08pMel ectrons to be |iberated when the |ayer
is in use as a PV cell. Thus, a beneficial shift in the band gap energy is
expected as a result Yifategnelay OGR1 —11t0 mBlipglabiuegs senderttiaden exper i ment al
observations that sonication as a technique by itself may hel p reduce
grains size, and may actually provide tgr ai ns having a band gap hi gher than
an ot hdPNi12é Theeleeireckpmical depOsitans nigresy A platingrany 9 the PVayesnirsfesabhe but
formed without sonication. It is believed that this surprising result wll
gr eat | yindpdea elee plaengrswaious dutygycles Tepytycafle is thoetpoiurgtps fiaw et or s have

al so surprisingly found that p-type CdTe can be plated. It was previously

t houghtbeginaing 4sthd epbef toduevpnts.\(fie oadTéthgas).uApt 2ppecabl vses Rag keshortsley pri or

nmet hod pl ated n-type CdTe, then used thermal treatnments to convert the
n-type @dfewithhigh “00 tpudsype., gidawethar sbosUilo tihdesnrthlan bbaaBoféntt, jusbreases t he
grain size, as when thernmal energy is applied to reorgani ze the crystalline
st r uct wrepterttlve ahoif9n% dneless than ghooint 086 giffegreatdrnhannbow ¥bBdinndest thaf abohied Pr esent
invention, p-type CdTe is plated at | ow tenperature. Moreover, the

resul t iaffy ee-)t yhiee dodiher dpprvath wieah lopg hashoa dutyadykleaithraage tigreaif betsiczreabop00121]
Enbodi ments of the present invention may be tuned to maxi m ze perfornmance.
For exaloping abdui @0%r while =t al@sr ppathes alinasshofter@a imek\n ktdemal naly phderstat ect ed
to work in concert to provide the best performance. Illustrative grain

di anet abssaediy gfckeduriog ih@usl YimeAviidle iredontthabidh withgiher flatdnpahineloaess range
i s between about | Ohm and about 1000nm e.g., about 50 to about 500 nm
etc., Qiibvi@@uﬂléidebﬁed’dvgﬂgég@rnshz@mr in sonme enbodi nents. The two PV | ayers
may thus have a cunul ative thickness between about 20nm and about 2000nm

but couybel 3¢ 1his BB e@thal RMBIa duly §RIFBYIBIMIOLbINBRLS time may render a layer with

smaller grain sizes. Accordingly, another approach uses long or short duty cycles with shorter “on”
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[00122] The bristles disclosed herein also provide benefits in terns of
quantum confinenent. Particularly, the apparent filmthickness, snaller
aver age gweinigiog@4 and refractive indices of the WO  PCT/US2011/027066

2011/ 109644PCT/ US2011/ 027066 various |layers are believed to work together
to create a quantum confinenment effect. Light enters the bristle at various
angl es, depending on factors such as the source of light, etc. The

pr esenttatésqaga%gtta @hn 4038t TP 51168 tha JbHR 309 s@ﬁ%@%ﬂt&eﬁaﬁ dRuepasent
t hi ckness of "the | mthat the photon travels fhroug I'n other words, how

the arrgy g aBBﬁt%‘/e& % th@ltt'héfﬂaaﬂoﬁt 5980t NEQMAIbbt B, of T RAWGSinl AR fi TSt
order "apparent fil i ckness. ™ For exanple, light comng in at a snal

angl e L&éﬁﬁbl\é% b ald még%%taﬁgh Q@d“oﬂxhﬁt e WhidhNf Pabibdish éi‘?t?éthﬂl ﬁ{ Cto the

appar ent stance bet ayers than |ight comng i n perpen

| ongi t t ﬂé hﬁ“mgnﬁd%ﬁe ng§£%ﬁ%fg¥%glckness affects the efficiency of

t he cel xanp Iciency is believed to be achleved
when t t S e e |l e
%n%ott%%ptrgtcz»tevw%aeutttp%ttﬁ%y%f AR ASBERHLR el
bristles.re

t b
appar et Rt ﬂtmeos“sagt%ﬁ?ﬁwﬁ%ﬁweﬂg%&?ﬁﬁt@ IO %teét}tvfg%“i%/é? g
fl t d/ t t th |
R ER R i SO A Lp?ﬁftrﬁ%ﬁtﬂfrn%%%ta@eéﬁraﬁé&ﬂsﬁﬁ S b S AL %?ﬁ‘éin ! of

refractiaon on onc de the bristle. .The refl ection and/or
refr act%ﬂfw@ bl @Eﬁ% RS o Y AR AT 1S Gt T SemSRItER SE [SBFT et i ve
and/ or h actlve ugqﬁl Thus ery time there is a reflection at a

di f f er A2 ?@ﬁ%@%ﬁe *?%W%%R“B ®sentation, the apparent thickness of the
filmto the I|i iS going to be dlfferent Each tinpe the apparent

t hi cknd8Ql15% Ty Sﬁpetlé&tlncltq%ré& 1 vGree RYIse piAtiAg (dTorkaewn BaleBinatP ) RE oW ength of
the Iight. Accordlngly t he quantum confi nenent and the energy conversion

i s sliginirgl odinpgleation el e denonigidarricrish e pRoyppEsacty pFelpreadrangqdereny cragy grin
respect to filmthickness. This appears to be independent of grain size.
The i nvestodthe depesited/materigltvquid herpbom\f thiabews 18} @mt hi n, and the incomi ng |i ght
i ncl udes a high frequency, high energy wavel ength Ilke violet, the Ilght
gets cdiprles é‘é@rebm,gymhelgtrm MatiRy phrayetess, lagers With yerying aacrggagrin ¥izes faa bt

areas or enbodinments with thicker films, the tuning factor may be nore

ef f ect i abgaifedr Foredathplglat gradfH deyer minebcdmidnahere thegfvepgegremtsit ivarncs algk ¢,
material selection, filmthickness, and small grain size work as a system
t 0 captdepesitethchidkneradéthe $qyec fr ulihitoh, graighvf vaaynolg sisemayt basmelfdne@isbribimedas

possi ble. Wthout the bristle structure and the reflections that occur

bet weerExphembatalatdus havo melicamd|titht @xipett tacbhiqie pobeecdierdinene cAdbtain

2011/ 109644PCT/ US2011/ 027066 effects. [00124] The inventors have al so

obser veaghall ersant Parg & inngbeR angeink thapaweast ablwif phbttut edifm sakef atheothey ey borbsStal es
according to one enbodi nent based on theta rotation, or rotation of the
array imndehahpd, dnexahplt Rke Budsiig@thevd nnder@iny, FOnhigghits, STMACEaihQaad §igR.
Particularly, the power output of the array increases and decreases as the
array iigbéwicat.ed, including an observabl e peak power output as the array is
rotated. Wiile not wishing to be bound by any theory, it is believed that

t he unigoe 7prdéaltat@nbi Hulicitibeof RhicRANE Q% Rithgtbh®, REPPEigplieSdirher eof
create this phenonenon. Accordingly, one using an enmbodi nent of the present

i nvent i ARindRY sehf! @fodfndnRMdNAL ‘t%rhséhf intlcD@bRAati @t i @R pRODplh et TRl
presentation angle relative to a light source position to naxim ze power

out put. 1n{zéﬁ%gl§ellle'!f&h9t'1§e ﬁoﬂi&%@dd@ﬂétg 1ﬂ%ﬁ)dcﬁtgegqa1h E‘mg Bﬁ!he §late@ nﬂ{?etnlap q’rglgrr&f

adjustlng an array of tovol tal ¢ nanostructures eac aV|ng a conductive

nanocahl i g ¥ nd é’s"tfs§uﬁ19§b‘ﬁ?c Bhﬁeél%ﬁ‘?&@?xleﬁ’ ' B¥ne JE %gthra(?%]cﬁttté s@% %He array

of photovo taic n OStFUCtUFEé Ina ane O ate thereo

I ner easi’r rﬁ? SQ%gﬁtgtseme%n RAYtihci QY {nps‘d& 81%%5&855% iR of ﬁ@@leﬂ&@sr 9&&18ﬁar§/2 In

one appr rray nay e rotate one or rections t

determn eHEd%?t@&:l%hgﬂ ﬁ?ﬁzg . 0glter or highest power output. Such
rotati el er|o I?% continuously, at predeterm ned

tinmes er approa and ext ent . of
otat §§5 13%3 tc?@ by fefr t@mg%‘?*ﬂ N IR R N Sl
applied at the appropriate tinmes. In sonme enbodi nents, the presentation
angle of the array relative to a |ightt-source position may al so be adjusted
for further increasing an observabl e power output of the array. See
operation 84. Known devices such as electronics and actuators/notors nay be
used to performthe rotation and/or angle adjustnment. [00126] The foregoing
also speaks to the nature of the rad|aI constructlon and d|fferent fllns

oy T 1 r o o .



[00127] In addition, the nanorod construction in sone enbodi nents generates
multiple reflection events that create a "lightpipe" effect that traps

| i ght corwogoimvmogssthe t op of the nanorods. The tendency pofi/useghito21066 be
trapped in the nanorod by the |ightpipe effect increases efficiency.

[00128] Thus, the nanorod structure with stacked filns appears to enable
different refractive index values that then refract and/or reflect |ight

di ffer eptibyis 8BELvAH lMilhe il OtiRDSerfimERe Rr WRYSLENgt h of Tight to be
captured and used at their potential, i.e., conversion events from hi gher

ener gy [BHALPNS aRiRSHAR i AR! alQHRM AL 1bRESRIt BA GO INETShO PlafY SRk Siaf OF

| oner energy photons. This phenonenon has been indirectly observed by the
i nvent r : for, [ ' surface
et o oghe R GHGRE EAT S B SO SRR 0 ApBEL Al a0 Sur T ace
unkn Owrbelia\;%g tﬁa?%cﬁ&%ti&gcﬂaﬁ%ég %é e%/c‘ter%taf c%tnﬁtm‘l)én%t Of ﬁl@ 'eI%ct?cwia%d fﬁﬁqg s&ﬂ@& frenon,

at least In par n one experiment, e inventors observed an out put of 48
mllia r i LS. SQuar I r [t ] el ieved tinmes
That andiel it SbMTERA S 8 SRl 1Bk ca nch eIl RIF iR BY A 1P
n-type BV terd al N ormed on the p- e PV erial 54.. No adhesi on
et or s s PRl ot if s RLIED Pk RreabistolBS e FullB SR s Cert or med t o
make the junctiqon better. Such interface .nmodificatjon y. inclu et chi ng
TheE ot bt MR bl e R bR bR Gy ER o & SRS T sl ¥ D oo
thermal diffusion activation ste 3. A.tgetnal difqujgn ﬁroce s drives the
di f f usi'8 CS\graﬂfﬁélzr‘?a%“an?aé{lagt“gl&le?fgg‘ t HEP dices pbend gpi pigher dhag o g %% o nake

it a better electrical contact. The etchin y .deplete the cadmu

t her eby dSIICHUMITHPY e ¢ %tiﬂeee%mtealzsgmpf?%%%ﬁ*fﬂ*&w YRE2HRe & g@‘@.ve f

cadm um sul fide is used as the aoverlying n-layer, for exanple, the sulfur
woul d ttB#Hdhig Wr&rﬂstlffgaréﬁuht"bﬂltgFF‘éﬂbB‘ébﬁn‘fee%? Y sicrBErfiedy <t es, and drive WO
2011/ 109644PCT/ US2011/ 027066 further into the adjacent |ayer. [00130] A

t r eat meAP120hy s dnvepiors hage plip warfisinghbioanhbatrstypoChEs e paPBtadhdt wsai n
boundary of the p-type or n;&ype | ayer. This al so inproves electrical

per f or nagdeusly thoughethaiss derpsiicd mtyee 68 TorppeunpiitaspledRathesf onepaiopyethed plafed| i s
applied to the layer. For exanple, CdCl2, TeCl4, etc. nay be used.

Mor eov er-type 6AEa thenivyes thermg] gatmentetogentertdbg miime £ dRe tabierdp bftepce dfowesitrer i al s
may be applied. Treatnent nethods include close space sublimation, direct
appl i caurlotherned reatp@f iB1das@ehegminnipet 2 WheGthehbl cagreyippeplicddo cthocgenize theay er
58 is applied over the structure, which can ultimately be coupled to a
power |a@edthliine sauctorydngraonadndrie groerbiggehdn uppanbaclonait of thy prebay averg®mn, flbe any
sui tabl e conductive film preferably one that is transparent or

sem t r apsp@d et platel htlstvrtahporgurraberdoadrsthe nshiticepgic dldTobedEisialybdy aas zi nc
oxide with dopant, indiumtin oxide, etc.; a transparent conductive oxide
(TCO); dhIn&dge @hiasizdhe upper conductive |ayer may be applied full film
(as shown) to inprove the durability of the array, as a thinner conformnal

| ayer, [e0r21] AdbidiedntstYher&entivenficd meese €l o e imikeperDpdSRO4E0r Ti 02, etc.
may be added as TCO buffer. [00132] In another approach, an undoped | ayer
hayi ng_dit@mFlre, thé blaliiRk ekd thickdss 60ATMRY G ntydk A8@Ed BtWEISinl onéfabi ed usi ng
any suitable technique such as ALD, CVD, etc. The undoped | ayer is then

doped WirbNd@the 88E P&t MenBTIRK @y e SHEN didSetBrs wRire gidéh préfousBl A préfrr@ev
approach, the dopant nay be applied during a process as a precursor

chem cafindidfim hikhdh BHEEH tehiRn Skhue | FHRSShdldbOWY 1000HnE, Qle,, aB5ut30 RUSHLEI00 Free
chem stry in a vacuum system woul d then incorporate the dopant into the

Film dup g HEsmRESH Higher YABRE: i SHRS thb RN BRO CAR Gwo PYALY fMETRYs IS¢ a

performed at’ a tenperature of l'ess than about 400 C, preferably less than
about 200 Gtivé 919&(?1%]5 bLtOveﬁ{‘a?ooH@idnth&ﬁh%B&M 2B60RHE blQIuRRRLARE br 13y PG AT NC
oxi de layer is used as the upper conductive layer. Low tenperature
deposited Zi ne.oxide has a surface crystal roughness that acts as a
diffusion grate or reflective barrier, and a vertical crystal orientation.
These nnel n t n.qr.al ndari e cau hat ons want
Co° nt P BeS R AR PR Rl B B8l BB B Rl eSS B RY o
boundar] es ds the, conductive sjites. Thus. dope i nc_oxi.de pr.ovi des
ot ect it GhE Rankd RGP G b LR RN PR TUR ¢ he
photons towards the PV WO 2011/10964%§CT/U82011/027066 | ayers.



[ 00134] Additional approaches use a doped transparent conductive oxide for

t he upper conductive |ayer, such as boron doped zinc oxide, fluorine doped

zi nc oxi o 2galiopasmn doped zi nc oxi de, and al um num dope@®CTiuseo1021H66

Mor eover, other types of conductive oxides may be used, such as indiumtin

oxi de, etc. Transparent conductive layers may al so be additionally textured
by the nature of the material, its deposition characteristics, nethod of

f or mat '\%ﬁouﬁﬁ'ﬂ:rs; ﬁ@@ﬁfc@&@t‘b@vor@fog@tﬁ&qg gRh¥ atqheﬁtrﬁeaﬁfﬁleﬁlumfe& etgm bfigks OF
ot her chem cal treatnents to further enhance the anti-reflective or |ight

trappi nge 6R@E %Wa%%h§§ﬂgfé§ &heﬁdﬂ% JInl thdiBrs sul &S e I6GLOG A %, FRE ﬂ%e@ﬁt@n&?( pect ed

to further enhance the t trapping and photon capture efficiency of the

nanor ogp gaywate%eﬁs lt@tht% ﬁ‘t' detetrﬁﬁtééét %@Egernﬁth?ckﬂ&@eﬂht BV Fhat Se gﬁﬁgn tr&Rs

undope er be present between pper transparent conductive |ayer

and t hg 1P Shfoath 3Y ?erab%t}é go&%qa‘?@ id @fited YRS &Eh&cﬁﬁot%‘?}%ﬁt &%‘%%ere# he doped

| ayer, ut pre oes not - contaln any ore wll

be sub S%t 8‘&"'[‘ 5 lale%t %il?nsf?nc%géggug&l 8{6819%%§§(1mm ]m at aléﬁltap gﬁe%%lpe?altl(\)fg %Wh

anced siTicon

passi vation
nitrid con pres the S arent
conducﬁrv%tu %aggméﬁ &ﬁﬁe ahé?rmx%ﬁnplﬁmgﬁ ?Mg ﬁ@g h%ﬁ 8 provide

{1 anopdrunt CRehdaan 31'@%”1% ﬁ@égﬁa@@%a%%&?%éte% e dnsfh cieﬁggt%éﬁéﬂ e

materials are present on e bet ween t he brlstles

por oadibs e R g e By B YRy bor%esaéﬁrv%wteﬂéhwoqf@trﬁaﬂ%er e
photovoltai ¢ materi ent bet ween_ t he rods t hat fa e.area all ows
li ght tg'© jod é%tﬂtﬂé%et%&enrprr@ﬁt apd PRk o ttlhté“‘%‘t}tnﬁﬁlﬂ@h fhysnBS il <

i ncreased. g00138 It should al so be nentioned that the nanorod structure
has a rfateniran fthelristiesielativg 9ghesopics of light gy be sededigsiip @rayids<B fPRAERE film

manuf acturing defects and mini mal del am nation events. [00139] One

enbodi nBisknest thetyeaxpmizserprfoyAysat i on i ncl udes a built-in inverter. For
exanple el ectronics can be built onto the device to invert the energy from
direct [BU23&RYoeoEy. refiectipn edrmatrefgtiounpeercu Aajieriacst efttee wriophlayent PV
devices currently have an inverter that is a separate device that is WO
2011/ 10984aRATHs2@pacyXiosbickees s based dethe deftegtianmdon milaetianddf tpchlioton )

St andard CMOS processing (e.g., masking, inplantation, diffusion,

deposi tangamsideths byisthafhbeflaged andocictadtion tirebd tyetyerlecting raneiadppittoach

rat her than using the silicon previously described as inactive, the silicon
i s act ipagticabir tedlegveatd ot fefradtive erdeer ThuFhavsty teecthenas ercflowipn hbadiffetest own
inverter or set of inverters. In one exanple, for every square cm of sol ar
col | ectagle®eb Wifferdnepesdnsgatian, ah)erzrpesqemtrthhrch@ss ofitie filar tosher light idgrgeinguo bé i nto t he
silicon so that the whole wafer itself is now an inverter. The power coni ng
of f of diffatntwedcerinwabd ghpp@sisthidBneAGs d[fEOdd AherEtsaniining chtecbbtssd aigtheay be used
in sone enbodinents to help gather electricity fromthe front of the

st r uct uigeleeth @0the NightC Rt @&AingPOihR (Sarndn tHFinb@ackK a6 0 hdWaérgy comyrsidhs0 be

provi ded. Thus, in some enbodi nents, both the front contact and back

cont actsligh tgr BEERBTHOIHR AR eiith@nd dt Aiffer@t ad®, Wl REpecMoR@VIBEknes. TRiAD frane
may be used to connect the various wafers in an array of wafers. The | ead

frame npyedeiodeHRPBRACRI eath Ple. MBE AvehtbRbelide itk & thd W filrlear&M@ bgd thand
contacted with or coupled to the contacts on the front sides of the wafer

at the 3QRKRPH lﬁlﬁfchﬂ@é Dhigh 60qRARIYGH chltey RheG GOt Yidisom B fhe back
contact and lé front c&%tac% &go%he ?n onen§pproa(1:ht as %ﬁ%&n in FIG 7,

the fr Cyg}n g:éggbtdq%% tQmWIapé?%%stﬂﬁﬁg ﬁ%tq%arz‘tgm%'ff@ctalrn FAR0 S0 rhisd gﬂﬁ@l‘f:’sr\%ﬁ{ S SO0

t hat lally the distance o e current flowis nlnlnlze to mnimze the

vol tag ethgﬁétgilm;rtﬁe tgf?iﬁg fa(éfl) toe Ho?eeéffecﬁ\;e is %ﬁ llgﬂtg C%mbﬁlaﬁIOIP(ﬁnt i nuous

nﬁtakh ayer wth a e5|stance at t he structure, e g.
et ched 15 PRELIEL Et;artﬁfl Fledif HEEL ﬁeﬁgif%aﬁ%ﬁa%%?tﬁger Pai M Hhe ho es.

On the cfalr)t(tjlpett %Bro%"e? Sec%hq qand%lseglucst e‘f?é&ﬁg‘%{ ﬁostsm? V\% {'t opr| ate

contacts on con lve rarre may be

Coget hot e Fisa B Tt nend! B Prtnet R R oBRapy tetan: oF ayoet KT cal 1 y

conductive material, e g , Al, Cu, etc. The tips nay be a native netal, and
t he other areas of the | ead frane mayObe dipped in a resin to insulate
them An edge buss arrangenent and a center buss arrangenent of |ead franes
may be used to join nultiple sets of wafers together, and the |ead franes
may be all tied together to formthe power out contacts.



[00143] In one enbodinment, the array of bristles is coupled to a flexible
nmetallic substrate. In one WD 2011/ 109644PCT/ US2011/ 027066 approach, the
nanocabl esoana/fogssaed in a sacrificial mask simlar to Prhatusdesoseiobed
above. See, e.g., Fig. 6E and rel ated description. However, instead of
removing it, a thin layer of nickel oxide (or sone other material) is
present at the bottomof the via holes to allow subsequent separation of

t he nanggakl es fromthe underlying formati on substrate. The nanocabl es are
plated into the vias, and allowed to fill out of the holes to sone

thick n%@lﬁg ﬁﬁ@ﬁd@nto?hﬁv@éﬂ% Sdsbive @8 QUWEridiRASRNR in bg’wér%{ﬂu@of{ AhEhy bRt

i nterconnects the nanorods. The photoresist i's dissolved, |eaving

nanocag({rgtﬁescdetbqtnﬁg tﬂ%ettmhxtbas%ﬂeoﬁmtﬁt S)t’ﬂf%h alr 1SRG S alBar gh?thettetgt@t ed

mat er i The na | es can fromt ower substra ecause
f th t f | at
SR e futh A i e iga = 70
t andi d
i T o S PR BT B A L

is flexi abr i cat. such t S are

fl exi blrggkg@ ar r%{lmt WI%hm@f o begmhnél%a’nan%}eowhltl el lhaetshe “Gi9se I(m)uéed herein
and/ or ot pher tec n.th 0 H.illustrate
an exerﬁ?flﬁ Py B%P chﬁ‘ ﬁ‘ﬁ&tqpﬁﬁlet ﬁéreﬁﬁr%%’ 'gltswi‘%“%“%c?ﬁ&?t B'% REt al
substrate and stles of CdTe and CdS. 5A, .a sy bstrate is
prepar e‘tfmlg)?n§5‘ﬁ?%5‘€’i“r? RIEERV NS BN Y %Q?tscb CO(“\ég]‘bauon Tgt%fi}% r@z‘?mé‘r'f‘& dt%nol in
an alternating ner. For nple, a metal substrate may be sonicated with
ultra ﬁﬁ?sén%‘t“eﬁng Sflaiiys th ﬁ‘éﬁ@@“rc‘f RHHGRi ' Mapiiies ROMREAEPUS or 10 ni nut es, and
this water-ethanol cleanin cle ma be repeated two nore times.

desi r ed00t23¢ Ig 9B¢ embpdimegé a%@ptée G- 1@6%? Phefadiupting anpray of Ph?&voatta/ or an
initial detergent-water, acid-water cleanin or thFVth»Udetergent

el ect r JPBISIEH U 6icddgViasarendyetivedgeqsablyped t‘g e iR ogbledNARF g t hat
is appropriate will be a function of how clean the substrate 12 is to begin
with, dagtingeaypeoiphotonelemiq ranostyetusyss plapeofpupsrapdbRicqdfoingyeasB aFhe
substrate 12 may be a conductive material (e.g., nmetal) or a nonconductive
mat er i adbsgreabie povsir aetputmf thecirpyreyep opdration; &2. dwencetpivkelh thy agan thag be weatedayer .
[00146] FIG 5B illustrates the substrate 12 coated with the first
conductinwaee drebpdr difedtionyae dgemueswizeh pdydiop pravydes a bgted achighesi powteheutPM. cel | .

The first conductive |ayer 14 nmay be any well-known WO

2011/ 10964 ARG WSROt beORTE6 fecahdiliy tdovenuvailerai pledderenmd tenes datilgethbgaya
person skilled in the art, including but not limted to gold, copper,

ni ckel ,eterin ylodenapprodch,ahe tiab eund extony otiofaéoh Bipkddeeminald.gs két\bgfan idstallane

enbodi ment, a 500- nmlayer of gold is evaporated on a gl ass substrate at

0. 2 A sandaitogaddaliekgilicd anthbegm@iaanonal of soate cnbpl@satdl e prrek@itatidon ¥ngdlOec nmbar
at roomtenperature. In other enbodinents, electroless plating is used with
copper tg@his rolatiNad AlBHS3 otics peitimtndyulbeiukidSEH furiet RErei®Bidn dbzatabmn of
the substrate 12, the surface of the first conductive layer 14 is rinsed

W th ulgonar pup@ obeieQFrak. Se@operdtioh 84. KidWH ®)iced duds efelwtbhiceidyanol , and dried
with nitrogen. [00147] FIG 5C illustrates a tenplate 30 that may be used
to for mchlRrdhbdks s RQsedtd PelfGiPthatRatde al@Yr Hledd Eﬁﬂﬂﬁhﬁne or porous

structure that can be constructed on a conductlve ase. Selection of the

nenbr ango 349 dﬁ@?&‘ééoﬁ};”al“@eﬂ@ 1td ihe Wh@feor @fe rhdi® BYstiSlidn, Ett'tﬁrilffh%nttlﬁht@ hat

fabricated. Different p/n conbinations have different thickness

requi r eeftgnnd ntotéﬁ \%r&cﬁl Fifh 8% &1Ms aGRRAB VS Infi. W&H'hgtﬁﬂé@l aﬁsan dira g%{tbr ane

can be forned by f |rst ep05|t|ng a thin conductive n& such as 200 nm

Ni, fol ﬂrfgﬂ&dthley tgﬁ'ﬁpféﬁ'e&éd‘&dﬁﬂ ré fﬁ%ﬁég% %@%oﬁ@éf?{eséﬁﬁpln%fagegowﬁh@ﬁ? er%tsQar

Si 3N4, spin coafl ng approxi mate m o yi m de or ore5|st

B0t ner BN SRR mh%tyt%é‘t%gtﬁ@aﬁté A TP R s %&%gn&%%&ﬁgﬁ% nan
enbossi Eggeﬁ%&%}ent@t on toAk e%lhot% ollta?c;, thl%‘k srrﬁln%ttﬁen%%ﬁf eArqul tile ngl{t@lgayl na

structu rean fro

At noughi BOLe ?rm“@ aﬁith‘éigﬁ%&agb%twﬁhﬁm%& hPE g e -

the case where 5102 is applied though CV/D to a thin nenbrane and the
menbrane is run through an enbossing3ool that creates holes through both
| ayers, enbossing can optionally be followed with an etch step that cl eans
out the oxide and inproves the geonetry of polyner holes. A nano or mcro
enbossing tool that is usually, but not always heated create enbossing.
First the hard nask i's patterned mnth holes that are typtcaIIy 35 nmto

T .



WO 2011/ 109644PCT/ US2011/ 027066 etching through the insulator. After the
insulator via is etched, oxides on the conductor should be renoved. For
netal s swb 206/109&@kel , an HCL sol ution or 100:1 HF or reatitise@ier7oshioul d be
used to renove the oxide. Environnental care or imrersion in water should
be done prior to electrochem cal deposition. In all cases, surfaces with

m ni mal oxide levels are critical for good adhesion of electrochemcally

deposi ttﬁ&rﬁ@ﬂ@bélfevéﬂ HAQhEARHaBonsBE fR RSl tR T 06 her&@elmcﬂle&%mt hhe t he gas
bubbl es expel l ed fromthe pores by submerging the nmenbrane 30 in water and

soni cat i fgl,0 [nd@x I S Seachl R Rafckilho M A6 inkffcd @or?ésﬁct}ﬁ% adflifidABon bASEr

ablated and the like to formdiscrete areas on the cel to avoid defects in

one ar uhélg[l%] %rl:ntkge ﬂ'{tatt § tl%‘&)?' c?e OWI%E Faﬁfe%n? wa g% Rt 91% Ii %Etst% (?Qt?to [ OWS

conblne ectrlc posi'tion so t t any nu

can be j &lelﬂtﬂ%ciu%’ ithl s%&hgﬁrffeg@ﬂ?ﬂag)%hﬂhﬁmeQ%%f ARG O bfas2id sgpe row CI'S

type pro uct urt ernore weavi ng type of deposition can create
an arr e n alte ti S d
CoNposi lic%e%eglel% ot éﬁ}agég Etét?lltee %Eol%rgrﬁ Hlﬁjglft%ss \%I'I%S l{;]erclguse %gth% peffagtgﬁese osf 31{1:h as
F: SnQO. can be perforned so t hat the base of the bristle w dens and
providé%0§ﬁf§ ¢'eht curvature to allow for deposition techni ques such as
sputter d of hi spect .rati os. |d transpare uctive
ont des PR 8 p R e ditefoRREer bRl Fais i i Silief GHEREM, ot
as to activate the ph vgl |c cel | t er.nat nenbra e.can be
cont nudtit et i SRS MBS e I\ﬁﬁdt L o e L HE TR RAR AL o y rer
sprayed s those nenbranes ted by 10X Tech oJogles Anot her
al t of nlpidye wﬁtgﬁt 'S frEpneL 08 napofe tz:th %}% Cblﬁ&rettef lﬁlé’f“ﬁ’g
conventional enbossing techniques |ike those enpl oyed paper and di aper
manuf adPOF284 sThus.fthe 1pacted stpcie with seghedifding prnegrs tqﬁrekle di ertt% reﬁee%\iebp%%t 0
heat the top while cooling the substrate, then applying a force through a
squeegewd! ue@iﬁt@t Ben rsfragend/af eflggh ight ditfgrentytsad Pltl%the RBOteRH S achpnevplgrglsof n t he
menbrane to tilt. 500148 Alternatively, a nenbrane can be continuously
pr oduc dightisibsgartyieil aebyschit theippatential. & pessversipn aventidony bichenspereyphojens on i t
such as those nenbranes created by 10X Technol ogi es. Anot her alternative
woul d hwoduge bigharutpat vdiagds thasl oppyaspon erats fiorlowersnergy ohaeiorsnthis pkdnomedyyssi ng
techni ques WD 2011/ 109644PCT/ US2011/ 027066 [00149] Sel ection of the
menbr anas B&ndedenidisoervediey thantvientatsapesawt largps ciyentsednld voages fos algeritany
fabricated. D fferent p/n conbinations have different thickness
requi r egremtssriaredrdathey etfoon echikivied entexfitheglabices SVink thepracisemembtssmBet or e
el ectrochem cal deposition, the nenbrane 30 is cleaned and air bubbl es
expel | adkhovamtlicfercpang® bolieved loneptpimtdyistshepriviegphanmedh, atlcayeintpandn oaad
sonicating for 5 mnutes. [00150] FIG 5D illustrates the nenbrane 30
connect@@erimerit,nke Budisdrs abservd@ at baxputlodds heldameqat echtivietels dgh@ed (pldiar). It is
conductive |ayer 14. There are a nunber of ways to connect the menbrane 30
to the woeddepitya subshitahudtds possiblke metal | i zed nonconducti ve substrate
12. For exanple, a Ti2 solution can be used as a conductive glue to fix
the menoo e Heferfif€toTUGT G a8 thitdlabRatht Vidlpe PV BRtcARIEIafemedsh e pftypeed
using a Radionics Silver Conductive Paint(r). Some substrates require no

adhesi ofy mhfR@alNRINKRE aMRsioR nitciRls YirdPré&eRAHOR P Anteffade M dSitRBs s 38 ter ovi ded
there is good surface contact. Alternatively, the nenbrane could be

at t achegl f,@nddhs ks {h@?tﬁlc%ﬁ BetRr. Sh@H Recr & rﬂ&hﬁ@aﬁ()@&% {de e Et@hlﬂ? theQLtyRY
fitting the surface and the nenbrane into a jig. [00151] Fina etchlng

throug ha);elf’ &l aﬁﬁlg it dpfirgé labép aRYor %Ellf(l)rhm%evah%%&%ﬁl ruliOY Lglv%ncg?epﬁ epoVv al, in

some approac 2] Follomnng the tenplate formation, nano or mcro

cabl e Ctﬁé‘rnﬁ?difﬁ%&’ﬁgro&’e%é &gveé‘g?ée el og% AL ééfb% 'Jtﬁ}éﬁlm fn% %’&ede' y used in

MEMS devi ces an conpat | ack cont act or many PV devices. There

Is a \M‘t%% S ) aﬁ{e e%c?ljicgmo(ﬁkas TR@Et%n%Hl%d 1 ﬁl@%g rrg%@rfe f Qllor\xhe

tenpl ate. nt| eposition I's gener pre

preci si e nt. current
dep05|f§%ﬁgggﬁum%ﬁ&;F§%R%§%E$§ﬁ%%g§é“3§%%%ﬁm PQEI%ﬁwdgimggvgbﬁﬁ%hocable
is for ash using a ba hef ar plasma
IR S I o e R T i SRS R
process is repeated on the nano or mcro bristles to create a high quality
back contact. Acidic CdTe plating is38erformed at a pH of about 1.75,
saturated Te from Te02 and Cd504 at about 100 tines the concentration of
the Te. Care should be taken to keep the bath clean and keep any

contam nants fromthe bath. Constant potential deposition of CdTe can be
per formed anywhere



WO 2011/ 109644PCT/ US2011/ 027066 between 60 and 90 C, in other approaches at
a bath tenperature of less than about 70 C, e.g., about 35 Cto about 69 C.
Pot ent i oswate11ciavedbe easily adj usted between 0.3 and 0. UTIUS2@alo2 e
slightly P type CdTe. [00154] After deposition of the CdTe, CdCl2 at about
1% in water or nmethanol is heated in contact or proximty of the surface at
100 to 500 C from 30 sec to 45 m nutes depending on the thickness of the
CdTe anglRQMGE Mcladfab@R1a9br. t he CdCl2 treatment. Fol | owing CdTe deposition,
el ectrochem cal or inmersion CdS plating is perforned using well known

t hi our 880130] t&-{r%ﬁlkﬁt%a? b@%f)lglﬁ:d@ﬁ sR &&og&egts t{)}-ﬁ%?s%ilviytle% éraﬂﬁi b&fﬂd&u’yrbf @i de or

fluorinated tin oxide Coating is applied to the ce and the fabrication of
t he cel/..i ) g 1 i t i Liana

cqui prent PEoCR RS o B ReA S PR S RALIRE AT S PR AOL PO BMET) can
be fabr ! (1 e |t fil.cl.gnt room
to appf%ﬁ%®%%ﬁ?ﬁ%€%?%ﬂ%@p%gﬁ%%ggyﬁgﬁg&fE@%%%?B%G§t %hgﬁ%T%%Z&&Pﬁgggheet can

then beMQr%gter,sc%gieglgti\;e%r gi%ltgn%lou ttir%gr}rlr%léstevrvﬁp(%ﬁglregtnr%ateljiatrfgd@% tr))ere'c}e@.lig& ant, and

able to W st and envi ronment a such as noil s Frati on

hysi ' t t in t ature. [00156]. FIG 5E illustrates th
Gepost + MR Ay S ST Rt RERGI hE s BRI MR Substrae 12, In an
illustrat l.at.i , a Sn sepsitizer.i lied to th 30
AL L s L A A R e A

trifluoroaceti cid dissolved in.a solvent having a nolar ratio of 1:1
et hand B G TR e CoPREY Fanps el & R N R, FHOPe SASTHPET S o t he
por e mall; and outer surface of %h% menmbrane. Next, the nenbrane is

i mer sed™ ﬁa%wu&éﬂ%&%@u%tw POCisrRl 59 S SHRBARICACH SCTRGROPABE fi ve

m nutes. Thi.s causes. a redox reaction where Sn2+ is oxidized to Sn4+ and
Ag+ i s Hagigteymptsriads mrfe metahgridesspgh as izing oxidg piithdopant, Apdiym gia eeidg e, 2

[ 00157] The pore walls and the nenbrane 30 becone coated with discrete
nanos c ofingpapgt gridustive exide THO hE A @hects s The yeRed coRduptivetitghBiry AnePiligdrer sed
in water. Then the nenbrane is imersed in a 7.9 mv Na3Au§803)2/0. 127M
Na2503/0ll 648 (ayshoyrmds demigrehe durakiligf therranaas a ghipnerpenfenmat Bygf ctc.0AC. Gol d
plating is continued for 10 to 24 hours (tinme is dependant on pore size),
at whi diwffer mey albebaiasindebl ersxample fAL$y04 drlGredc. inpytbi@ddadra T&RELUAD

2011/ 109644PCT/ US2011/ 027066 [00158] An alternative way to deposit

mat er i dP8132hdh deotheabprardsaremdapdddayes hngngicewtlittbptistras] e@nductivent ri f ugat i on
sol -gel nethods, electrochem cal atom c |ayer epitaxy, chem cal vapor
deposi tdhanctesyigs isepplrg,usiig beamitebla poh@Egiconch ashelECVeyvap dihatndoped Ryeast r on
beam I'i t hography, and scanned probe |ithography. Alternatively, well known
addi t i veen dopnd t@h dicsslnbtivednaterial hiehaoBuUAlL @n, G cicninaimt ap@adabatht domint @agt h or
better electrical connections to the n-layer conductor. Preferably, netal
cover s wldpplexiplsiega aVEasoaks dsheproaidor elitnicas thasik irgécssd thmdgH 4 nhs floke pores.
After the gold deposition, the nenbrane is soaked with water and rinsed 4
times aefroldor3riiBblkr. PedeicOchigthglin aWRIEES Sy steih WO teh irdcOrpdtiteth @pad@infoaby S t O
renove residual Sn or Ag. Finally, the nmenbrane is rinsed with water and
ai r drifaeh duEMaRRcAEhNE VaBralep ARRAPkdck@N SEANCUDS Ry RKRr iR et 4 RnpbRnsaNe
manner as in FIG 5B. [00159] Alternatively, the nenbrane may be pl aced

into theileehasduesco @, pliidsbly RUthhPdboly20ot-eel f The top, bottom sides and
pores beconme netallized. The nenbrane 30 may be gl ued as nentioned above to

t he nEf_j[@bi% 3? loﬁé’;bﬁﬁ&@sfr@ prderrd O pRAN, hllopl@Sidcqide My Gsdda) @l pREL aXy nay

ide
be used to d a proteéctive cover over the nenbrane 30. Atom c | ayer

epi t axyeo@ti P1aPSGElov? RonfRraftird ﬁefp%%]‘geid‘ﬁnct&i@h%% E&Fa'@@E?rythﬂ ro@inb @XMt adtOR161]

FIG 5F illustrates the renova t he nenbrane 30, leaving the conductive

cabl es L0AaN LERL: FAoakLEhER b0 LORFLRSH Gl ik, METREANGALEIIIR | ©

nost conmo sol vent ‘extraction. Partia rane reno I's often

desi rabl gk %éZI{ @&nﬁﬁ/@fb%é‘ahl e gi%%ﬁ Efam%?ﬁt%cetﬁth%gﬁ%%‘ﬁ?suﬁlﬂb&%g}e@& i1 al

di ssol ut1 on. ner a or so shes are use 0 renove

t he polyne [ phot of esi nme e. [00162 shown i n Fl ! E...1he
o ar A Elhe AR R oo e e TP T P P e i e

nas o T e DD R RIS P P,

di ssolved and an insulating | ayer deposited using any suitable nethod such
as spin coating, CVD, etc. [00163] TFR&-insulating |ayer 16 may keep the
current fromthe n-layer and p-layer fromshort circuiting. The insul ator
can also limt deposition of PV material to the nanocabl es. Because
insulation elimnates the effects of defects of one cable fromaffecting
its neighbors, processes |ike W 2011/ 109644PCT/ US2011/ 027066



el ectropl ati ng becone feasible. Defects are also m nimzed by reducing the
characteristic dianeter of the nanocable such that it is significantly

bel ow t hewpizntiologe4di aneters to elim nate defects. [00162CTHISetioob@ti ng i s
a desireabl e process because of | ow equi pnent costs and relatively good
material conservation relative to other processes such as sputtering and
CVD whi ch deposit material throughout the chanber in addition to in the
desiredaphga. The thickness may easily be determined by using various
exposure times to dichloromethane and verifying the menbrane thickness with
scanni ngof4¢ CAd'd‘?cfan] 1 dphRAGRPYse o &%@rﬁé&nsﬁa{rerﬁ lcl)na‘ﬁ&tlxterb%lmgmﬁ@%eﬁ&nﬂﬁtlr\@ moved,

excessive nmaterial 1s consuned hi s process rray e used 1t "a thinner

i nsul atlh%? rHo?Jn be@zﬁ@éﬁcﬁé LOI‘%%PG{S{%X}I Hb&'d zhh%xﬁ@”étﬂﬁa”e 30

is mad eS|re mthe I nsu r is case, the

desir e?dhﬂﬁﬁr%g | Bhed ?d(ep 09&a5tﬁ<grt topgonﬁﬁ'& hgs 11]1%' W &s@d _fJﬁCh BAMA Ry

pol yme 'hacrol at e I CKness o out

f t / I t I
t‘ﬁgtc Lgndlgl% tf ”‘fd@b%é‘”Fraﬁ%g%%ﬁ)@%ﬁeﬁiwgﬂyér?ﬁ%ﬁﬁ%e a(I%rI}’onFIi'CIg;ﬁ@Ieg%g )EIII“;eer 'O? any
|nsulator t adeguat nsi o qh t %pllcatlon

The PC il %m%%flﬂ AP b BIER AR B8 SBPSPRE: bR 200c

f b t th | at
el i mangﬁlégoaﬁ %@t&eﬂéfucjﬁ&g]e Iawg Oagﬁffhcélelawswae Iwﬁin&ygflﬁh%f %h%&'&nsl?faacn yer i

roduced, direct contact with.the ct is SSIb|e 00167] In
P Par Sty Bt O et S0 FRC RS, TS 1Ry mepBRR %X@?CtstfPachnem
of the ne. For. exa active ion. etchi RIE) with ox and/ or
wet et c‘fﬂE I% ?Iwceo@e Ilglgarap n%j?l?ﬂI lﬁlomr%%rﬁ ﬁféenfﬁgﬂt%sgm cIsawreiefv fga?aI | ow

t he nangcabl es 32 to connect with the first conductive layer 14. [00168] In
ot her dRBLRAI nthere 2 dorsddpvahis vsethametdgnsd lyes anay be gregant aetn‘ﬁ@k%apneayer to etch
pores in the underlayer, which is the insulating layer 16 in this case.

[ 00169] trampIErenEEnIdGtyS devar @il thnV Heposihis wiopdd laygs may pe Oé@ﬁﬁwqw@ | ayer
34. \Were the p-type sem conductor is CdTe, for exanple, th

el ect r olonedvaresl budersbesally dorsingt qepteen anyioh geSlopant rdimg quWe@t!ls@@tlall}O 1 mM
Te02 solutions by cycling to 95C and cooling to 72C. The reference WO

2011/ 109644RETNWS2011/ 027066 el ectrode may be Ag/ AgCl/3 M NaCl and the
counter electrode may be a gold wire. Utra-pure (e.g., 18 MC2) water

ri nses [Q9BOpdnhdurthedaipetaglarpasieypdsi tayonsush eps clwirged layiet ofggemadnianggd A thin
| ayer of Te may be deposited to prevent Cd diffusion into the nanocabl e.
When Cdileoh ayede irsildepdiskitleds pmscanbatlventthogipentrasparae béndictomlayesaldubd on of
0.5M CdSO4 and 2.4 x 10-4 M Te02 in water at a pHof 1.6 at 90 C, the

opt i runidepas. Thao agiident suethcd fiims areideichnigo ety togafsitam thsinkafatelsctwednh t he
surface plated, but is typically between 300 and 900 nV. CdTe is al so known
to be deposjpe@®V lyerandmanisparsalcoiduoiing. oxkie lgdeposi tion on the bristle surface
can elimnate Cd diffusion into the core of the PV device. The CdTe | ayer

al so cgonoizg] depasé ipeodoles FCALTtctials At freehem thapladiRtveen iayweisti@pintogxy) , ALD
(atom c layer deposition in chem cal vapor deposition system or sol-gel.

When nappehkefet, RPPRkiafgiaR hRCASSHEsefUGth@Bariordds | BihateglofiRéiRdSatali# ivsed,
etching can be used to renpbve the p-type |layer 24 at the base of the

StrUCtqﬁ&wMQmﬁ%ﬁﬁﬂﬁrB@ﬁhM@&%k@hk@@ﬂ&ﬁym%nﬁﬂ%cﬁ@ﬁﬁheAkﬁgMai&@ﬂu&ﬁﬂ%ﬁen the
nanostructures. [00170] FIG 5G also illustrates the deposition of an
n-type éﬁﬁhgpmgggfﬁﬁgﬁgﬁmer 36. Were the n-type sem conductor is CdS, CdS
deposition is perforned in 1.5 mM SC(NH2)2, 1.5 nM Cd SO4, and 2 nM NH4ACOH
heat ed b@13‘% tI%Haﬁlrdaai grbg Hg;ltlﬁgg Wiat &1@ nanond sq:ruftug‘bdfﬁg a%%ﬁ?stﬁ:@@f@h&& C@%%Pec@. 4.5

m nut e exposure woul lead to a Cd ayer 0 bout ayer

al so caf, be, depaRid &t %ﬁﬁﬁ% i C feegfag @&e&%ﬁatloﬁ%\% tep' taxy), ALD

(atom c | ayer depos tlon vapor ep05|t|on syste or sol-ge

Agai n, e[p@ﬁ,@;w L e%lb%ﬁﬁl{egpé}qltgé OISIQseH{ B&e%ﬁaﬁﬁlcﬁlﬂiéls%etﬁ:ﬁh %V'f?&eé—%I 3P a Mpidiods ar e

used, an be use enove t ayer yase of the

U i ORISR LR BN IS AP 0D BT
d I PV d
AL e eV P i oS- S R o,

t he second conductive |layer to the base of the n-conductors w thout
contacting the nanocable. Alternativély, a thin |ayer of electrol ess netal
can be coated as in the process illustrated in FIG 5B as |ong as the netal
remai ns thin enough to mai ntain adequate transparency. Yet another
alternative is to apply a transparent conductive polymer such as

pol y(3- hexyl t hi ophene)



WO 2011/ 109644PCT/ US2011/ 027066 ( P3HT),

pol y[ 2- met hoxy, 5- ( 2- et hyl - hexyl oxy) - p- phenyl ene- vi nyl ene] (MEH PPV), poly
(phenyl enwovonylogsse) (PPV), and pol yaniline to the outsipd@/uskoiioe7066
nanocabl es to conplete the circuit. The pol yner could al so provide

addi tional structural support. Since the PV circuit is built on the
nanoscal e, penetration of the polymer may be challenging. For this reason,

thi nnerlat%PJo‘PHekéﬂQ@ tHERYmPRteB MRfdBTeh &hnd5HAWBNGES prR3%RAS (Y, ﬁlbs%ﬂgf)wlalﬁwohace of
the PV cell would provide adequate conduction. Préferred pol yners are Ilght

and oxygeiNict alloSitioNBY.) tHaf be L&A &Qﬁgﬂﬁtlh\)éﬁelpoinydﬁ@'éﬁpréicﬁ H&ef ihn ﬁs@n%!a
the electrical contacts and are described in T.A. Skatherin, Handbo

Conducty, v ﬁ d?cfﬂlp\f lyI desé?{%(?%@ 1h§tt1'v qpéfs%)croﬁtl tlpéfecf fRRRAG 1nkf ek t '?]iuﬁnt irety.

[00172] A |t|ona ctro ‘ytes may be used to ma ectrical

contact, E@&gﬁeﬂﬁaﬁﬁ%v%? LwR SRRV <43 H%%Q(QMHQ 91?35%1%}%16\24%5 ?\%r%@ugl%rcﬁf

|ncorporate y Tererence. e electro yte solutio e a Co ination

of pol y( ﬁa¥6lﬁ¥topg f ﬁ'l'el%' pgzcsrregl%n)éfn% oy s%)(l%tufy dhipg) 0”[}1? aliy sty l]b %%I qﬁl am

pol yuret nes Ium'sa he saf't could

i odi de, |d ﬁ vt hlum ercho # I|th|u thlolé\(czmate [ithium

trifl uovtyan%r1 y]:flls nL?I faélr%ré‘fe er 3PPWF%Oﬁnﬁ%l%%x8 aalse to'nane a few.
00173 5A t h 5H il L t

oo cﬁpﬁn“@ﬁ“?ﬁ@ﬂ&?ﬁ? Bsispauty Dol ngoiat %m‘ﬁosdﬂé%g}se@ @P%%”P?}sﬁlﬁ%?%%%f the

process exa an organi ¢ photo oIt terial uI db ed. For

P o ot B R R M e e BRBaYS R Ps SrovERe Bor ker * s

t echnol.ogy devel oped at the Sw ss Federal I nstitute of Te y. The

et al |18 %6¢ Emepdipds. Aot b N Fentast pEpepk cpitbars RosTRTRly Olbﬁ’ﬁr.‘}@ Cged on Ti |
Zr, Sn, VV NB, Ta, and Th. The cables can then be coated with_an_organic
dye suchrlersMesgovsii hisad fraga Ay &g USCHE? eRgA HicriaEousardeTy it Mgy PANASEs . and
pyr ol s. Nhny of these compounds have been tested by Konarka Corporation and
have beBl lefdvismspeay Gesrstanggd pisapelagteltiat & Iadantp ty maduie, prkonietsd with opat ent
application US 2004/0025934. Fortunately, the nanocable elimnates the

si nt er i 99yrlediocbe epntagtipnahd e sidpreof shagariproat hsrmppigndate poipte teepiyey theppl i ed and
efficiently used on the surface of the nanobrush. [00174] Al so, any

menbr ardeopaithi fipichaipte backeantagiang gisifioaticantect. he substrate 12 to produce the
PV brush. Al so, any netal deposition should work with nanopores be it

cheni cdPOMdpdn odeppsiach,an shond iR 01G./71 0@ 64 ROTAUSIO bid BRKO6Baqs dsara vapor
deposition, netal organic vapor deposition, electrochem cal deposition

(el ect raochgmliic ghadegmitst saxlyat radedle thepbstert ofihe depas flow anminithizefliodnipinasethe

epi taxy, nol ecul ar beam epitaxy, hot wall epitaxy, sputtering, E-beam and

t her mal voitegpo@t Tierbaclet a@cdct itdeH $18 s cthepmsiotlin@ints ic i emtiaadus hatdh layepwosh 4 van, sol
gel and sol ution nmethods, vapor-liquid solid nethods, sonochem stry

met hodslpwaesktdiic€ ftakielyek oethb ewsturé, Qs fhd wiNdabgRrodths vaifdr Gcs cumasctiaf paee.t ai n
met al oxi des can be obtained with the netal anodization process instead of,
or as arm@Hodk in@y bokichéd® thedabiocbitdct. T3t feall @dme N4 Bk infeAedil. thANDBYOAL her
systenms, Al, Ti, and transparent conductive oxides can be anodically

oxi di zage fontlod ﬂi@vﬁifdfre@éﬂt fide B@RENBE €edSth héGippropriatt O6hlate] onl the WRRr. @XREFHINMENT
tin oxi de was anodi zed. Before el ectro deposition, a thin Au filmwas

sput t er@daRAvopstisi sanOkad ﬂﬁn@h%@éﬁﬁb@ﬂ&dﬂh@@' Iy oxidized (AAQ nenbrane to
serve as the conductive |ayer ctro deposition of Sn into the pores of

the AAGOHRID ARG W3 nte &dy! c%gne@#‘a{n Aoy 3f FRRRUERNE Uik &PE o8ORL HarBE By KO
mA cn? for hour in eleCtrolyte containing sodiumtricitrate of 25 g/L and

tin di C&‘)hﬁﬁfcgﬁ OPItny eléMrlcall}T &ﬁld%w@ %?e‘ijlqu NI tél? e’(%AphM ?ﬁb@ W8S, ARQ4li zed

at 10 Vin 0. boric acid osepHvauevvasadjusted 0 8.6 by 0.5 M

raoH ?%g}hekb‘?hﬁgfégé Gahd R RLACREABIIih o LG 6 WL AR AENRA biecdrpped 1 o

ane was t roug wet etchlng with 0.5

'V' Nao H( ?ﬂ}%enlle%?é’ddrbgceﬁt%%ﬂg of narﬁ%f f%Ec% RAREARL B S@&#a i LG ARR 0?8 0177]

nal I'y, e sanples were ca rS|na|r

The bri : :%tlfrg%ogﬁgler”gyd tﬁg 16%51 ﬁgl%gs 1%1 cilrt?e%ﬁ%ﬁettheﬁtosfg]inhe%%ox%crereoa fon arcﬁgxarrpl e,

the bri ranc anoca | es may be

[00170) ot LR s T b gL BRI ORe TRy RAE R

rei nforcenent process according to yet anot her enbodlnent First, the
substrate is netallized (step 112) b%‘dep05|t|on of a conductive materi al
on its surface. A nenbrane (a tenplate) is formed on the netallized
substrate, and the nenbrane has a pore of the desired size and shape that
is anodi zed (step 114). One or nore polyner |ayers are deposited and cured
(step 116). The polymer | ayers on horizontal surfaces, such



WO 2011/ 109644PCT/ US2011/ 027066 as the top of the tenplate and the base of
the pore, are renoved by reactive ion etching (step 118). The pore is
filled wwb2alcoe@4nmet al such as gold or copper (step 1POYX/USTée2706h1e

pol ymer |ayers are dissolved (step 122) and the nenbrane is renoved by
solvent extraction (step 124). [00179] FIGs. 11A-11l illustrate that

organi ¢ nanocabl es nmay be produced using a carbon jacket process. FIG 10A

shows &,51RaH, iRBndeBBlcWrt Rorfic® BNAUETHHNA rhAY Ginilk3d (HRBASHEQhLEM. KEsS e gUr f ace.
A netal oxide menbrane 134 is fornmed, wherein the nenbrane has a pore 135

o 1 EST B Sapsanial ¢6,LF Gl BRI By gaiion
0L DX gkl Lol bl G, GBI 08,60 AS0LARL, G e 6 "
L0 LaUnken 90 QuEARLT AR, GRAN A, PR RO, DRPRLYRERE AL T
o S BEBBPY B BB LS G 28T S TR L 2L
PNt U, 18y SRRl b CH RO e P PP RS LB 107 o,

T20 andorSRAPsA 5T BT oy he GRSl Trara gty pbS acthdnea' 1O 9%P
ly(3- | t hi P3HT) ) .

Dol 1 2- 1k M5 & s Ra oy st phHaFGh il APPSR PREHII ol y

{Fom tetBBo K ekt e BB HEE 1 o ey bbb BdTon bR e it zarfay s 142

as conductors. The organic Gatzel dye 142 can be sprayed with an inkjet
pri nt ernangi9. FBhaRPEOsCSINE SRLRE RevgrBedfingBeyEay, wish ayditish oARY A pBE" wi th a
doctor bl ade, etc. The nost suitable applications | eave the m ni mum organic
cap l4llayero|Hovavel thennbstipiedy floniianrid mepiealhis aliavsdrbyigation fapehithingnty be

et ched e:bg%, with RIE) or renoved with a solvent wash to conplete the

r enoval lggrdelBy grriys| 2. usirg)any PhEW techiguasedigdloses herein gadrpr ofhes tecBrmiqpes r enpved,
for exanple by wet etching with a carefully selected etchant (e.g., NaQOH)

t hat priebenenticaitl y renoves the netal oxide over titanium dioxide (FIG
101'). In sonme enbodi nents, the nmetal oxide nmenbrane 134 is nmade to be

t r anspdperid] JaGs.rhat- SHtiHustretepw gkemamy auethpddoeepavi@y the solar brush 10 including a

2011/ 109644PCT/ US2011/ 027066 [00181] FIG 11A shows an insul ator 181

deposi tredalonbsratend biustios oGPl e ahkd € dSn g lskdvor indd@. e aanstiatesupraparerttpymat eri al
such as netal oxide, silicone dioxide, or polynmer. The insulator can be
appl i ecsohiostggithGMI: pure sptet teey €d. MO agiatthaabksio ab eltamnoap eahhyr. Fooaamplepan

net al deposited on the conductor 181. FIG 11B shows how t he insul ator can
be wet rma¢taldulyst@tcahshetsonitaedviah piak uitcFaiter E@MOInNb@ss, tHeh g putcetiadnsl foorauct or
180. FIG 11C shows that the conductor can then be deposited through

el ect r apinaics, Agd aiis Wier-@hol deheseyelepas bt tptattEiwdatse aant. aif aageakei n. FI G
11D shows the conductor partially etched. In the case of silicone dioxide,

a KOH s@lutigbe palortRd ueRclor16% tieh GlrediGmed Ahdloden BASE dQérgBRIARE! ®id-water
di chl oronet hane may be used. FIG 11E shows the conpl eted nanocable with

the p- condingt @ NaBONat NRIcleRE Adc@bp AR procéie chuldl 8Y &Ided 8Zhe &/HCard-anRYRI 0183,
and the TCO 184. [00182] FIG 12 SIID”IOWS the sol ar brush 10 encapsul ated in

an opt i Gahing @Sk RApAQPfiRE Wil B LELERA JFHOMLIES 1R YSHse ¥ i1b QNTBRLiRiR! SIRRL S-
The optical casing 48 may al so be nmade of a transparent polyner. The

opti cal, GasA ferAPHERYbsREte TRAEW Qe Jfi | M conductive oxides that allowlight in
but m nim ze soil nol sture contam nation. Conmon materials for this

and
0 IO DS 5L SOl RSB 80 A 1,
Ge | . : : 04, Z S, zZnQ zZnS
CdTEOgn 'gcgﬁgsoerf)@sm%%?ﬁ%ﬁx%g%d(K%ra%%g%tlan?%uI nSeg) , 5n02/ SI asg, eZ_E]O_(’)EIdS,
Cd25n04[|{)gﬂl%§_jq:(fé? ]%ﬁﬁé?dtesq;g Susz[naQSFZ Oo)atedgvrllt% tﬁ:dt%rgtnc%d'éuzc?%g ﬂogf' B rtsg}gcg IatsI onal
sma? W Tes of metal s%rlps or thin bands’ of

conductivi t a r%éttaal rZed gl ass

can be added for addi.tio onductivity.. Metal should be mnimzed to
Ceduce PerTaet foAtiit b8 Puse dReht! Faert T osHer B bl ect i ci ty.
Traditional casing of lowiron glass and extruded al um num may al so be used
as in the case of creating a nodule-d#-a formconpatible with cells that
could be easily identified and replaced. As nentioned above, there are
nuner ous advantages of the solar brush 10 over conventional PV cells. The
solar brush 10 denonstrates a high thermal stability. Unlike nanoparticles,
where the |inear thermal expansion coefficient increases with the reduction
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[ 00185] Besi des sol ar panel s, nanoel ectroni c assenblies can al so be used
for light generation in optical chips. Optical chips are wi dely thought to
be the r epbacam®nd44f or sem conduct or chi ps. Optical chi peTh®@102ATIOW

pat hways that |ight can travel unhindered while sem conductor chips are
limted by electric field effects between on circuit and the next. A mcro
| i ght source with unique color attributes could be essential for optical

chip t %hmho@m@émm@&n@@m%l@&t £ pGsFSRARE hﬂ @S alf e}ﬁu@dnsg)blh BoUfRiIkdas o &
nanol i ght source for such chips. Additionally, the nanodi odes can %e used

in a flah&ahHaen n’:'lﬂ%}aleﬁbfn i, Al @ped&fifonY Lo b emiddhdnt 2386 v,
t he nanodlodes can be used for very ener gy eff|C|ent T ghting. [00186] The

PV brush, laga Jf'gsfau?é@ m&%&gtguag gagt a{t@QSA ﬁﬁhé’%‘leé]%t BRIRB&porator at a

manuf act ur i ng technol gles or oto ogra a ow density | ayered

”ECha”'p‘}%]%lgg&?% 39 10PNAP A BHS ¢ uﬂ eﬂ.boﬂ‘?ér% h&d?f?l%ﬁ”t& \R%Qtrol%q)la‘?ﬁlg?stds beal

arcing nufacturing met S can be use
2011/ 109644p / t h
al 1 ows e 5 S REGRELE 2 eaL%‘ﬁg’m%ﬂpfa%ﬁ%ﬁ%%‘i‘ﬂ%ﬁ%@@%f

eff|C|e X ffICI maxi num a ea r a

C ombs ol St PR PERRRE M G L e %‘éﬂ“a—wwﬁ%{ i LSRR el L o
achlevedt % dak %jé_ i n.connection betmeen small rigid unlts or fron1the
use of ML SVPAUOSCRt hi gh tenperatures, uneven thermal expansion

1 gat BBt e R° iR G mRBR D ghe iy 8 SRR s E e LR m 2o

t her mal nsi on and can be furth 0 |nlzed th fl X|ble expansi on
j oi nt c’t?riﬁg’ G4 /RCTRY AR PPESHS Stﬂ@{%@ %@E’%F‘Pné?‘é“te AH’oﬁ‘Nng‘u‘félW? fase ﬁ@“@?‘bat er
surface area of the solar brush w reduce thermal ~heat generated under

the PV ddregpemlypre Yglependaan ths P@ﬁ’éu]éﬁr?\%ﬁtpvo‘i?éllth*ft isReingfplricgsel c Rif&sent a/n
greatly reduce unwant ed heat buil dup. One further advantage is that mcro
conduct@rbingtiensharpdiffeicaidlickipsy wepisymentsand therafeyp dfferahppbleaigreduremprts-ef or e,
the PV brush could be able to transfer ener nore effectively than
convent4 salbrapycaebe Hred by Ghedereparsi ﬁhnlgcmglwpm mpgrgsuc HEB N M nal |y,

the geonetry can be used to trap or release heat. If heat were found to be
det ri mefatlewedty depesiting aabepulating pertsaéhnes 200 nm, SiDher i+ spiogbdlinke desi gned
with vents. However, it should be noted that performance of nanocabl es may
be di f fapperimatdinf-20 hanof miyiwids vapltekyis polywhi, loptidraly by sioml @ athinesstadab| es
have hi gher resistance to electrical flow at high tenperatures, energy flow
may i nprovee dad niask,iamgb miootlead phétonssisthr Slsgmtigelzi the roytdacands nade matheascal e
structures. [00188] Power generation is a function of average power per
day. Thenboedblamagrial. Mdermtif @ taraplato o el rhadedyifilifgah b koudirad substbatd Gith

kKW (day*nR) according to a Go Solar(r) Conmpany web page at

WWW. SOl filyaxdp efid reeninRha1®tinadr ifiom the sibstrdtnsual @adbdes Eah@hurdhee byecontrits awn
from about 6 hours per day based on the data nmade publicly avail abl e by

Nat i onadre flesabARITZR k@Y ods R Aliagtbeyed tb BdbM @R walhBrotisd matbtidlis@dh ds Shecommonl y
given as a Gaussian curve, which has the following distribution: f (x) = e
0- 1, 1T-dase whi 8101 1Y B REAARISH G2 Qld (P B6raMs ShThE ehefiBranY @Iraf) tir&ligh A6

hours, a standard deviation of ct= 1 hour, and integrated power of 6.18

kwh/ dnfos Al BYIRhAGRaRAN0IBH HRMRbEBX B?df@rﬁdb%@’can\%%hany Be fddGcd Rapreti cal
nmaxi mum power generated is about 4. 93g kWWar / n2.” Based on” EU studi es of

layeri ngctdhngepithR Qfeﬁlﬁ%ﬁthgfox1|a@%{ﬁd‘iﬁlp?&z%bth§ QL@het SR PblyRRAKoILNEA Rakh druncti on,
and reduced hot spots, the CdTe system may approach’its theoretical

ef fici ey énﬁtﬁ%&n t'f:;BlfthEt' XII)PBﬁUIQt A glt%at@%m%ﬁ%n\é‘ iy fiienad MGl | ayer

systens and pote ially higher 1f we conbined | ow band gap

system ig Bét&%éﬁ %ﬁfﬂ HORE ltﬂa?gr): typyaﬁy §5 ﬁltnrtb Hlldh)'f Rlﬂ'?orgrugmg Bf?&@hth&grfﬂh% thér?’deep
etching takes place. The etching is pulsed to in order to allow the waste stream to leave the via.
The upper photoresist is removed while the via is being formed. After the via is formed to the

insulating layer, a polymer coating possibly fluorinated polymer can be added to the via prior to
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The power cal cul ati on works out as follows: P
mean values for a California city Pnnsh=P x E x 0 [00189] Thus, where E= 29
(29% ef f iwDentyipdsar a CdTe/ CdS PV cell and O t he ori eacratsean/ogabe 1. 44
(44% gain), PBrush = 2.60 kWhr/(nm2 x d) (average day in the nean city in
CA). [00190] However, it should be noted that the brush can pick up about a
44.8 %gain in efficiency by because it would require little if any sun

or i ent akdidy BuLSThERRLRor THGP ik SRLARL OB @&cﬁelaeo;é@s 3h tRIMYadAR sHRYd fave a
| arge effect on perfornmance. Planar PV nodul es |ose up to 44% power from

poor ori&pt@t 11 nRRd Qbl &hid&edn HEI E’&uﬁcﬁp&'l@@‘ﬁ & HSEREvAT+ SRAT bCRBPRSS”

Due to its unique design, the solar brush 10 does not require

reori e%f%f@tﬂﬁohﬁ@%rohx}wrﬁh%&ﬁe%‘r fiftne:Sidh 'ir?x%te %B&H@E b rP Yigdevi ce is

sufficient a cool1ng systens that cou elt e used to generated

t her mo él&grrogﬂeﬁn&fﬂ\g)"o%ﬁbn.e'ln afi 8R4 gﬁﬁ%& NGtk %H{?mﬁ’lf%ﬁf%‘@@x{egglﬁ&g ti%i\ f?r‘;&%oo‘&r wat er

heating systens ONE use cou be POSSi ority of

the li ga*ages#orn (ﬁ‘e ect?oc%&’ﬁ h@y §1¥e8r %% c{ﬁj@oc Sie. o%@@@{t%che%%ch%‘é sitidn,

scattere 0 eve er energy

6.18 kWh/ (nm2 x d) fromthe

I x 1l

productjo rther er ai ns om mul t uncti o
Che ef fPEPERI G exa%}?f% fo%ymgpmgbm Histhtig t%%'"sm%mn Pt gtrsb il | 0o1ba)
The sol Wi | I ba | y
1 o ety f&? 1]15’%1?1“0 PeacBRidhEdneh e HRE SN %%ﬁﬁ%ewcaesn y
transparent, @ H;cF ht contl ues to ravlel %gouq%h t he ceII For
pract i i 8hsssl Lo avepkde ’P.O%%IFadl g‘ﬁﬁé%Fo HECHUNST  eehH T ORBEVEC Because
the bristles can .be designed just thjck. enough for stable solar tion,
each ad%%egtor%n v‘élnv%egfﬁloﬁnﬂé fic a%%%eogwml}ymb%ﬁ rowen&@dwf%ﬁce of
t he absorptlve event near the p-n_junction i roves cell efficiency
Anot herOkitingo PRpfaiA mgluce pre wrfGlicane gng v rtmwpbc%w%aorﬁeaau ng.
Each tine there is solar absorption, part of the energy ej ects the el ectron
and parkasist WepanEHae ef/lcpesiion cemercee ph arraphehaieatenher datikedies pmaltesratingj ency
of the cell. Wen cells rely on back reflection, they are also doubling the
heat | dhigkiesy ang cgmpesition: dext a manspaient sprflugineeaxides prsgapiadesusk s F:Hp@.
penetration angle is changing and the trajectory of the solar streamis
changi ngclyng eandrepcifermed go that @e bepa@hthietbyistisf widgnsagh provudeesuffdicnt gurvathes thhot ons
to inmpact. Wth the solar brush 10, nore of the absorption events can be
made t allogdordepeation thehnpres jugn et spotteringraod GN Dedivtighalspest ratine Lliayidr
t hi cknesses, and the light streamw || pass through greater anounts of PV
mat er i aranspdint cqildectjvarstdeofd G tabp icaibt sush thel theVeO applidagort ik eufkielgntiyohataxi mum
efficiency in the future. Table 5 shows efficiency potential, band gap, and
field ebhttoiaenbd getdvohtais eallerddlermaiv ey | aah@nbrdisddae b corfihfiows lygnadvesd wing
photovol taic material Materi al

cylinder with metallic posts that has polymer sprayed on it such as those membranes created by

10X Technologies. Another alternative would be to emboss a thick polypropylene film using
conventional embossing techniques like those employed by paper and diaper manufacturers. If the
membrane is sufficiently thick, it is possible to heat the top while cooling the substrate, then
applying a force through a squeegee, doctor blade, air knife, and the like the cause the pores in the
membrane to tilt.

[00148] Alternatively, a membrane can be continuously produced using cylinder with metallic
posts that has polymer sprayed on it such as those membranes created by 10X Technologies.
Another alternative would be to emboss a thick polypropylene film using conventional embossing

techniques
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[00149] Selection of the membrane 30 depends on the particulars of the PV cell that is being
fabricated. Different p/n combinations have different thickness requirements and therefore different
cable size requirements. Before electrochemical deposition, the membrane 30 is cleaned and air
bubbles expelled from the pores by submerging the membrane 30 in methanol and sonicating for 5
minutes.

[00150] FIG. 5D illustrates the membrane 30 connected to the substrate 12 that has been coated
with the first conductive layer 14. There are a number of ways to connect the membrane 30 to the
conductive substrate 12 or the metallized nonconductive substrate 12. For example, a TiO,
solution can be used as a conductive glue to fix the membrane to the surfaces. Alternatively, the
membrane can be fixed using a Radionics Silver Conductive Paint®. Some substrates require no
adhesion. The membrane is simply placed on top of the substrate provided there is good surface
contact. Alternatively, the membrane could be attached to the surface with a clamp, using
ultrasonic welding, or by fitting the surface and the membrane into a jig.

[00151] Final etching through the insulator film may still be required as would oxide removal, in
some approaches.

[00152] Following the template formation, nano or micro cable can be formed using any number
of solutions. Nickel is widely used in MEMS devices and is compatible as a back contact for many
PV devices. There is a wide range of commercial nickel baths that are appropriate for the template.
Constant potential deposition is generally preferred for precision bristles, but processes can easily
be built for constant current deposition as well.

[00153] In one approach, after the micro or nanocable is formed the polymer is ashed away using a
barrel asher or similar plasma and wet etched to remove residue. Prior to plating the oxide removal
process is repeated on the nano or micro bristles to create a high quality back contact. Acidic
CdTe plating is performed at a pH of about 1.75, saturated Te from TeO, and CdSO, at about 100
times the concentration of the Te. Care should be taken to keep the bath clean and keep any

contaminants from the bath. Constant potential deposition of CdTe can be performed anywhere
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between 60 and 90 °C, in other approaches at a bath temperature of less than about 70 °C, e.g.,
about 35 °C to about 69 °C. Potentiostats can be easily adjusted between 0.3 and 0.8V to deliver
slightly P type CdTe.

[00154] After deposition of the CdTe, CdCl, at about 1% in water or methanol is heated in contact
or proximity of the surface at 100 to 500 °C from 30 sec to 45 minutes depending on the thickness
of the CdTe and concentration of the CdCl, treatment. Following CdTe deposition, electrochemical
or immersion CdS plating is performed using well known thiourea or thiosulfate baths at 65 to 80
°C. Lastly an indium tin oxide or fluorinated tin oxide coating is applied to the cell and the
fabrication of the cell is complete. The cell can then be laminated using traditional equipment such
as that made by the Spire Corporation.

[00155] The cell can be fabricated on a nonconductive, heat tolerant sheet with sufficient room to
apply EVA, rubber, or combinations thereof to the surface. The sheet can then be heat sealed to any
relatively transparent, impact resistant, and able to with stand environmental damage such as
moisture penetration, physical impact, extremes in temperature.

[00156] FIG. 5E illustrates the deposition of metal 32 into the membrane 30 and on the substrate
12. In an illustrative plating process, a Sn sensitizer is applied to the membrane 30 through a 5 to
45-minute immersion in 0.26M SnCl, and 0.07 M trifluoroacetic acid dissolved in a solvent having
a molar ratio of 1:1 methanol to water. The membrane is rinsed with methanol. Sn*" adheres to the
pore walls and outer surface of the membrane. Next, the membrane is immersed in an aqueous
solution of 0.029 M ammoniacal AgNO; for five minutes. This causes a redox reaction where Sn**
is oxidized to Sn*" and Ag" is reduced to elemental Ag. Some silver oxide is also generated.
[00157] The pore walls and the membrane 30 become coated with discrete nanoscopic Ag
particles. The membrane is rinsed with ethanol and immersed in water. Then the membrane is
immersed in a 7.9 mM NazAu(S0O;),/0.127M Na,S05/0.625 M formaldehyde solution that has a
temperature of ~0 °C. Gold plating is continued for 10 to 24 hours (time is dependant on pore

size), at which time the nanocables are fully formed in the membrane.
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[00158] An alternative way to deposit materials inside membranes entails using electrophoresis or
centrifugation sol-gel methods, electrochemical atomic layer epitaxy, chemical vapor deposition,
sputtering, E-beam evaporation, thermal evaporation, electron beam lithography, and scanned probe
lithography. Alternatively, well known additives can be dissolved in the solution to impart
nanocable strength or better electrical connections to the n-layer conductor. Preferably, metal
covers all exposed areas of the membrane, substrate, and fills the pores. After the gold deposition,
the membrane is soaked with water and rinsed 4 times over a 3-hour period and immersed in 25%
nitric acid for 12 hours to remove residual Sn or Ag. Finally, the membrane is rinsed with water
and air dried. Evaporative metal deposition can also take place in the same manner as in FIG. 5B.
[00159] Alternatively, the membrane may be placed into the electroless plating solution by itself.
The top, bottom, sides and pores become metallized. The membrane 30 may be glued as mentioned
above to the metallized substrate 12.

[00160] If desired, atomic layer epitaxy may be used to build a protective cover over the
membrane 30. Atomic layer epitaxy may be used as an alternative to electrochemical epitaxy.
[00161] FIG. 5F illustrates the removal of the membrane 30, leaving the conductive cables
(nanowires) 32 attached to the substrate 12. Membrane removal is most commonly done by solvent
extraction. Partial membrane removal is often desirable. Layered membranes make it easier to
achieve uniform partial dissolution. Generally, ashing, RIE or solvent washes are used to remove
the polymer or photoresist membrane.

[00162] As shown in FIG. 5F, the membrane 30 may be binary in nature so that a solvent or
removal technique has a high selectivity towards the polymer or photoresist, but leaves the
insulating later intact. Alternatively, the membrane may be completely dissolved and an insulating
layer deposited using any suitable method such as spin coating, CVD, etc.

[00163] The insulating layer 16 may keep the current from the n-layer and p-layer from short
circuiting. The insulator can also limit deposition of PV material to the nanocables. Because

insulation eliminates the effects of defects of one cable from affecting its neighbors, processes like
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electroplating become feasible. Defects are also minimized by reducing the characteristic diameter
of the nanocable such that it is significantly below the pinhole diameters to eliminate defects.
[00164] Electroplating is a desireable process because of low equipment costs and relatively good
material conservation relative to other processes such as sputtering and CVD which deposit
material throughout the chamber in addition to in the desired area. The thickness may easily be
determined by using various exposure times to dichloromethane and verifying the membrane
thickness with scanning electron microscopy.

[00165] Ifall of the membrane 30 is removed, excessive material is consumed. This process may
be used if a thinner insulating material or a material other than the material the membrane 30 is
made of is desired to form the insulating layer 16. In this case, the desired material may be spin-
coated on the substrate 12 with polymethylmethacrolate (PMMA) to a thickness of about 1 pm.

The PMMA may function as a membrane glue and/or an insulator. Any insulating material that can
be applied to the PV cell be it polymers, silicone dioxide, or any insulator that can have adequate
demensional control during application. The PC membrane may be placed on top of the PMMA
and baked at around 100°C for about an hour.

[00166] In some embodiments, the insulating layer is eliminated altogether. As long as the p and n
layers are adequately produced, direct contact with the conducting layers is possible.

[00167] In other embodiments, holes are made in the insulating layer after attachment of the
membrane. For example, reactive ion etching (RIE) with oxygen and/or wet etching may be used to
drill through the insulating layer 16 to allow the nanocables 32 to connect with the first conductive
layer 14.

[00168] In other embodiments, membrane can actually be used as a masking layer to etch pores in
the underlayer, which is the insulating layer 16 in this case.

[00169] FIG. 5G illustrates the deposition of a p-type semiconductive layer 34. Where the p-type
semiconductor is CdTe, for example, the electrochemical deposition is done using 50 mM H,SO4 +

1 mM CdSO4 + 0.1 mM TeO; solutions by cycling to 95C and cooling to 72C. The reference
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electrode may be Ag/AgCl/3 M NaCl and the counter electrode may be a gold wire. Ultra-pure
(e.g., 18 MQ) water rinses are performed between deposition steps with nitrogen drying. A thin
layer of Te may be deposited to prevent Cd diffusion into the nanocable. When CdTe layer is
deposited in an electrochemical cell from a solution of 0.5M CdSO4 and 2.4 x 10™ M TeO, in water
at a pH of 1.6 at 90 °C, the optimum deposition potential for a stoichiometric film is varies with the
surface plated, but is typically between 300 and 900 mV. CdTe is also known to be deposited in
ammonia solutions. Te deposition on the bristle surface can eliminate Cd diffusion into the core of
the PV device. The CdTe layer also can be deposited by ECALE (electrochemical atomic layer
epitaxy), ALD (atomic layer deposition in chemical vapor deposition system) or sol-gel. When
non-electroplating processes such as CVD-related methods are used, etching can be used to remove
the p-type layer 24 at the base of the structure to expose the insulation layer and create isolation
between the nanostructures.

[00170] FIG. 5G also illustrates the deposition of an n-type semiconductive layer 36. Where the n-
type semiconductor is CdS, CdS deposition is performed in 1.5 mM SC(NH,),, 1.5 mM Cd SO,
and 2 mM NH4OH heated to a temperature of about 40 — 70 °C. Under these conditions, a 4.5
minute exposure would lead to a CdS layer of about 30 nm. The CdS layer also can be deposited by
ECALE (electrochemical atomic layer epitaxy), ALD (atomic layer deposition in chemical vapor
deposition system) or sol-gel. Again, when non-electroplating processes such as CVD-related
methods are used, etching can be used to remove the p-type layer 24 at the base of the structure to
expose the insulation layer and create isolation between the nanostructures.

[00171] FIG. 5H illustrates the deposition of the second conductive layer 18 that completes the PV
circuit. The second conductive layer 18 may be added using atomic layer epitaxy. This deposition
connects the second conductive layer to the base of the n-conductors without contacting the
nanocable. Alternatively, a thin layer of electroless metal can be coated as in the process illustrated
in FIG. 5B as long as the metal remains thin enough to maintain adequate transparency. Yet

another alternative is to apply a transparent conductive polymer such as poly(3-hexylthiophene)
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(P3HT), poly[2-methoxy,5-(2-ethyl-hexyloxy)-p-phenylene-vinylene] (MEH-PPV), poly
(phenylene vinylene) (PPV), and polyaniline to the outside of the nanocables to complete the
circuit. The polymer could also provide additional structural support. Since the PV circuit is built
on the nanoscale, penetration of the polymer may be challenging. For this reason, thinner solutions
may be preferred. However, exposing the upper surface of the PV cell would provide adequate
conduction. Preferred polymers are light and oxygen stable. Many different conductive polymers
are useful to make the electrical contacts and are described in T.A. Skatherin, Handbook of
Conductive Polymers I, which is incorporated by reference in its entirety.

[00172] Additionally, gel electrolytes may be used to make the electrical contact for the n-layer as
shown in US2004/0025933, which is herein incorporated by reference. The electrolyte solution
could be a combination of poly(4-vinylpyrinidine), poly(2-vinylpyrinidine), polyethylned oxide,
polyurethanes, polyamides and a lithium salt. The salt could be lithium iodide, lithium bromide,
lithium perchlorate, lithium thiocyanate, lithium trifluormethyl sulfonate, and lithium
hexafluorophosphate to name a few.

[00173] Although FIGs. 5A through 5H illustrate an exemplary method of fabricating the solar
brush 10, there are many suitable variations of the process. For example, an organic photovoltaic
material could be used. For example, PV cells could be made based on Dr. Michael Gritzel and co-
worker’s technology developed at the Swiss Federal Institute of Technology. The metallic core of
the nanobristle could be made of metal oxides based on Ti, Zr, Sn, W, NB, Ta, and Tb. The cables
can then be coated with an organic dye such as xanthines, cyanines, mercocyanines, and
phthalocianines, and pyrols. Many of these compounds have been tested by Konarka Corporation
and have been developed for low temperature sintering as illustrated in patent application US
2004/0025934. Fortunately, the nanocable eliminates the sintering concerns and allows the organic
compound to be easily applied and efficiently used on the surface of the nanobrush.

[00174] Also, any membrane with micropores can be applied to the substrate 12 to produce the PV

brush. Also, any metal deposition should work with nanopores be it chemical vapor deposition,
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[ 00194] Efficiency conpares favorably with current technol ogies to give the
maxi mum pyvoenil/rngseases. Table 6 shows the potential enecgysediftiocioesicy and
power generation capability in the state of California. Table 6: Potenti al
energy efficiency and power generation in California Material Efficiency

plasma vapor deposition, metal organic vapor deposition, electrochemical deposition
(electrochemical epitaxy, under-potential deposition), liquid phase epitaxy, molecular beam epitaxy,
hot wall epitaxy, sputtering, E-beam and thermal evaporation, electroless deposition, chemical bath
deposition, sol gel and solution methods, vapor-liquid solid methods, sonochemistry methods, and
microwave methods.

[00175] Nanoporous structures of certain metal oxides can be obtained with the metal anodization
process instead of, or as a variation of, the method illustrated in FIGs. SA-5H. Among other
systems, Al, Ti, and transparent conductive oxides can be anodically oxidized to form a regular
nanopore structure.

[00176] In one experiment, tin oxide was anodized. Before electro deposition, a thin Au film was
sputtered on one side of the aluminum anodically oxidized (AAQO) membrane to serve as the
conductive layer. Electro deposition of Sn into the pores of the AAO membrane was carried out at
a constant current density of 0.75 mA/cm? for 1 hour in electrolyte containing sodium tricitrate of
25 g/L and tin dichloride of 7 g/L. The Sn embedded in the AAO membrane was anodized at 10 V
in 0.2 M boric acid, whose pH value was adjusted to 8.6 by 0.5 M NaOH(aq). The anodization
proceeded until the current density dropped to almost zero. The AAO membrane was then removed
through wet etching with 0.5 M NaOH(aq), leaving behind an array of nanoporous tin oxide
nanorods. Finally, the samples were calcinated at S00°C for 3 hours in air.

[00177] The bristles 20 may be shaped to increase the surface arca. For example, the bristles 20
may have “branches” or holes in the nanocable. Holes may be created by depositing the Cd/Au
alloy as just described and anodizing.

[00178] FIG. 9 is a flowchart summarizing the steps of a metal reinforcement process according to
yet another embodiment. First, the substrate is metallized (step 112) by deposition of a conductive
material on its surface. A membrane (a template) is formed on the metallized substrate, and the
membrane has a pore of the desired size and shape that is anodized (step 114). One or more

polymer layers are deposited and cured (step 116). The polymer layers on horizontal surfaces, such
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as the top of the template and the base of the pore, are removed by reactive ion etching (step 118).
The pore is filled with a core metal such as gold or copper (step 120). Then, the polymer layers are
dissolved (step 122) and the membrane is removed by solvent extraction (step 124).

[00179] FIGs. 11A-111 illustrate that organic nanocables may be produced using a carbon jacket
process. FIG. 10A shows a substrate 130 with a conductive layer 132 deposited on its surface. A
metal oxide membrane 134 is formed, wherein the membrane has a pore 135 of the desired shape
and size (FIG. 10B). As shown in FIG. 10C, carbon nanotubes 136 are formed on the inner wall of
the pore 135, and titanium dioxide 138 is used to fill the remaining core portion of the pore 135
(FIG. 10D). As shown, titanium dioxide 138 fills the pore 135 and “overflows” to form a cap 139
above the carbon nanotube 136 and the metal oxide membrane 134. The cap 139 of the titanium
dioxide 138 is removed in FIG. 10E, for example by any suitable etching method such as
concentrated H>SOy etch.

[00180] With the titanium dioxide cap 139 removed, the carbon nanotube 136 is burned off by
exposure to air at about 600 °C (FIG. 10F), forming a gap 140 between the titanium dioxide core
138 and the metal oxide membrane 134. An organic Gritzel dye 142 is then deposited to fill the
gap 140 and form an organic cap 141 (FIG. 10G). Polymers such as poly(3-hexylthiophene)
(P3HT), poly[2-methoxy,5-(2-ethyl-hexyloxy)-p-phenylene-vinylene] (MEH-PPV), poly
(phenylene vinylene) (PPV), and polyaniline, or any other suitable polymers from Handbook of
Conductive Polymers I may be used with the Gritzel dye 142 as conductors. The organic Gritzel
dye 142 can be sprayed with an inkjet printer, applied with a rotogravure process, sprayed on and
wiped with a doctor blade, etc. The most suitable applications leave the minimum organic cap 141.
Following this preliminary removal, the organic cap 141 may be etched (e.g., with RIE) or removed
with a solvent wash to complete the removal process (FIG. 10H). Then, the metal oxide membrane
134 is removed, for example by wet etching with a carefully selected etchant (e.g., NaOH) that
preferentially removes the metal oxide over titanium dioxide (FIG. 10I). In some embodiments, the

metal oxide membrane 134 is made to be transparent so that its removal is not needed.
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[ 00195] Power generation and effective areas for the brush can be
significantly boosted through WO 2011/109644PCT/US2011/ 027066 the use of a
sol ar corwenbriatedsd A sol ar concentrator coul d redirect PCage01anens6 of

i ght perpendicular to the surface, thereby utilizing the surface area at
the depths of the brush. Only light angles close to 90 can penetrate a high
area shell. The penetration depth in shown by Figure 1 is the spacing

di st anggo gt waeN: 0 il 88 n{smm%ﬁuha&poﬁéd@n AP RSN ER). 9f)he lﬁ@%&ar cBRBE ARches
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kW day/ n a solar concentrator e out put range corrpare favorably

W th the ) M Y QL ﬁ’é Igul%r W&WJ‘[ H?dl?%?cﬁgd B8 5}9 t sfield

results ever for si ngl e |con arrays that are pro uce a process
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presente rern il us ower nera hf or 8"
di sk PVc |n|t|ons of
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D arrEt elrn the "le ocf:%o y?ner[ge Ql%flloyom(ﬁl/agg Pnay%ee I?Se& nglldﬁ% 1]9 hows tl)le completed nanocable
with the p-conductor 180, the insulator 181, the p-layer 182, the n-layer 183, and the TCO 184.
[00182] FIG. 12 shows the solar brush 10 encapsulated in an optical casing 40 for protection from
various environmental elements. The optical casing 40 may also be made of a transparent polymer.
The optical casing 40 may be made of film conductive oxides that allow light in but minimize soil
and moisture contamination. Common materials for this application include Sn doped Sn,O,, Sn
doped In,O3, ZnSnOs, B doped ZnO. F doped In,Os, F doped SnO,, F doped Cd,SnO4, F doped
Zn0O, TiN, Ag,Cd,Sn0O,, Ge doped In,O3, Ge doped SnO,, Ge doped Zn,SnO,, ZnO/CdS,
ZnO/ZnSe (for CdTE and CulnSe,), ZnO/In,Sey (for CATE and CulnSe»), SnO»/glass, ZnO/CdS,
Cd,Sn04/7Zn,Sn04, Zn(Se, OH), Zn(Se,0), and Cd,Sn0O4/Zn,SnO4. For additional conductivity
small wires or metal strips or thin bands of metalized glass can be added for additional
conductivity. Metal should be minimized to reduce reflection but be sufficient for adequate
conduction of electricity. Traditional casing of low-iron glass and extruded aluminum may also be
used as in the case of creating a module of a form compatible with cells that could be easily
identified and replaced. As mentioned above, there are numerous advantages of the solar brush 10
over conventional PV cells. The solar brush 10 demonstrates a high thermal stability. Unlike
nanoparticles, where the linear thermal expansion coefficient increases with the reduction of the
average grain size (Cu, for instance), Cu nano-wires show a smaller thermal expansion coefficient

than that of the bulk Cu. The high thermal stability is related to the grain boundary structure and
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high aspect ratio of the nanostructure. Daisy chain connections may also combat potential thermal
expansion/contraction issues by minimizing chip size and then connecting them opposed to having
a large sheet that would have a higher potential for stress cracking due to thermal expansion
contraction. Daisy chains between cells could also add flexibility to a PV brush array. To
accomplish this, the cells may have special interlocking mechanism to serve the dual purpose of a
being a robust carrier of the film during processing and to speed assembly.

[00183] Because the method describes growth of conductors on a conductive sheet, the failure rate
that plagues current PV cell manufacturing will be greatly improved giving further cost/efficiency
advantages.

[00184] A further advantage of the PV brush is that the distance electrons diffuse through the
semiconductive layer to the conductive layer is shorter than that of conventional PV cells thereby
reducing internal resistance of the PV cells to deliver further power generation efficiencies.
Because the PV bristles are thin, they use a small fraction of the material required for planar cells.
A variety of organic and inorganic semiconductors can be applied to the conductive core and
thicknesses can easily be optimized for power generation and stability.

[00185] Besides solar panels, nanoelectronic assemblies can also be used for light generation in
optical chips. Optical chips are widely thought to be the replacement for semiconductor chips.
Optical chips have narrow pathways that light can travel unhindered while semiconductor chips are
limited by clectric field effects between on circuit and the next. A micro light source with unique
color attributes could be essential for optical chip technologies. The nanoelectric assemblies can
also be used as a nanolight source for such chips. Additionally, the nanodiodes can be used in a
flat screen display for an ultra sharp video monitor. Additionally, the nanodiodes can be used for
very energy efficient lighting.

[00186] The PV brush has flexible manufacturing options including membrane manufacturing
technologies or photolithography e-beam, low density layered mechanical scoring, nanoporous

templated, electroplating, and electrical arcing. These manufacturing methods can be used on a
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variety of membrane/nanoporous media which allows cell to be shaped and hardened to gecometry
that has maximum solar efficiency, maximum aerodynamic efficiency, maximum aesthetic appeal
or a combination of the aforementioned attributes. Flexible units can also be achieved by daisy
chain connection between small rigid units or from the use of a flexible substrate. At high
temperatures, uneven thermal expansion can cause cracking and wear as well. High temperature
degradation is mitigated because each component of this PV cell can be sized to minimize thermal
expansion and can be further optimized with flexible expansion joint conductive connections
between PV arrays. Additionally, the greater surface area of the solar brush will reduce thermal
heat generated under the PV solar cell compared to the conventional flat unit which could greatly
reduce unwanted heat buildup. One further advantage is that micro conductors often have reduced
resistance at higher temperatures; therefore, the PV brush could be able to transfer energy more
effectively than conventional PV cells at higher operating temperatures.

[00187] Finally, the geometry can be used to trap or release heat. If heat were found to be
detrimental to energy above a certain point, the unit could be designed with vents. However, it
should be noted that performance of nanocables may be different that than large scale wires. While
large scale wires/cables have higher resistance to electrical flow at high temperatures, energy flow
may improve due to improved flow through grain boundaries in nano-scale structures.

[00188] Power generation is a function of average power per day. The median sun hours for

various cities in California is 6.18 kW/(day*m?) according to a Go Solar® Company web page at

www.solarexpert.com/Pvinsolation.html. On average, solar energy is drawn from about 6 hours per
day based on the data made publicly available by National Renewable Energy laboratory findings.

The distribution is commonly given as a Gaussian curve, which has the following distribution:

)

e
f(x)——am
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[00197] Sol ar brushes 10 may be made from di sks of 12" dianeter, or can be
grown fromany dinension filns using oxide tenplates. They can use existing
phot ol i t Orapimand sputtering WO 2011/ 109644PCT/ US20PCr0RZQ662106€ hi nes.
If an 8" diameter disk is used, it would generate the power equival ent of
0.97 to 5.58 nR planar photovoltaic cells. If a perfect reflector were used
in the solar collector, the m ninmmdish size would range from a di aneter
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brush 10 may have a large effect on performance. Planar PV modules lose up to 44% power from

poor orientation and often need to be reoriented using a “solar compass”. Due to its unique design,

the solar brush 10 does not require reorientation.

[00191] If electrical current through the PV device is sufficiently high, a cooling systems that

could either be used to generated thermoelectric power (i.e. steam turbine type of power generation)

or water heating systems for home use could also be possible.

[00192] A majority of the light from the sun is scattered from the atmosphere. Collecting scattered

light using the solar brush 10 should lead to even higher energy production. Further energy gains

from multi-junction solar cells may bump the efficiency to double what is believed to be currently

possible.

[00193] The solar brush 10 will probably approach the theoretical maximum efficiency for a given
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penetration angle is changing and the trajectory of the solar stream is changing so there is a greater
quantity of “fresh” material for the photons to impact. With the solar brush 10, more of the
absorption events can be made to occur near the p-n junction through control of the layer
thicknesses, and the light stream will pass through greater amounts of PV material. Multiple
junction material is believed to be the key to maximum efficiency in the future. Table 5 shows

efficiency potential, band gap, and field efficiencies for several materials.

Table 5: Efficiencies of photovoltaic material

Material Theoretical Laboratory Field Band
Maximum Maximum Efficiency Gap (eV)

Efficiency (%) Efficiency (%) (%)

Single Crystal ST 27 23.5 14.0 - 1.1
17.0

Si HIT single crystal | 27 21.0 15.5-16.5 1.1

Si Poly Crystal 27 20.0 11.5-14.2 1.1
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* indicates that the value is an estimate.

[00194] Efficiency compares favorably with current technologies to give the maximum power

increases. Table 6 shows the potential energy efficiency and power generation capability in the

state of California.

Table 6: Potential energy efficiency and power generation in California

Material Efficiency kW*hr/Day/m2
PV Brush (CdTe) ~29 2.60
Single Crystal Si 17 1.19
Polymer 2.0 0.11

[00195] Power generation and effective areas for the brush can be significantly boosted through
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9. The photovoltaic structure as recited in claim1, wherein the PV | ayers
exhi bit physical characteristics of pulse plating. 10. The photovoltaic
struct ur evaorigiopddsed in claiml, wherein the PV | ayers exmiuseai1pbisé cal
characteristics of reverse pulse plating. 11. The photovoltaic structure as
recited in claim1, further conprising a power inverter fornmed on the sane
substrate as the array. 12. The photovoltaic structure as recited in claim

1, whergl ke a QST REEBEBE NA §¢1zlecoﬁ$enaato} &Rt re@i?é%t Rfcetah@s BViib@yers varies
across along a deposited thickness of the at | east one of the PV | ayers.

13. The,Rhatienal %ecsuﬁﬁd’eu@kﬂéﬁﬁutﬁﬁn{gecﬁé Lelcd ﬂeé:it@ﬁenaeﬁths eh@k BRker oagd by a
capablllty to produce nofe than one electron per photon engaging the array

of photl%m&gﬁ]%lo@%%be HHEES: ap% arwglenholth%%&@ﬁ&l Sl v&@ﬁmgﬁ%' ted

in clai ereln one ayers IS type 157 The

phot OVO]! c1ngu 1%[550% b?t?}vegr‘:@r' ﬁttlgs tithdh tgr%@z Y &) agér%aéh@se 50°CRNB " I}%‘O'cgcrgesaog %iJ(P per

conductlve I ers conductlve I ncludi ng
a dopant that increase ect onductl y of conducti ve
Cayer il Wﬁ&ﬁ%ﬁlﬁ%&%ﬂi@ o% g ool e BRI %ﬁﬁ'@ Wt ure as
recited.in claim15, con uctive |l a i udes an undoped
| ayer cliggBshansngtREop o ﬁyﬂ%‘iﬂﬂ %ﬁ) ‘gPB]\)‘H‘ﬁt"ahYéK“s‘l‘rP%c MOVEEOURIE| t ed

inclaiml, further conprising an upper conductlve | ayer above thg PV

| ayer s, ofeihigh phicincy JHeETes fpdar IC%1§/’é‘r0nE 6%?41%1?%5 betyersed aB%%%%%WM%/HbR’YlH‘e

a solar concentrator. The output ranges compare favorably with the maximum output of 0.94

kW/day/m” based on the best known field results ever for single silicon PV arrays that are produced
with a process which is probably much more costly than the methods and structures presented
herein.

[00196] Table 7 illustrates the power generation for 8” disk PV cells. Reference is made to Table
3, above, for definitions of column headings. Various embodiments of the present invention may

have better performance than shown in Table 7.

Table 7: High efficiency solar cell power generation for 8” disk PV cells.

Bristle Height | Bristle Cable Density | Area Estimated High Efficiency
(um) Diameter (#/mz) (mz/m2 planar) | Power Generation
(nm) (kWhr/m**day)
50 220 5x10" 172.76 48.06
100 220 5x10" 345.52 96.12
50 370 1x10" 50.26 13.98
100 370 1x10" 100.54 27.96

[00197] Solar brushes 10 may be made from disks of 12” diameter, or can be grown from any

dimension films using oxide templates. They can use existing photolithography and sputtering
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18. The photovoltaic structure as recited in claim11, further conprising an
upper conductive | ayer above the PV | ayers and a passivation | ayer between
t he upperwoanduiebése | ayer and the PV | ayer cl osest thereras2a19/0270he
photovoltaic structure as recited in claim1, wherein at |east one of the
PV | ayers conprises a material selected froma group consisting of I1-VI p-
or n-type materials and I1l-V p- or n-type materials. 20. The photovoltaic

Struct YUhgnfss."@Gh Beaﬁaﬁl&ep&@ lmu;ed WORLRIRn@hte k&%%vep&ﬁlmen{m PN k3¥ e’s
conprises a nmaterial selected f roma group consisting of CdTe, cadm um

sul fi deplmﬁ%ﬂdt%t% SR g€, perRPREfcctdd ek TsGfin thdhBias 8b Rty The ARGmARRERNOUS
silicon. he photovoltalc structure as recited in claim1, wherein the

nanocabsllz%%w’ﬁll @rag%t@ddlaglaﬁ@ 1. ﬁ?t%tm%r}ﬁ’fd?ffuﬁ DB AYRI Sy &gm%d ses

anor phous SI otovoltaic structure as recited in claimi,

wher ei rBécQ&‘sn@ %O?elﬂle@tﬁ s {a8'1Bf éx%% s&k@?f 9:&9%% dl&ﬂéfo ARG RhpeoRGndY ayers

COI'TpI’I Ses a us SI I con. Ot OVO talc structure,

corer | 50 ST AU oA BB P 8

et L T i R N B TR A
form ng[he 1nstap'§150¥1 rlol’lc(ai‘;[iol“lnr eThe é)rg)sk coufgiggenerate 1.6 to 24.42 kW/day depending on the final
arca and thickness of material on a disk. The system is also preferably sized to allow proper current
conduction without undue system heating of the substrate metal.
[00198] The small disk size will allow easy cleaning and reduce efficiency losses over time.
Since the area of the central disk is so small, it may be designed to snap in and out to be cleaned in
a way that is impractical for larger cells.
[00199] The wide range of methods to form nanocables on either flexible or rigid substrate that is
shaped to a given specification then hardened impacts the efficiency of the film.
[00200] Hard coatings such as TiN, ZrN, or HfN that have melting points around 3,000 °C may be
used for certain layers to minimize reflectance or as a reinforcement “jacket” to increase the
hardness of the nanocables.
[00201] One useful technique that allows improved geometric control of the brush is over etching
the bottom of the template so that the bottom of the bristle curves outward. This enables many
TCO deposition techniques to be effective. Ilustrative TCO deposition techniques include
spraying, dipping, spin-on application, etc. That gecometry allows bristles to be both taller and
placed closer to each other while maintaining a uniform, continuous TCO coating.
[00202] TCO may also be applied in a heated liquid form. Accordingly, in one embodiment, the
liquid is so hot that the TCO deposition and the heat activation of the cell are combined in one step.

In other words, the heat from the TCO activates the PV cells.

[00203] Heat activation can also be performed with lasers. One advantage to this is that very little
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form ng a back plane contact above a substrate; form ng a mask above the
back contact, the mask including vias; formng an array of nanocabl es

ext endi ngwal2ongiopdse@ vi as; renovi ng the nmask; and addi ngPphatsemoloe e ( PV)

| ayers above t he nanocabl es, wherein an average grain size of at |east one
of the PV layers is less than about 100 nm 25. The nethod as recited in
claim 24, wherein the nanocables are elongated. 26. The method as recited

in claidiedd is VAR 1R aAYE T O%gj?rmgfs%ﬁmﬁke%le OfteracQlard REvRN hdv&lss is |ess
t han about™ 100. 27. The nethod as recited in claim24, wherein an average

grain syigge Qbst@atR eﬁérg}tf ﬂ%sﬂé th@-é(rﬁ/'ir%nﬁ@ntb%ﬂ%ﬁp a(ﬁgﬁ’t'd%e i uAphe RBP4 28O AmM  28.

The nmethod as recited 1 n claim?2 wherein a deposition thickness of each

o 1B lbgyinia st {aar whae R0 T, o sy 108
than a%%réaglge R duced. Finally, the lasers can be pulsed such that some nanocables receive more
energy than others. This can be particularly helpful when multiple materials with differing
activation requirements are found in the PV array.
[00204] Arrays can be patterned is such a way as to leave voids where conductors can be placed on
the TCO to reduce the current load on the bulk of the front contact layer. Voids can be patterned
also to control the voltage of the module.
[00205] Additional methods, configurations, etc. are presented in U.S. Patent Appl. Nos.
11/466,411 and 11/466,416, both of which were filed Aug. 26, 2006, and which have been herein
incorporated by reference. Any features disclosed in these applications may be used in conjunction
with various embodiments of the present application.
[00206] While various embodiments have been described above, it should be understood that they
have been presented by way of example only, and not limitation. Thus, the breadth and scope of a
preferred embodiment should not be limited by any of the above-described exemplary

embodiments, but should be defined only in accordance with the following claims and their

equivalents.
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WO 2011/ 109644PCT/ US2011/ 027066 30. The nethod as recited in claim 24,
wherein the array of photovoltaic nanostructures is arranged in a brush
confi gur awDan11/189644The nmet hod as recited in claim?24, wWrETAISR011I027066
nanocabl es are el ongated. 32. The nethod as recited in claim24, wherein

t he nanocabl es have substantially uniform peripheries and | ongitudi nal

| engths. 33. The nmethod as recited in claim24, wherein at | east one of the
PV | ayers is forned by pul se plating. @dsamkhe nmethod as recited in claim
33, wherein a duty cycle of the pulse prating has an on tine of greater

t han about 70% 35. The nethod as recited in claim34, wherein a duty cycle
of the wylisephRliPg has an on time of greater than about 90% 36. The
method as recited in claim33, wherein a duty cycle of the pulse plating
has an on tine of |ess than about 70% 37. The nethod as recited in claim
36, wherein a duty cycle of the pulse plating has an on time of less than

about 30% %‘ths ﬂ?&ﬂﬁﬂu@%l& 41 d in claim33, wherein a duty cycl e of
ng h an of ti ﬁe

t he pul se pIa I bet ween about 30% and about 70%

an array of photovoltaic nanostructures each having a conductive nanocable and
photovoltaic (PV) layers above the nanocable,

wherein an average grain size of at least one of the PV layers is less than about 100 nm.

2. The photovoltaic structure as recited in claim 1, wherein an average grain size of each of the

PV layers is less than about 100 nm.

3. The photovoltaic structure as recited in claim 1, wherein an average grain size of each of the

PV layers is between about 1 and about 60 nm.

4. The photovoltaic structure as recited in claim 1, wherein a deposition thickness of each of

the PV layers is less than about 1000 nm.

5. The photovoltaic structure as recited in claim 1, wherein a deposition thickness of each of

the PV layers is less than about 500 nm.

6. The photovoltaic structure as recited in claim 1, wherein the array of photovoltaic

nanostructures is arranged in a brush configuration.

7. The photovoltaic structure as recited in claim 1, wherein the nanocables are elongated.
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WO 2011/ 109644PCT/ US2011/ 027066 39. The nethod as recited in claim 24,
wherein at | east one of the PV layers is formed by reverse pul se plating.
40. The mwOhlod/msésnecited in claim 24, wherein at | east pPomased11obmedV

| ayers is fornmed by plating, and further conprising sonicating the plating
bath during the plating. 41. The nmethod as recited in claim?24, wherein at
| east one of the PV layers is forned by plating p-type CdTe at a bath

tenper & ur e 1gf ph@SRIERAFUARRYS reblodGn cthin 1, TR TR RN RbIEEHIVE @%siaﬂnéﬂya' m 24,
further conprising formng a power inverter on the substrate. The

met hod as rQﬁﬁ%ﬁgb&ﬁ%&wghﬁj%ﬂgumﬂﬁf@h@h@n average grain size of at Ieast
one of the PV |layers varies across along a deposited thickness of the at

| east one of the PV |layers. 44. The nethod as recited in claim24, wherein
the array of nanocables with PV layers thereon is capable of producing nore

than ong el ggf Eoﬁ’ﬁ%&b‘?%@{}%&% aSNGRQY 1ﬂglah£‘§ \%Jr&%( th%fP\pijérv\%e1ﬁ1ﬂ5h

al .
nanostructures hod as recite relngmﬁe addi ng

the PV | ayer t bl es includes plating p-type CdTe. 46. The
met hod as reg?'ggﬁﬁﬁ cluﬁggg/%gmherein an n-type PV layer is fornmed above a

p-type PV layer, and further conprising at |east one of: cleaning the
p-type |l ayer prior to formng the n-type |ayer thereover;

10. The photovoltaic structure as recited in claim 1, wherein the PV layers exhibit physical

characteristics of reverse pulse plating.

11. The photovoltaic structure as recited in claim 1, further comprising a power inverter formed

on the same substrate as the array.

12. The photovoltaic structure as recited in claim 1, wherein an average grain size of at least one
of the PV layers varies across along a deposited thickness of the at least one of the PV

layers.

13. The photovoltaic structure as recited in claim 1, characterized by a capability to produce

more than one electron per photon engaging the array of photovoltaic nanostructures.

14. The photovoltaic structure as recited in claim 1, wherein one of the PV layers is plated p-
type CdTe.
15. The photovoltaic structure as recited in claim 1, further comprising an upper conductive

layer above the PV layers, the upper conductive layer including a dopant that increases an

electrical conductivity of the upper conductive layer.

-63 -



etching the p-type layer prior to formng the n-type |ayer thereover; and
WO 2011/ 109644PCT/ US2011/ 027066 perform ng a thermal diffusion activation
step. 47.wOheiwvmbdiad as recited in claim?24, further compTits2eIg/opws6i vati ng
a grain boundary of at |east one of the PV | ayers. 48. The nethod as
recited in claim47, wherein the passivating includes application of one or
nore chlorides to the at | east one of the PV | ayers. 49. The nethod as

reciteddn thebﬂataéouai‘clgfraa% a§{%€1%d i R i 9 MeRGh &R u{f}[&l?@éna%&mq%tekve | ayer
above the PV layers. 50. The nethod as recited in c m 49, wherein the

formng an ypRRks &Pﬁ%ﬁédlx}?‘erk@y&{to%ﬁ@y\ela&&% PV layers includes doping a
| ayer with conductive material for i1 ncreasing an electrical conductivity

thereof 51. The method as recited in claimb50, wherein the upper conductive
| ayer includes an undoped | ayer closest to the PV layers. 52. The nethod as

recite e P@lh?gmtgv%lta{cg{rﬁaﬁre af %@R&f iﬁ'cﬂﬁgggf}l%é}%oﬁ gﬁﬁru@gg%ﬂg&c'tlyce | ayer

above t yers an paSSI vati on etwe per conducti ve

| ayer and the P \éové‘?ﬁ%me ¥ pg%r %B(?uctlvesla%glagm sj[utﬂ Crl‘r%t% oen(fi Eth%l oxfa cl aim

24, wherein @? eas Tayers ¢ Fs&’écted
froma group consisting of II-VI p- or n-type naterlals and III-V p- or
n-type materi al s.

18. The photovoltaic structure as recited in claim 1, further comprising an upper conductive
layer above the PV layers and a passivation layer between the upper conductive layer and

the PV layer closest thereto.

19. The photovoltaic structure as recited in claim 1, wherein at least one of the PV layers
comprises a material selected from a group consisting of II-VI p- or n-type materials and I1I-

V p- or n-type materials.

20. The photovoltaic structure as recited in claim 1, wherein at least one of the PV layers
comprises a material selected from a group consisting of CdTe, cadmium sulfide, gallium

arsenide, copper indium gallium selenium, and amorphous silicon.

21. The photovoltaic structure as recited in claim 1, wherein the nanocables are metallic and at

least one of the PV layers comprises amorphous silicon.

22. The photovoltaic structure as recited in claim 1, wherein the nanocables comprise nickel and

at least one of the PV layers comprises amorphous silicon.

23. A flexible photovoltaic structure, comprising:

an array of photovoltaic nanostructures each having a conductive nanocable and

- 64 -



WO 2011/ 109644PCT/ US2011/ 027066 54. The nethod as recited in claim 24,
wherein at | east one of the PV layers conprises a material selected froma
group comspimyo@it CdTe, cadm um sul fide, gallium arsercaaS2e0pp®66 i Nndi um
gal I i um sel enium and anor phous silicon. 55. The nmethod as recited in claim
24, wherein the nanocables are netallic and at | east one of the PV | ayers
conpri ses anorphous silicon. 56. The nmethod as recited in claim24, wherein

the nanocabl es cERREoHEic P E[I8Y crddMdvéthe ngRRhbIORcREn EHIE oF¥e b BEsiesGRPr i Ses
anor phous silicon. 57. A nethod of formng a flexible photovoltaic

structure, conprigipRditodeliRiby MratB®RkhAYi Ng via holes therein; plating
for formng an array of conductive nanocables in the via holes, wherein the

plating is performed until overfill of plated material fromthe via hol es
grows together over the mask; renoving the mask; form ng photovoltaic (PV)

| ayers bov?\&Qﬁo&@ﬂ%ﬁﬁﬂéQﬁmm§§ﬁmﬁ%QBhgﬂgn§f adjusting an array of

phot ovol tai ¢ nanostructures ea vin onducti ve nanocabl e and

ph°t°V°|tai?bé&ﬁ%gﬁﬁ%%ﬁﬁe&gﬁ% ?%gga@ﬁggg bl e, the nethod conprising:
y of "pho o

rotating the arr ovol tai ¢ nanostructures in a plane of a substrate

thereof for forming a mask above the back contact, the mask including vias;

forming an array of nanocables extending along the vias;
removing the mask; and
adding photovoltaic (PV) layers above the nanocables,

wherein an average grain size of at least one of the PV layers is less than about 100 nm.
25. The method as recited in claim 24, wherein the nanocables are elongated.

26. The method as recited in claim 24, wherein an average grain size of each of the PV layers is

less than about 100.

27. The method as recited in claim 24, wherein an average grain size of each of the PV layers is

between about 1 and about 60 nm.

28. The method as recited in claim 24, wherein a deposition thickness of each of the PV layers

is less than about 1000 nm.

29. The method as recited in claim 24, wherein a deposition thickness of each of the PV layers

is less than about 500 nm.
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i ncreasi ng an observabl e power output of the array. 59. The nethod as
recited in claimb58, further conprising adjusting a presentation angle of

t he arraywoebatiov@4t o a |i ght source position for furthecTiusesieaziong an
observabl e power output of the array. WD 2011/109644PCT/ US2011/ 027066 60.
The photovoltaic structure as recited in claim1, wherein a heterojunction
is formed between the PV layers. 61. The photovoltaic structure as recited
in claigg 1, thenlhRl as;f%m%dlﬁlcmgn@m WH%Fe@l”h@ﬁfr%l ofl YR oltdtAtanbRulBR i ecti fying
junction between the PV layers. 62. A device, conprising: an array of
nanocabl es %ﬁggggglnpegblfug}pggnﬁg@%trate a first sem conductor |ayer
including a IllI-V conpound SsSem conductor, the first sem conductor |ayer
positi oned over the nanocable; and a second sem conduct or | ayer including a
I1-VI conpound seni conductor, the second sem conductor |ayer positioned
over t na r | t the first

sem conduct g?lg yhggqp%gﬂ&fﬁ]gﬂg%g?cvgl%gfd%fgg?nnqc%g% alfng%lto alléetlcorrprl sing an
interfacial |ayer that enhances the rectifying junction between the II1-V
and I1-VI conpound sem conductors.

32. The method as recited in claim 24, wherein the nanocables have substantially uniform

peripheries and longitudinal lengths.

33. The method as recited in claim 24, wherein at least one of the PV layers is formed by pulse
plating.
34.  The method as recited in claim 33, wherein a duty cycle of the pulse plating has an on time

of greater than about 70%.

35.  The method as recited in claim 34, wherein a duty cycle of the pulse plating has an on time

of greater than about 90%.

36.  The method as recited in claim 33, wherein a duty cycle of the pulse plating has an on time

of less than about 70%.

37. The method as recited in claim 36, wherein a duty cycle of the pulse plating has an on time

of less than about 30%.

38.  The method as recited in claim 33, wherein a duty cycle of the pulse plating has an on time

of between about 30% and about 70%.
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64. The device of claim62, wherein the Il1-VlI conmpound is a cadm um
telluride. 65. The device of claim®62, wherein the Il1l-V conpound is a

gal | i um nworodeloo@dé. The device of claim 62, wherein thecCrivsSWiingwpeound i s
an alloy of cadmumtelluride. 67. The device of claim62, wherein the
[1-VI conpound is a doped conposition of cadmumtelluride. WO

2011/109644PCT/ US2011/ 027066 68. The device of claim 62, wherein the Il1-V
conpoungd i s TR nRtHoAYs REitdBh kiaAmNiiHctGat 1862 onlRetdeW B erOfs SRRl By 62,
wherein the II11-V compound is a doped conposition of galliumnitride. 70.

The device QfycfkliR fidtingtherein the galliumnitride is a gallium alum num
nitride. 71. The device of claim®62, wherein the interfacial |ayer includes
an oxide. 72. The device of claim71, wherein the oxide is a doped tin

oxi de.

40. The method as recited in claim 24, wherein at least one of the PV layers is formed by

plating, and further comprising sonicating the plating bath during the plating.

41. The method as recited in claim 24, wherein at least one of the PV layers is formed by

plating p-type CdTe at a bath temperature of less than about 70 °C.

42. The method as recited in claim 24, further comprising forming a power inverter on the
substrate.
43. The method as recited in claim 24, wherein an average grain size of at least one of the PV

layers varies across along a deposited thickness of the at least one of the PV layers.

44. The method as recited in claim 24, wherein the array of nanocables with PV layers thereon
is capable of producing more than one electron per photon engaging the array of

photovoltaic nanostructures.

45. The method as recited in claim 24, wherein the adding the PV layers above the nanocables

includes plating p-type CdTe.

46. The method as recited in claim 24, wherein an n-type PV layer is formed above a p-type PV
layer, and further comprising at least one of:
cleaning the p-type layer prior to forming the n-type layer thereover;

etching the p-type layer prior to forming the n-type layer thereover; and
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73. The device of claim 72, wherein the doped tin oxide is zinc-doped tin
oxide. 74. The device of claim72, wherein the doped tin oxide is

cadm um depedifiope4axi de. 75. The device of claim 71, wheceius2athm2mké de is a
doped zinc oxide. 76. The device of claim 71, wherein the oxide is a
cadm um zi nc oxide. 77. A nethod of manufacturing a photovoltaic device
conprising: depositing a first sem conductor |ayer above an array of
nanocables,I%ﬁ@nﬁﬁg§ﬁw§§@hgﬁ@gyg&g@ﬁ&ﬁg&y including a Il1-V conpound

sem conduct or; and depositing a second sem conductor |ayer above the array
of nanocabl es, the second sem conductor layer including a Il-VlI conpound
sem conduct or, the second sem conductor layer formng a rectifying junction
witht fir ' L0or r : - 6 78.
The method ol T A g e B e AR T e R g 8 D
bet ween the fi i tor layer and the second sem conductor |ayer to
enhance thel%%%%%Piﬁ%gQ?’ng§ion between the I111-V and I1-VI conpound

sem conductors. 79. The photovoltaic structure as recited in claiml,
wherein a depletion region of the PV |ayers extends across a full thickness

of the L&V | P& Rthod as recited in claim 47, wherein the passivating includes application of one or

more chlorides to the at least one of the PV layers.

49. The method as recited in claim 24, further comprising forming an upper conductive layer
above the PV layers.
50. The method as recited in claim 49, wherein the forming an upper conductive layer above the

PV layers includes doping a layer with conductive material for increasing an electrical

conductivity thereof.

51. The method as recited in claim 50, wherein the upper conductive layer includes an undoped

layer closest to the PV layers.

52. The method as recited in claim 24, further comprising forming an upper conductive layer
above the PV layers and a passivation layer between the upper conductive layer and the PV

layer closest thereto.

53. The method as recited in claim 24, wherein at least one of the PV layers comprises a

material selected from a group consisting of II-VI p- or n-type materials and III-V p- or n-

type materials.
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80. The photovoltaic structure as recited in claim1, wherein the
nanostructures have snaller top dianmeters or widths than bottom di aneters
or wi dt hswou11/iib@4devi ce as recited in claim62, whereiPaTaAISAdEPlo206€©N
region of the first and second sem conductor | ayers extends across a ful

t hi ckness of the sem conductor layers. 82. The device as recited in claim
62, wherein nanostructures conprising the nanocabl es and sem conduct or

l'ayers f1ave 190%ctRH of RRI1 RERIRDS, vAlerd AULSt SlRAN RPN QPRrdE IPRELGr S OF
wi dt hs. 83. The photovoltaic structure as recited in claim11, further

conpri sing g RaGK FLREFSM 4 A& an@iEtriﬂg;tg @] ALBMERAGEIREEMRER alsfiflacONduct i ve

nanocabl es and the PV | ayer closest thereto, the back contact |ayer being a

metal lic filgtbalas iﬁ&ﬁS&Q?ﬁghﬂﬁgkgﬁh&mgﬁkgﬁ | evel and bandbendi ng of

the interface to Inprove Voc for t otovoltaic structure and enhance
adhesion of the PV |layer to the conductive nanocable. 84. The nethod as
recited in claim?24, further conprising formng a back contact | ayer above

h bl f ] ] fac J bl
e nenacebhge £ oL\ 08y 0 21 ASE OSSR P SOROURS LS. TR o

and the PV layer ¢ ereto, el'n

filmthat a%% E’&ncad}%gggggﬂﬁﬁfeﬁn1n | evel and bandbendi ng of the
interface to i nprov Fof e Bﬁo? vol tai c structure and enhance
adhesion of the PV layer to the conductive nanocable. 85. The photovoltaic

structure as recited in claim1l, wherein the photovoltaic structure is
constructed,.on a sybstrate selected froma gr consi st.i.ng of 200mM
SPTT corttat de ERdanieE € EBHT adrdierem TSROSOk DBt Raggne The
photovoltaic _structure as recited in ¢claim1, wherein the photovoltaic
Struct ure i &f BERS R eTERcSE P HH€Tof flat panel display glass. 87.
The photovoltaic structure as recited in claim11, wherein the photovoltaic
structure is constructed on a flexible substrate. 88. The photovoltaic

structure as recited in claiml, wherein the photovoltaic structure is
const r utt ed Agmetao@ptéfggmgg, B dlexigle @hotovoltaic structure, comprising:

creating a mask having via holes therein;

plating for forming an array of conductive nanocables in the via holes, wherein the plating is
performed until overfill of plated material from the via holes grows together over the
mask;

removing the mask;

forming photovoltaic (PV) layers above the nanocables.

58. A method of adjusting an array of photovoltaic nanostructures each having a conductive
nanocable and photovoltaic (PV) layers above the nanocable, the method comprising:
rotating the array of photovoltaic nanostructures in a plane of a substrate thereof for

increasing an observable power output of the array.

59. The method as recited in claim 58, further comprising adjusting a presentation angle of the
array relative to a light source position for further increasing an observable power output of

the array.
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89. The nethod as recited in claim?24, wherein the photovoltaic structure
I's constructed on a substrate selected froma group consisting of a 200mm
silicon wibeni1/@m9ad@0nm silicon wafer, and a 450mm si | i ceoTRSR@N /02966 The
met hod as recited in claim?24, wherein the photovoltaic structure is
constructed on a substrate of flat panel display glass. 91. The nethod as
recited in claim24, wherein the photovoltaic structure is constructed on a
flexible substrate. WD 2011/ 109644PCT/ US2011/ 027066 92. The met hod as
recited in claim24, wherein the photovoltaic structure is constructed on a

gl ass sggpst rat Bhotovoltaic structure as recited in claim 1, wherein a heterojunction is formed between

the PV layers.

61. The photovoltaic structure as recited in claim 1, further comprising an interfacial layer that

forms a rectifying junction between the PV layers.

62. A device, comprising:
an array of nanocables extending from a substrate;
a first semiconductor layer including a I11-V compound semiconductor, the first
semiconductor layer positioned over the nanocable; and
a second semiconductor layer including a II-VI compound semiconductor, the second
semiconductor layer positioned over the nanocable and forming a rectifying junction

with the first semiconductor layer.

63. The device of claim 62, further comprising an interfacial layer that enhances the rectifying

junction between the I1I-V and II-VI compound semiconductors.

64.  The device of claim 62, wherein the II-VI compound is a cadmium telluride.

65. The device of claim 62, wherein the IT1I-V compound is a gallium nitride.

66.  The device of claim 62, wherein the II-VI compound is an alloy of cadmium telluride.

67.  The device of claim 62, wherein the I1I-VI compound is a doped composition of cadmium

telluride.
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68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

WO 2011/109644 PCT/US2011/027066

The device of claim 62, wherein the III-V compound is an alloy of gallium nitride.

The device of claim 62, wherein the I1I-V compound is a doped composition of gallium

nitride.

The device of claim 69, wherein the gallium nitride is a gallium aluminum nitride.

The device of claim 62, wherein the interfacial layer includes an oxide.

The device of claim 71, wherein the oxide is a doped tin oxide.

The device of claim 72, wherein the doped tin oxide is zinc-doped tin oxide.

The device of claim 72, wherein the doped tin oxide is cadmium-doped tin oxide.

The device of claim 71, wherein the oxide is a doped zinc oxide.

The device of claim 71, wherein the oxide is a cadmium zinc oxide.

A method of manufacturing a photovoltaic device comprising:

depositing a first semiconductor layer above an array of nanocables, the first semiconductor

layer including a I1I-V compound semiconductor; and

depositing a second semiconductor layer above the array of nanocables, the second

semiconductor layer including a I1-VI compound semiconductor, the second

semiconductor layer forming a rectifying junction with the first semiconductor layer.
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78.

79.

0.

8l1.

82.

3.

34.

WO 2011/109644 PCT/US2011/027066

The method of claim 77, further comprising depositing an interfacial layer between the first
semiconductor layer and the second semiconductor layer to enhance the rectifying junction

between the I1I-V and II-VI compound semiconductors.

The photovoltaic structure as recited in claim 1, wherein a depletion region of the PV layers

extends across a full thickness of the PV layers.

The photovoltaic structure as recited in claim 1, wherein the nanostructures have smaller top

diameters or widths than bottom diameters or widths.

The device as recited in claim 62, wherein a depletion region of the first and second

semiconductor layers extends across a full thickness of the semiconductor layers.

The device as recited in claim 62, wherein nanostructures comprising the nanocables and

semiconductor layers have smaller top diameters or widths than bottom diameters or widths.

The photovoltaic structure as recited in claim 1, further comprising a back contact layer
forming an interface between the conductive nanocables and the PV layer closest thereto,
the back contact layer being a metallic film that assists in adjusting a Fermi level and
bandbending of the interface to improve Voc for the photovoltaic structure and enhance

adhesion of the PV layer to the conductive nanocable.

The method as recited in claim 24, further comprising forming a back contact layer above
the nanocables for forming an interface between the conductive nanocables and the PV layer

closest thereto, the back contact layer being a metallic film that assists in adjusting a Fermi
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85.

6.

87.

38.

9.

90.

91.

WO 2011/109644 PCT/US2011/027066

level and bandbending of the interface to improve Voc for the photovoltaic structure and

enhance adhesion of the PV layer to the conductive nanocable.

The photovoltaic structure as recited in claim 1, wherein the photovoltaic structure is
constructed on a substrate selected from a group consisting of a 200mm silicon wafer, a

300mm silicon wafer, and a 450mm silicon wafer.

The photovoltaic structure as recited in claim 1, wherein the photovoltaic structure is

constructed on a substrate of flat panel display glass.

The photovoltaic structure as recited in claim 1, wherein the photovoltaic structure is

constructed on a flexible substrate.

The photovoltaic structure as recited in claim 1, wherein the photovoltaic structure is

constructed on a glass substrate.

The method as recited in claim 24, wherein the photovoltaic structure is constructed on a

substrate selected from a group consisting of a 200mm silicon wafer, a 300mm silicon

wafer, and a 450mm silicon wafer.

The method as recited in claim 24, wherein the photovoltaic structure is constructed on a

substrate of flat panel display glass.

The method as recited in claim 24, wherein the photovoltaic structure is constructed on a

flexible substrate.
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92.  The method as recited in claim 24, wherein the photovoltaic structure is constructed on a

glass substrate.
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