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WO 2008/051275 PCT/US2007/006915 MONOLITHIC INTEGRATION

OF NONPLANAR SOLAR CELLS CROSS REFERENCE TO RELATED

APPLICATION This application claims priority to U.S. Patent Application
wWiaodgd3i28:835 entitled "Monolithic Integration of CylindricatSoian@elssd1s

herein WS DR VA TEROY RERFLRAR SR LS

assemblies for converting solar energy into electrical energy and more

particularly to ¢rpysyaeirmiatER CaspeNES, TOIP ABRCHEGRPOIND Solar

cells are typically fabricated as separate physical entities with light
gatherinighs appace anadsing gheriyderibB4Ratem 2.pplizagien Nor hi378,835 entitled

eason, jt.is standard ice, for . poywergenerati licati ount .
RSBl HER 2, S R R G B R (R i i
hgtibydticerpugased fac exfqrenviceemindp posatiration of a single large light
gathering surface. Also, since each cell itself generates only a small
amount of power, the required voltage and/or current is realized by
interconnecting the cells of the arraly iRI&E&ies and/or parallel matrix. A
conventional prior art solar cell structure is shown in Figure 1. Because of

the 20Thigeprlivgion wlatenioriascell prscambriirs Ab14parering sl energy into
deRiniel SEhemalicalive Meramvey. & igMRvels Jaidhbsabamatiesso that it

represents the features of both "thick-film" solar cells and "thin-film" solar
cells. In general, solar cells that use an indirect band gap material to

absorb light are typically configéjreﬁllAqﬁ(f%%{g@ﬁ solar cells because a
edtoa

thick film of the absorber layer 1S requir sorb a sufficient amount of

25 lights alAEieels 19348 Al @a@&@%&ﬁ@&@iﬁ*ﬁi@dm%@gmtkgtgr@%%emg
typically configured as "thin-film,’ solar cells because only a thin layer o

HHEfaRRcRERRORI R Arder-RE A foOBLEEST SRSHHS FR0MdIS SIEMBhPEetice for

I'I erls mémgvgsﬁggitbﬁam a}‘ ﬁkgmmesm%y ithe ?ﬁ%@@yaflxﬁrﬁqiiﬁ@iargl substrate
illumination on the cell. The layer 102 is the substrate. Glass or metal i

SR AL TSGR S SR AR ARG SVBs Ch il e
nighwaehbase dbficking) syefateongiasd] ineKpmeinstandes, sinetieaiscamt of
encapsulation.layer (not shqwn) coating the. r laye

e e S o0 O S oS I Ll b e
semydoncciey aidborbanaliefesatTe back electrical contact

A conventional prior art solar cell structure is shown in Figure 1. Because of the
large range in the thickness of the different layers, they are depicted schematically.
Moreover, Figure 1 is highly schematic so that it represents the features of both
“thick-film” solar cells and “thin-film” solar cells. In general, solar cells that use an
indirect band gap material to absorb light are typically configured as “thick-film” solar
cells because a thick film of the absorber layer is required to absorb a sufficient amount of
light. Solar cells that use a direct band gap material to absorb light are typically
configured as “thin-film” solar cells because only a thin layer of the direct band-gap
material is needed to absorb a sufficient amount of light,

The arrows at the top of Figure | show the source of direct solar illumination on
the cell. The layer 102 is the substrate. Glass or metal is a common substrate. In
thin-film solar cells, the substrate 102 can be-a polymer-based backing, metal, or glass, In
some instances, there is an encapsulation layer (not shown) coating the substrate 102.

The layer 104 is the back electrical contact for the solar cell.

The layer 106 is the semiconductor absorber layer. The back electrical contact
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I WO 2008/051275 PCT/US2007/006915 104 makes ohmic contact with

the absorber layer 106. In many but not all cases, the absorber layer 106

is ap-type semiconductor. The absorber layer 106 is thick enough to
WAbYWANHLRTE. The layer 108 is the semiconductor junction parriBTshet7/006915

Dpetheewdhniiecaa oot abaliser hefelay®, LAtnsARIei8s MM ases, the
formation of a p-n junction. A p-n 5 junction is a common type of junction
PRIREPR 28k, LS - SFEIT R L PRRNRET e Wibis thick cnough to

absoitaighictThahyeriesayke iabiadutyng denes paatRidathe jemetionth the
Qartner&OEi iS an n&';t e dorl)&g material. ?Fo versel ,Wﬁgﬂ] the .
Semiesntyctop stiotbeley P MU0, Fompleles I SRS P haRaHfign. A p-n
junction parteemi@8tipe gf-jypeidofechdiatesiat. c€Hendnally, jthejuntiies solar
I i I an.the absorber layer 106. Far 10 ex le, .
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' ' ' wind ayer, since, it lets )
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Ceanetila v Bestiay SRE0s 408 ithawhtdwdnten 1h8ati®dan beenidde For

Gomme 30488 SHINERRAEUERMAST AL, h%ﬁ%géfé?éﬁ%gérb?fawo%%%.gs .

(dopants) and/or carrier concentrations in order to give wo layers their

Hisreasy - e vaRioR-RppassHcitibighi trnsmmm srscietisdiationciThe junction

garneringlivntgalivWndiselenicriod 16/9), Sbeipleomher Y 8L R wh % the
uge q%%&; to, form the junction partner 108 has resulted in high efficiency
éaf EFi&&rials that can be used for the junction partner 20 108

includeinbutypieahtidinitienl $6la 506D 2thé AB & 2ayrd GIPRAIEWAnkeWahyer 108
%éLrles rtrgiz?ﬂc %nt%electgoscé%iwhi%t; tcorgplete the funct Ein cell. The
A RESPATE AT LTS ST IR THEIT SRS AW A Yr S FET LpstigR types
SilopartispqudiotionrTzaxoerei08tignydn erdily togive shstive taysesvbethidistinet p-type
i 2, 4h 4l € 110 should be highly copductive .
el PSR eft i S Rt A R e
é_@Fﬁi&liﬁé@mmk@rdﬂmétwﬁamﬁe@em%@yerfqmthpmm@&has
giscrete; avgh Jdhe; @ﬁ@lw{%&é@aﬁi%?'gﬁ'llgeaug@cplﬁﬁ%gﬁnction pertner

conductive oxide (TCO) such as doped zinc oxide (e.g., aluminum dope
ffcinsdieis), bRbRE R IBIaE 19 PoPuiAnideQs ambyoped %nlm-zinc oxide.

HoweVeiy @VErowhes eolieé? daxeoite, RIBRANL AMMENEE RSV NLIAIS The
typically need(%c:}g;qconve tiogral solar cells to draw off 30 current Since the

RELETEMUN 12 SRR SHIZRORAY Hettomh i hisTErRtisiTR thaiyaption
satarecals.iT penariiyato Hdsihenens b eh i fansenchasGaBAHS ES RS blectrode

5‘1‘6"&;&*&19’& highly conductive and transparent to light. The counter electrode 110 can
in fact be a comb-like structure of metal printed onto layer 108 rather than forming a
discrete layer. The counter electrode 110 is typically a transparent conductive oxide
{TCO) such as doped zinc oxide (e.g., aluminum doped zinc oxide), indium-tin-oxide
(ITO), tin oxide (Sn0y), or indium-zinc oxide. However, even when a TCO layer is
present, a bus bar network 114 is typically needed in conventional solar cells to draw off
current since the TCO has too much resistance to efficiently perform this function in
farger solar cells. The network 114 shortens the distance charge carriers must move in the
TCO layer in order to reach the metal contact, thereby reducing resistive losses. The
metal bus bars, also termed grid lines, can be made of any reasonébly conductive metal
such as, for example, silver, steel or aluminum. In the design of the network 114, there is

design a trade off between thicker grid lines that are more electrically conductive but
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TCO layer in order to reach the metal contact, thereby reducing resistive

losses. The metal bus bars, also termed grid lines, can be made of any

reasonably conductive metal such as, for example, silver, steel or
walunosmsre7in the design of the network 114, there is 35 desgrratmdeioébhis

ggogg}gabggﬁ%rﬂ&q}liﬂ hat g nareele el e BoRIYE Ot B ess

_ S PCT/US200//006915 block more light, and thin grid lines
{ight arehpemsialdaranpederabbticenbautsd dk dcosn g Trenasatartyareermit light
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asimbipe meselussicdivgie MacHRAR A SHRCRM BB RBRICRIgaRtiform a

fistohnineoistiaifonnBu &SR Falnatiap. ety in H@%ﬁiﬁ@%z., hereby
Patent No. 6,548,751 to SverdruP et al., hereby _incorporated by reterence
3

FRERIPPIAIRS BT B Se A B IS FOBF BB SPRUAGHI VR qus bar network and

indium-tin-oxige  lgye AfinRiiomn asiagiglendpanaspatenild Qieg layer. Layer

112 is an antjreflective coating, that can aﬂowasi nificant a{:nount of extr

light int %Léﬁ.‘b“éb%ﬁﬁ%%ﬁ?ﬁ@%f@n‘ B AR AT RS RN L R AT HRt of extra

digporitedhtQ€lireDiyeaditpertofhe hmehdid nssofl tsiraigdtimfgantre deposited
[ternatively or additionally, t ntireflective coatjng 112 made be.. .
o B o B R T M e OF oy the

laheatiflethioracatile tHienedatieglepchitdothe saflettian af tHless chatoveeiays the

g%g&%‘é‘{r%c%"?f 6“%%&@?‘2% (ReRR D! {h&?ﬁ‘%@&&%@r{ﬁe HRLRR"S S the cell to

urs, and at the same time |r]cre_ases_t er eC'[IOI‘] In the other spectra
reioneI GG Hsapaeiralzagionds whichohoinsigainbearpivo pedusiend at

Apilers BLRIinbRISEY AGRMQIRISth e [RIRISREAMLFGIbIR I SRkENeating.

describes representative antireflective coatings that are _known in the art.
StndedStrsay Priem \HiBaece By eddm AR Wettagé 2 Jressihiptarranesa by
hagechcealarariis iy enties Adoliaan RipabeHER @ valifctdlil 0 Usasrigthat are

cells are interconnected in 20 series or parallel in order to achieve greater
aGee t&h connected in series, voltages of individual cells add
togetheSoMitelnypint lgrpridscthenbamendlhusitgrlaF oedsampiagRebinbased
sefies reduce, thg aami)tlamé 9 ur&gtsﬂ‘(,)vi@ tla{%u suchlcellsﬂ comg&red to ted i
5ﬁ§focgeoﬁ SOlaF eI ar%ang%olp In p'araﬂef’, hére 31/1 ?rﬁgragv?ﬁgs(eafﬁ0|eﬁrccﬁn}3\%c edin
iderstsatepainlBigureder thedurangeeaenivoltagtar Féllenincmangsdsn series, voltages

%%nggg&ﬁm i Eﬁ@!‘&ﬁﬁ&%ﬁi‘r@mﬁn SRRIAk,AN iRLConnech 16

places t irst electrode of one solar ce electrical communication with

thrsapeehib series tisiscotha B IR gusERal et theoveheuchiselia apmpased to
5 ated dBI5HLNE ArLRRYERTIANAE Al o8l Snts R IYRIGE R iency. As illustrated in

Figure 1, the arrangement of solar cells in series is accomplished using interconnects 116,
In general, an interconnect 116 places the first electrode of one solar cell in electrical
communication with the counter-electrode of an adjoining solar cell.

As noted above and as illustrated in Figure 1, conventional solar cells are typically
in the form of a plate structure. Although such cells are highly efficient when they are
smaller, larger planar solar cells have reduced efficiency because it is harder to make the
semiconductor films that form the junction in such solar cells uniform. Furthermore, the
occurrence of pinholes and similar flaws increase in larger planar solar cells. These
features can cause shunts across the junction. Accordingty, what are needed in the art are
improved solar cell designs.

Discussion or citation of a reference herein will not be construed as an admission

that such reference is prior art to the present application.
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in the form of a plate structure. Although such cells are highly efficient
when they are smaller, larger planar solar cells have reduced efficiency

because it is harder to mgk%@pL%%eﬁ'@Wmm@what form the

junction in such solar cells uniform. Furthermore, the occurrence of

Rirbelasadd srlantanst inereasstpl et Manavivelas eels-cENeset comprising:
features can cause shunts across the junction. Accordingly, what are

(necusP i Hhainge i rodend giarmt sadigriesiadissiisiteitnaiher

il iefenERNGEIRANIE BT REComstuied asdamAdBissian 3 Babsuth oltaic
reference . is prior art to the present agtplication. 3 3. APPLICATION

sUMMRY Atsig 154 Arbpiaise tiopiialitvahnbRiariaiscplsnemgrising 2

Selepieal b CQPIPHANG sctdhd Sithstralaibavingda: Arsh&odAact 2 geaondd
end, wherein the substrate is either (i) hollowed cylindrical shaped or (ii) a

\ ] or (i)
RYFAE3IRF (BRC'ANBIES SEHRF A SR Ov6lRle ST fohsuaHy SRt gedtsposed on
QRisaiskgUhstatenine plidialiafiRhatone taic eells GAIPYI 818o8e ditst said back-

photovoltaic cell and a second photovoltaic cell, each photovoltaic cell in

5P YSRIrARY AT BBV CBUSHY B BT SRy aritadie dispgeed on said

wireiaiencnitaliidlisposteren thaigAidbstrateoasamieonRductiInivTaiiephotovoltaic
layer circumferentiatlly disposed on said.back- electrode; and a

SFanGratd RugHGLe PRI Bl B iR AbR ptsal sAamynigrtion with the

IseimigReguetasf trciiounwbrsen dheitrasspasent sergdustiveplatersikdhecells.
first piboét}ovoltai in said plurality of photovoltaic cells is in serial

cel '
elociri I B CAROR A Hoc P B SO b1 1 BAEBHgA bhotovoliaic cel

ahptoveliaicicglbindsaissphitalitycobphetavaliaigiralisolthie puralitiedfecond end of

%Eto oltaic cells may comprise: a first terminal | hotov%aic cell aé%he o
BB -SSR 5 WL TR PHOHS AR BAFR e irst terminal

slesondlendcefi 4isald sedasidaiRomndlafiloast, ereteietetiatparent conductive

photovoltajc, cell between said fjrst terminal photovoltaic cell and said )
e REBRB ISV e %\f%h%&%aeffaa§ﬁ5¥&h‘fe@(§ﬁaﬂe&t%ﬂ1&%¢8@hmﬂvoitaw

&dch intesrhediate-ichpiovaliaid ceibinvediciiad leaktoagrintenetiaipicent

hotovoltaic cell is iga(saeri | electrical co ,,muniﬁﬁa‘tion with the
IR SGE B S RIHEERE St said plurality of
photovoliaieiReks: 2Rcihe hdiacehphobe vt diesceltmiay padte dliaic cell or the

S asoioise oo second e paoolaccel. g,
iherpidialiyedtpholiaiolidic cells may comprise three or more photovoltaic
colls. The Bty o otoy RIS SRR, SOMBrBS e LIOIS ot cels,
The plurality of photovoltaic cells may comprise ten or more photovoltaic cells. The
plurality of photovoltaic cells may comprise fifty or more photovoltaic cells. The plurality
of photovoltaic cells may comprise one hundred or more photovoltaic cells.

The solar cell unit may further comprise a transparent tubular casing that is
circumferentially disposed onto the transparent conductive layer of all or a portion of the
photovoltaic cells in said plurality of photovoltaic cells.

The transparent tubular casing may be made of plastic or glass. The transparent
tubular casing may comprise aluminosilicate glass, borosilicate glass, dichroic glass,
germanium/semiconductor glass, glass ceramic, silicate/fused silica glass, soda lime glass,
quartz glass, chalcogenide/sulphide glass, fluoride glass, flint glass, or cereated glass.

The transparent tubular casing may comprise a urethane polymer, an acrylic

polymer, a fluoropolymer, a silicone, a silicone gel, an epoxy, a polyamide, or a
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25 plurality of photovoltaic cells may comprise fifty or more photovoltaic
cells. The plurality of photovoltaic cells may comprise one hundred or
more photovoltaic cells. The solar cell unit may further comprise a
transparent tubular casing that is circumferentially disposed onto the
transparent conductive layer of all or a portion of the photovoltaic cells in
%Oj?”di&%?ahty of photovoltaic cells. 30 The transparent tubular casing may

be madacifrpiepticorglaga: dhelranspaseiiiritepuiBheakingeiay sompiReaMA),

R e PR IR R0 e A srusmathox g lagocarbon
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silicanelidcsidichneidelParidpoxy, a polyamide, or a 4 polyolefln The

transpar nt tubular casm ise meth acr late
(o BB o STt PRI R POSP AL BHALE (e may be costed
\p'ehfhjﬁmﬂscxmfﬂummmrbon (PFA) nylon cross-linked polyethylene

(PEX) oI ene zﬂgol e ene5 rep tala I .
polytetra u!({)?}’;o ?/Iglr? Ei 8 \}Icﬁ )1/ 1@ 0” ggcgstgate magr comprise a

meikmreyﬂxdie*m:ﬂmruieyﬂ&\@@nér wﬂmbpo@mxtenm‘oeuzmgiﬂﬁcﬁm@olymide

E’} u%tré‘é W e{n%asglg “ﬂa}’e% OJEQ Wiiha ores ‘iass e“aé pheSoli

e may o ﬁéje pla c mets gPasga‘% SR Cnote,
mﬂmmsaeacﬂaﬂufemmbﬁﬂma, @niﬁeﬂdmn&dm@m&ﬂum@m}mﬁa

(ﬁ’?y ?ﬁ){ %gmldaz g Pe m{dgied‘g Iﬁietraﬂ%:%t%%he}ﬁenp% ethafiene polymethacrylate,

eretharke one polyami sé-based
md&ys@ﬁenel}nlmhmﬂa&dmmyystyreﬁmlpsﬂmtem patytaibpnatesticized vinyl, or
e polyethylene, acrylonitrile-butadiene-styrene,
?il;i Lioro- ethylene, polymethacrylate, nylon 6,6, cellulose acetate
butyrafﬁa&:aﬂbﬂﬁa&a acstatenngid winyljpisistieizadasnylo@sitisate glass, dichroic

4 s‘ézégc 'zﬁ{feasshe sabotiare %aé’s grfné%ré%?aa'&‘cm's ca'tg:/?t %aﬁlca s, soda lime

oro I‘OIC manium/semiconductor glass,

giesamwsll mlfMdC@mqmﬁsh@e@aﬁmﬁtgms hmarﬁzgﬂ;éas&ased phenolic,

]| es%cp erglglgé%uel£ tydeagsass fluoride glass, a glass-based phenolic, flint

or' cereate glgss 20 The substrate may be tubular hollowed
cyllndriﬁm slﬂmxél' mesbbstatemhallbeed opffigdnied! sbapatdégidhisrate may be

A gucgetg afﬂn%”' g%égstgd Elrglflglllllcsianaas)(lbs%ra = Wgteﬁmd may be air, water,
nitrogen, or helium. The substrate may comprise a rigid solid rod.

The back-electrode of a photovoltaic cell in said plurality of photovoltaic cells
may be made of aluminum, molybdenum, tungsten, vanadiuom, rhodium, niobium,
chromium, tantalum, titanium, steel, nickel, platinum, silver, gold, an alloy thereof, or any
combination thereof.

The back-electrode of a photovoltaic cell in said plurality of photovoltaic cells
may be made of indium tin oxide, titanium nitride, tin oxide, fluorine doped tin oxide,
doped zinc oxide, aluminum doped zinc oxide, gallium doped zinc oxide, boron dope zinc
oxide indium-zinc oxide, a metal-carbon black-filled oxide, a graphite-carbon black-filled
oxide, a carbon black-carbon black-filled oxide, a superconductive carbon black-filled

oxide, an epoxy, a conductive glass, or a conductive plastic.
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nitrogen, or helium. The substrate may comprise a rigid solid rod. The
back-electrode of a photovoltaic cell in said plurality of photovoltaic cells
may be made of aluminum, molybdenum, tungsten, vanadium, rhodium,
niobium, 25 chromium, tantalum titanium steel, nickel, platinum, silver,

old, alloy thereof, or.an tion thereof. The bac ctro
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The solar cell unit may further comprise: a filler layer that is circumferentially
disposed onto the transparent conductive layer of all or a portion of the photovoltaic cells
in said plurality of photovoltaic cells; and a transparent tubular casing that is
circumferentially disposed on said filler layer.

The filler layer may comprise ethylene vinyl acetate (EVA), silicone, silicone gel,
epoxy, polydimethyl siloxane (PDMS), RTV silicone rubber, polyvinyl butyral (PVB),
thermoplastic polyurethane (TPU), a polycarbonate, an acrylic, a fluoropolymer, or a
urethane.

The filler layer may be coated with a fluorescent material. The solar cell unit may
further comprise: a water resistant layer that is circamferentially disposed onto the
transparent conductive layer of all or a portion of the photovoltaic cells in said plurality of

photovoltaic cells; and a transparent tubular casing that is circumferentially disposed on

said water resistant layer.
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disposed onto the transparent conductive layer of all or a portion of the
photovoltaic cells in said plurality of photovoltaic cells; and a transparent
tubular casing that is circumferentially disposed on said filler layer. 25

The filler layer may comprise ethylene vinyl acetate (EVA), silicone,

silicone gel, epoxy, polydimethyl siloxane (PDMS), RTV silicone rubber,
polyvinyl butyral (PVB), thermoplastic polyurethane (TPU), a
polyca@nalee, a0Aeiia MO PAMIRSL AA SHEIRNSINAAIRLIBNS!, or

may be coated with a fluofescent material. The solar cell unit may
Artherdersprised 5 Watereesistant rayesctamssinel misréatatiedispossdwater
Quig.the transparent conductive layer of all or a portion of the photovoltaic
cells in said plurality of photovoltaic cells; and a transparent tubular

casing thafieceprashirareatialpdisposeppeirashiidighmns ssisidnt fayere, silver-

ARG NS IESISIRIL (A48 AV, FRURHRE e SHIRANE: RN LU siiRium

or A1203, where x and y are integers. A fluorescent material may be
BYEHES @%&@@d&?@r@?@@ﬁﬁhﬁ&@%ﬁ-@¢ﬁé€ﬂmgﬁmﬁ@n araly ded by

SORRSL MR 2iNGSUIRdB (S GY) S Ve AGIVAlR I ZRAR UIR um sulfide

(ZnS:AQ), zinc sulfide, cadmium sulfide (ZnS:CdS), strontium aluminate
wetheitse By (Eurepili BB Ry SRS IBegnetremtiii Ao selidedd my: Cu.Mg),
RIARGAdYsILR @&@e%i%ﬁe,@mQﬁfal;gzi%&ﬁa@wgﬁé,l&éietgwiﬁ;diphenyzemem,

strontium sulfide with bismuth ((Ca,Sr)S:Bi), coppér and magnesium

HehoHiEgoARE 'shiffeNwesItaim gy, 2y §ombiaatiopidsrddSe, a stilbene,
trans-2dipherylethyiens, ariker %&ﬁgm@amn?%namﬂ# BAORE that is

(7-hydroxycoumari.n, or any combination thereof. The solar cell unit ma

sURpBfEsiBHYcispasstspRircRetBuarEas R st tarenpifatepiamyriion of the
shsrasadieniarthe tansharant canfaivadayerat.alhang RAHON it cating

photovoltaic cells in said plurality of photovoltaic cells; and an

drtirefieeniaibodiingstg ecaitferamERy dIdpseerdinSaid transparent
tubulargasipgr--Flae: ARtEIGEINE FRBHNG R SOMBIISEMETZ« SEANEm nitrate,

nitrate, titanium nitrate, silicon monoxide, or silicone oxide nitrite. The
dHpandemmitdndr filsriccSHdsiEitEn antireflective coating that is

circumieretially dispesa PRiaRbeaRsRAGRtERRNNCYR layarRf @it a
portion of the 20 photovoltaic cells in said plurality of Ehotovoltalc cells.

e Eftrtedn A BnsiA g raie sibeEe M sepdusibsnaysteiellthapprion of the
PibRltaic cells in said plurality of photovoltaic cells.

The antireflective coating may comprise Mgls, silicone nitrate, titanium nitrate,
silicon monoxide, or silicone oxide nitrite.

A length of said solar cell may be between 2 centimeters and 300 centimeters. A
length of said solar cell may be between 2 centimeters and 30 centimeters. A length of
said solar cell may be between 30 centimeters and 300 centimeters.

A solar cell assembly comprising a plurality of solar cell units, each solar cell unit
in the plurality of solar cell units having the structure of the above solar cell unit, wherein
solar cell units in said plurality of solar cell units are arranged in coplanar rows to form
said solar cell assembly.

According to a second aspect, there is provided a solar cell assembly comprising:
(A) a plurality of solar cell units, each solar cell unit in the plurality of solar cell units
having the structure of the solar cell unit of claim 1, wherein solar cell units in said

plurality of solar cells units are gedmetricaliy arranged in a parallel or a near parallel
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silicon monoxide, or silicone oxide nitrite. A length of said solar cell may
be between 2 centimeters and 300 centimeters. A length of said solar cell
may be between 2 centimeters and 30 centimeters. A length of 25 said
solar cell may be between 30 centimeters and 300 centimeters. A solar

cell assemhly comprising a plurality, of solar cell units, each solgr cell uni
R ST, F ST BRI Rt AT B G SHoBd Stcnd () o
sielatinitoMneseisl soledtonl] whitkeln said ekpalify ofisetasicellenis iarthe plurality of
arranged jn coplanar rows tp form said solar cell. assembly, 30 According

R EE G R O &

p] B DT OHS RS ViR SRS B RS JESBR s pisRlg cell unit in

{A) aiptaralityfel sotatedalblanits!le acthstlangaitimit if thesplaralifitabgelaed from
ell units ,.havinﬁ%t e sfructure of#he s(flar cehll unit of cla%n 1, wher%'n d

"i’&é?s@%ﬁ‘%ii&‘ ?Ef%ﬁ‘%ﬁﬁﬁ% SOt RS ErP GRS fHEhpd secon

doangetisisia petallel or a near parallel 7 mariner thereby forming a planar

array vin%rka first face and a se%:or}éj face; and_(@ a Pluraliéy of i ternaI]1

reflector’ WHErETH BRETEE SRRV AL ST PERECES? i THBSBRIFRS) S ically

internalg efleatats tisaconfigureld detweena ctrsesponding fifshanplsesanthy.

solar cell unit in said plurality of elongated solar cells such that a.portion

ot the SSRIGHETUSAREH Rl TR et AR A e

teflettedinptedhecetiéspondingcirst suid secandrreionigatey satasie@lkaid plurality

The solar cell ass ly may further comprise: a transparent .

R S e P B e R A e p g v pperen

dbsaichfifaimanatiay subegselar cell assembly may further comprise: (D) a

transparent insulating 10 cavering disposed on said second face. of said

planar LAy HEHSHY SRS SN Ayt EAARNEa e gbstnate may

bebwednl sagdtiranisparentdnsulating covering and said transparent

electrically insulating substrate. The transparent insulating covering an
T S e A e bt st af e B6F eposy,
selzliinteth5] EHexsmal MDD MY, B Sthilieos: ridybacetate it VBy 1 shicGHen ),

ilicon I, epox olydimethy! siloxane (PDMS), RTV silicone rupber
e (B DS S SRR et he i, Vs or o
petteacbonate, an acrylic, a fluoropolymer, or a urethane. The plurality of

a8 o1 DR o OUSE B Cheve AL, 20 R0
gaid the direction of said first face and from the direction of said second face of said
planar array.

The solar cell assembly may further comprise an albedo surface positioned to
reflect sunlight into the plurality of solar cell units. The albedo surface may have an
albedo that exceeds 80%,

A first solar cell unit and a second solar cell unit in the plurality of solar cell units
may be electrically arranged in series. A first solar cell unit and a second solar cell unit in
the plurality of solar cell units may be electrically arranged in paraliel.

According to a third aspect, there is provided a solar cell assembly comprising:
(A) plurality of solar cell units, each solar cell unit in the plurality of solar cell units
having the structure of the solar cell unit, wherein solar cell units in said phurality of solar
cells units are geometrically arranged in a parallel or a near parallel manner thereby

forming a planar array having a first face and a second face; (B) a transparent electrically

insulating substrate that covers all or a portion of said first face of said planar array; and
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planar array. The solar cell assembly may further comprise an albedo
surface positioned to reflect sunlight into the plurality of solar cell units.
The albedo surface may have an albedo that exceeds 80%. 25 A first
solar cell unit and a second solar cell unit in the plurality of solar cell units

be electrically arranged in series. A first salar cell yunit and a second
B e A B Ay SRS LTS H Ay B LIBER R0 P amy.
hewhgeddnsparadid pAcabrdinfclom iitkakpeet] dhera dsrpsadded eaelarinsulating
cell assembly .comprising: (A) plurality of salar cell units, each solar cell
T S ST OF S R S RO S Eture of the solar
cell unithwhensjasatdneogdhtimitsdnesiaig ploralityofsplacncalsilanite at®strate may

epometrically arrgnged in a parallel or a near parallel mariner thereby

%r%%nngge %tﬁéﬁ%’r}ﬁﬁﬁﬁ% % a first face and a second face; (B) a
transpdienicalentricaiyeinguylbiirg sub sisatadhBVooysilathersaipordariobpoxy,

said.first face, of said - and 8 (C),a transparent insulati
Reee bRt PERFRERY ks SR ey
fnnasirigssaigohuratiiyref @Bbgaiqs selaborlis hetwesh saiditianspirert, or a
instlfjllating covering and said transparent electrically insulating substrate.

Re %rnahsparent insulating covering and said transparent insulating
substrateramayaisive hehdedddgethar byl sealart: ddieiseglantitayhsehotovoltaic

etp lene vinyl acetat Eﬁ/A . Silicone, silicone gel, epoxy, polydimethyl
R R e A
thermoiastiepoharetiaada TRAY)ba oelyaasbonate] dnearlflids 6/nS:Cu), silver-
fluorgpolymer, or a yreth e.lOA%r sparent con ive layer.in a .
AR CaE SR PR, A B TR MR B g
dluoresteattmatatiay. dhefiuor EScelid miate sabmaynbetaoppe sattivaddd
Z0C SYINGE LN %f’é{g@r(@‘f%atﬁg AR c%fc'ff%% %tﬂ?dA o 9 fide
admium sulfide (ZnS: ) strontium “aluminate activate y europium
WA B Bl (StadirtivBibitaopmy activased dsiubbapraseatiyimiunt Gad(ZnS:Cu,Mg),
aluminu Srg éPr ), calcium sulfide with strontium SUJ. idle E%sh ,
oL e B TR S ibrenytetvne
(Ehstidarvg)( 7 quantustdatschGCo Sey astilbeaton thereof.
trans-1,2-diphenylethylene, or (E)-1,2-diphenylethene, umbpelliferone. .
(7S AT e e Y LR B R e 0
aspaete ivdradsiphovidesirats pdaritel (hitcdbmprdsingadAya shaped or (ii) a rigid
solid rod; (B) a first photovoltaic cell comprising: a first back-electrode circumferentially
disposed on a first portion of said substrate; a first semiconductor junction layer
circumferentially disposed on said first back-electrode; and a first transparent conductive
layer circumferentially disposed on said first semiconductor junction; and (C) a second
photovoltaic celi comprising: a second back-electrode circumferentially disposed on a
second portion of said substrate; a second semiconductor junction layer circumferentially
disposed on said second back-electrode; and a second transparent conductive layer
circumferentially disposed on said second semiconductor junction; wherein (i) the first
photovoltaic cell is adjacent to the second photovoltaic cell; (ii) the first transparent
conductive layer is in serial electrical communication with the second back-electrode; (iii)
the first transparent conductive layer is electrically isolated from the second transparent

conductive layer; and (iv) the first back-electrode is electrically isolated from the second
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20 substrate, wherein the substrate is either (i) hollowed cylindrical

shaped or (ii) a rigid solid rod; (B) a first photovoltaic cell comprising: a

first back-electrode circumferentially disposed on a first portion of said

substrate; a first semiconductor junction layer circumferentially disposed

on sa id first back-electrode; and a first transparent conductive layer

Qe fl"‘é%’réfﬁedly disposed on said first semiconductor junction; and (C) a

second&%&orxﬂ@pﬂtﬁnﬁk&:@ib@m@@mm peosehenthadiselechinteng: passing a fluid
ferentiall osed rtion fsald substrate; a

TR  EREH AR B A RS R s i Sy herei

&em&mi@ﬁlﬂmmcﬁnﬁﬁwebﬁ;ﬁbﬂmﬁb@¢ﬁtﬁmmﬂ‘f@ﬂi@}/@foltalc cells are

circum ferentially dis on saj con d semi ondu tor un ction;

BT R R DR O e L e o B SR iBvaige frt

siedkofiithie fiest dnanspakent ﬁﬁbﬁunﬂtmnzeilamiu@hmseﬂhheleemﬁaimd plurality of

icati nW|th the.seco trode the first trans rent

TR R DRy TS Sa e O A SRRy on wid
ﬂmsdutﬁj\ﬂmyemmudt@vjlﬂmmrslalyaﬁkr&lmmguslmeﬁtpoe&@o&cﬁa@ﬁack-
efem%ﬁe Seqond, . backselectrode. aC%PEd'”.g?ge%ﬂtf”l PSS %';?smd
provi ed 3 mét ob%omprlsmg passm‘@ i roug Jsu%’s(f
whmendﬁét)asamirﬁubstv&ta tadlae fﬂrsm@acbafmacheﬁ@ada@ndoﬁ\the riém thetovoltaic
Spsiala nelwertavindeal sunpec ang (Pla gl L RROIHAIE e

ells’are meany arranged on sal € p urality /' OF PHOLOVOITAIC
hm:llseje«:modslngthefleredﬁqmmmujtmhmeldzeihdaaaﬁémmdiny@tﬁpbmmmk; cells.
each ol aic c II in sald aglgl chPt?voltalc cells comprising: a
back-ele trode C|rgumfalrént| |sp €& onsalg" substrate; a
semiconductor junction layer C|rcumferent|ally disposed on said back-

electrode; and a tra p?[ﬁif M m sed
on said 10 semicon%’lsjc or junction, wherein tﬁcﬁranspa ren %Jn?(lﬁjgc' ive

layer of thel fitetsplaatoidtaicnoattdd sait phlislityofphatoy eldidleetisds ant.
serial electrical communication with the back-electrode of the second
photovoltaic cell in said plurality of photovoltaic cells. The fluid may be air,
Water Fﬁiga)@én2ﬁriﬂiaﬁume hode BRIEFRDEBORIPTHONIQE T ktlar cell unit having a
INGS F| ilustr $ interconne ted solﬁlr %ells in_accordance with
%}}] Stl ate 11511 %P aﬂ e, 1 aCCor ance W% TCSCNL ?gg 1cation.
€ prior art ustrate processing s eps I manufacturing a
solar cell unit havmg a substrate using a cascade technique in
accordﬁmceq It?ﬁhﬁl%rt?g‘te ftirgggslsl%? tl(s)‘t%?zgor @anufa‘ C uHrmIL uastsro S cell unit having a
proceSS| g Steps for mant cturing ar cell tnit havin
substrate using a first post absorber technique in accordance w1th the present application.

Figs. 4A-4F illustrate processing steps for manufacturing a solar cell unit having a

substrate using a second post absorber technique in accordance with the present
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substrate using a first post absorber technique in accordance with the

present application. Figs. 4A-4F illustrate processing steps for

manufacturing a solar cell unit having a 25 substrate using a second post
walosssraeschnique in accordance with the present 10 WO 2008/0512/F&:915

E&E&MO?/O%MS application. Figs. 5A-5D illustrate processing steps

for manufacturing a solar cell unit having a substrate using a first post

device technique in accordance with the present application. 5 Figs.

6A-6H fipsterespy nessingriensii Was Wastiiing dusiah GelhtBI AW AGving a

a substrate using a second post device technique in accordance with the,

PYRSEHE B IRCAAOH PRALCY 1 4CIRAUEBASRACHRSE B PR atsveABrdisation.

in accordance with an 10 embodiment of the present application. Figs. 8A-

81) illugtrat%ée@c n uqﬁtor junctions thatfare used in various ) )

photovolBiCEshE il UEAE & SRTS SR TR OF TP BIaRIPE A ShLaLF6H upl having a
Rigsteaitusitg esesodgpasdevitelyeatithiquidmaicretientensith Aeantdatiapplication.
with an embodiment of the present applicaiton. Like reference numerals
refer to corresponding parts throughout the several views of the drawings.
Dimen§igng &re srosuisesiional siseo DDhoDET ik BB DESQRIRTOMh an

j ' .solar cell units comprising a plurality of
%?ﬁ?gﬂgmﬁﬁﬂﬂ% rra%{glgge% on a substrate in a monolithically
integrated manner. 25 5.1 Basic Structure Figure 7 illustrates the

cross-gggliogal ¥is v edaRQXamBIARNCRIPRANKBROLAE a-ARIoKARIG el

700. In some embodiments, a solar cell unit comprises a plurality of

BRI Riteas el s auesinhodirasnie e Toheprrsap analicatigatrate in a
monolithically integrated manner. 30 Substrate 102. A substrate 102

serves as a sybstrate for the solay cell unjt. In some embodiments, all or

= portioHRoP S SER &R SRR RO W AP B SEUSOAT Shagserdpise it an
ssbadiacin shivepesbodpnkatsonll or a portion of the substrate 102 is a

rigid tube or a rigid solid rod. In some embodiments, all or a portion of the
substrate 102 is any solid or hollowed cylindrical shape. In some
embodlikerefetbrce nbstesals fader ito aorgaphiigang parts throughout the several views

of the drawings. Dimensions are not drawn to scale.

5. DETAILED DESCRIPTION

Disclosed herein are nonplanar solar cell units comprising a plurality of

photovoltaic cells linearly arranged on a substrate in a monolithically integrated manner.

5.1 Basic Structure

Figure 7 illustrates the cross-sectional view of an exemplary embodiment of a
photovoltaic cell 700. In some embodiments, a solar cell unit comprises a plurality of
photovoltaic cells 700 linearly arranged on a nonplanar substrate in a monolithically
integrated manner.

Substrate 102. A substrate 102 serves as a substrate for the solar cell unit, In
some embodiments, all or a portion of the substrate 102 is a nonplanar closed form shape.
For instance, in some embodiments, all or a portion of the substrate 102 is a rigid tube or
a rigid solid rod. In some embodiments, all or a portion of the substrate 102 is any solid
or hollowed cylindrical shape. In some embodiments, the substrate 102 is a rigid tube
made out plastic metal or glass. In some embodiments, the overall outer shape of the

11
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35 made out plastic metal or glass. In some embodiments, the overall

outer shape of the 11 WO 2008/051275 PCT/US2007/006915 solar cell

270 is the same shape as the substrate 102. In some embodiments, the
woumnalbsmner shape of the solar cell 270 is different than th@&haetot/the1s

Suarkale 10% i semeqpmPadipeniz e suPsiais A0 saRRIoYs: I

some er%o Iments, susbs rate 1 g{%s r‘]lgllg %?gﬂ‘ﬁy%ﬁ% m§?g#f§F§g'h¥§%%verall

pyeersinans aEihg sdoeesll diffeiedidierenichansigdhapemittosubsitetd 162. In some
gﬁﬂ@ﬁéﬁ%g%ﬂh’%uﬂﬁﬁ@i%m%ﬂﬁi&%ﬁ(_oungls Modulus (E) (also known

as the Young Modulus, modulus of elasticity, elastic modulus or tensile

moduldB)srs srabadiraests s baime 58208 sgileRisidits 0Ar matcralisrnbas
thexsatior femsnaallalr aineroh thedRieRieapIs.Phetessith, Sial Shisiulus.

can be experimentally determined from the siope of a stress-strain Curve

psetidiess Rledulus{Eéabse Snovaanihie ¥oune Medulag modulus of

fiﬂemgiﬁl, m&ﬂ@d%&mg%&%ﬂ@%&%m%ﬂ@lﬁéﬁgW%dﬁh%gf%%ygﬁﬁlﬁmga(gi?n
aterial Young's modulus Young's modulus in in GPa Ibf/in2 (psi) .
A e g e e N A AP S
900 0T Rielypr bp eneihn @I BT (00ir 20000 tRolsibyenartstashinalate:

2-2.5 290,000-360,000 Polystyrene 3-3.5 435,000-505,0 Nylon 3-7

S L8 B0 AT Sy 5 PO G0 TSR ey adulus for
185606 ReeriBlosziwred brdrzll®8HPkiZ, 000,000 Titanium (Ti) 105-120
15,000,000-17,500,000 Carbon fiber reinforced plastic 150 21,800,000
(unidirectional, along grain) Wrought iron and steel 190-210 30,000,000
&gaf%%%t%n (W) 400-410 58,000,000-59ah 9 Pn&ilieas) CHBIfRSHeldhR (E) in
HA¢?000 Tungsten carbide (WC) 450@5Q66PH0,000-94,008:809(psi)

RINYE (AR I ARROube 1,000+ 145,000,000, o5 1,500-15,000
Low density polyethylene 0.2 30,000
Polypropylene 1.5-2 217,000-290,000
Polyethylene terephthalate 2-2.5 290,000-360,000
Polystyrene . 335 435,000-505,000
Nylon 3.7 290,000-580,000
Aluminum alloy 69 , 10,000,000
Glass (all types) 72 10,400,000
Brass and bronze 103-124 17,000,000
Titanium (T1) 105-120 15,000,000-17,500,000

Carbon fiber reinforced plastic

(unidirectional, along grain) 150 21,800,000
Wrought iron and steel 190-210 30,000,000
Tungsten (W) 400-410 58,000,000-59,500,000
Silicon carbide (SiC) 450 65,000,000
Tungsten carbide (WC) 450-650 65,000,000-94,000,000
Single Carbon nanotube 1,000+ 145,000,000
Diamond (C) o _ S 1,0504,2_00 ~ 150,000,000-175,000,000

In some embodiments of the present application, a material (e.g., a substrate 102)
is deemed to be rigid when it is made of a material that has a Young’s modulus of 20 GPa
or greater, 30 GPa or greater, 40 GPa or greater, 50 GPa or greater, 60 GPa or greater, or
70 GPa or greater. In some embodiments of the present application a material {e.g., the
substrate 102} is deemed to be rigid when the Young's modulus for the material is a
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Diamond (C) 1,050-1,200 150,000,000-175,000,000 In some
embodiments of the present application, a material (e.g., a substrate 102)
15 is deemed to be rigid when it is made of a material that has a Young's

wihodalts 29520 GPa or greater, 30 GPa or greater, 40 GPa B yieater/08epis

embodiments of the present application a material (e.g., the substrate

Topkes deenidd o bEOmgaRoHnersy sy st Lilisisonade avirE Adinean
Hati¥@) 20ROBL R RESTIANS 20QAHPRE 3L AncaAnSIAL AVSAARNEE: Qfe not

strains. Such materials are called linear, and are said to obey Hooke's_
RierhiQs SiFF b RTBY B PRE s THRUBBS Ad SRS SRERIY Bt B atrains) are
aainsppigsiakitiat obeys Hooke's law, Examples of linear materials

include, but are not ljmited to, steel, carbon fiber, and glass. Rubber and

soil (exEEpPETRIFAB %HP&e&y%ﬂém&%oﬁq-ﬁh%gam%@?%@wﬂ@fbf:égéﬂfwal

ahpisatiandsolnt fogited Hosuhstiiesftiat 1dveaig The\WhndicaSbREESI Y a

are solid rods. All.o ortion of the substrate 102 can be characterjze

s e o B O J B L e S i B S sogpe
thepictcula Fehapdd Theioteding Sigpeeah bhanpaumedifigisidgpeoeait he amy shape
%H%ééfthe‘%'{z%& %55 8%{964’85:%%}4\39@‘:%‘3& &@&é%:&ea% by pne %Q%ﬁ'hcmed
smooth curved surfaces, or any splice of smooth cur ed SUrfaces  rhe
Isodectingldtedmaedingothape nag b, avhegenn idi@es) isrlgfeategriatn Gaf e The

%emmsﬁgﬁ@saﬁ%l@ék?@z&@mﬁ%mammga ' fgiap&%@ ular, pentangular,

rectangular, pentangular, hexagonal, or having any umber of finear
Seyraertk PSIAARB NP URRCE RO SR sRBmP Barlisended By ereys-section can

CRIHAIAMIO BN SHECE 51 AHeHALEBAIAGRSAL SWRESHFEESS] 13 faces.
As describe% herein, for ease of discussion only, an omnifacial circular

¢ SERRRHO AT THUST St A RESRSIE AT A QR BB IAR ST sgetion s
pihaiometiaicreiteirat kawhver sihisdoulsienbieshthat amlciossssaatiaRaks, it
ometry may he used in a photovpltaic device 10 that is nonplanarin . .
Ry B o B R RO oy o e A devie
dlﬂaiacteriapﬂ@}aginaﬁam’stccrqss-sectional shape and a sepond portion of
the SURRURIR. g FHAIRCICHAR M & SRR IIRRS REAIONALRNA0R by o

where tﬁe first and second cross-sectional s%apes are the same or

diirse reprs-Racsismal EhaprornicnepreonRi hezienad Perodistraie [Hasistoharasterized by a
RELGRILrads RRRL AN R DRI GANGARLEASE IR RBIEENL RLJSARK ARSI e

at least sixty percent, at least seventy percent, at least eighty percent, at
[t PR ieFcAn COMAIFBPIRETERIGHAt St 2SS am BesERMnaitieasO pHenty percent, at

(R ey BB A, LG dhsBFO SRRt QD RSN ARG PEYRPRNE least sixty percent, at

least seventy percent, at least eighty percent, at least ninety percent or all of the length of

Ghngih SRttt GRaahY r@ﬁ&@m‘&ferﬂﬁs@?@c&ﬁ‘i?@ RALRL MEASid to obey

the substrate 102 is characterized by the first cross-sectional shape. In some
embodiments, the first cross-sectional shape is planar (e.g., has no arcuate side) and the
second cross-sectional shape has at least one arcuate side.

in some embodiments, the substrate 102 is made of a rigid plastic, metal, metal
alloy, or glass. In some embodiments, the substrate 102 is made of a urethane polymer,
an acrylic polymer, a flucropoiymer, polybenzamidazole, polymide,
polytetrafluoroethylene, polyetheretherketone, polyamide-imide, glass-based phenolic,
polystyrene, cross-linked polystyrene, polyester, polycarbonate, polyethylene,
polyethylene, acrylonitrile-butadiene-styrene, polytetrafluoro-ethylene, polymethacrylate,
nylon 6,6, cellulose acetate butyrate, cellulose acetate, rigid vinyl, plasticized vinyl, or

polypropylene. In some embodiments, the substrate 102 is made of aluminosilicate glass,
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embodiments, the first cross-sectional shape is planar (e.g., has no
arcuate side) and the second cross-sectional shape has at least one
arcuate side. In some embodiments, the substrate 102 is made of a rigid

wplagtinsmesal, metal alloy, or glass. In some embodiments, RG&/Eblsstvates 15

%&%Jﬁig&?edﬁa%,adwfﬁ%}@%‘?ago lé’éHﬁ'ﬁm@le ?Ehﬁﬁ%%ﬁw&;?ﬁgs, lass ceramic, silicate

uoropolynier, polybenzamidazole, polymide, polytetraffuoroéthylene,

phigastistieasiarewnds, [ponelatiairiaslagtashalnessn phénunbide glass, fluoride
PRSI/ ERNS-1RassHEkest PRiNShIEEN e, BalvasiEs Relycarbonate,

polyethylene, polyethylene, acrylonitrile-butadiene-styrene,

polytettRfRBRsEtRyEmE Solhr dtsiaty Med, siprsls ofe Balriakaiehatate
B@M&gaﬁﬂhﬂeﬁq@gef@&wﬂw@, Wl EUGIZBEMENY PladiRys, Inc., Shiner,
0

ypro%/lene. In some embodiments, the substrate 102 is made of

odiiieme grkedimenty o Bisinie 295 ipetde bprlyioidede 8 - DuPont ™
ekpsifcaten m&}?iqh%pisi_@laﬁhﬂia@m%nm:aamﬂ.iqa@du@%?aﬁﬁﬁta%a
ceramic, sllicate used Ssllica glass, soda li SS, quariz gliass,
RSB ATE Fea e e SO el T B R PO e e alenh REEK
giaBaforiichdatndiilaksfrimBoadekenBiciioeis;. the Substto RS, the
made of aterial sych as 5 polybenzamidazoleg(g.g., Celazole(r),
S e A A P S B B S e
Enipodim dipdatetas dlestigied. 102 is made of polymide (e.g., DuPont TM

Vespelﬁg)ﬁ{,?%@d&%%ﬁéﬂ%%ﬁ@u%'m@ ! dQSPaWﬁi&?Q-b'%e;?”r‘ge?nonc.

embodiments, the substrate 102 is made of polytetrafftioroe

Bhrriy dapisigletasratisikby e PREERY! 2ad ehestuihiehaversef parerfaanyas,
B a?s'eﬁ;éﬁ%dﬁ%gméeW@m@m%&%&%ﬁya@g&%& and

made of polyamide-imide (e.g., Torlon(r) PAI, Solvay Advance
PISHHE e ARpisrhitathe kg el e SifAr e R tiFianbsansforms the
i paAtel Hfsalas s BRsedi phanelirmithenigHamisetes péeHNadenbY be sofened

applying heat and pressure to layers of paper, canvas, linen or glass cloth
g TR SRR AT GRS ERHRS S ISR SHiFS (yPes and
preasuse: At appliedied herayefsctareiaminakieantivnetpoiaetizalion)

transforms the separate layers into a single laminated material, with a .
S R e A R T
caglleddifielmuzets havingrichEbf Aauindeyfds-anad- Sl 6T riafe (ald) carGhl .

] [ ' .mechanical,
L B L svate

102 is Ipgamsianndinrminkte sty HRIBmadgrelrobsarees Bxamples of
gggs@fé& HcfrdeloeherePRIBRNPRAPRYRIRIRAIEH M AULINR QD Ls detailed

oedeker Plastics, Inc.
in Marks® Standard Handbook for Mechanical Engineers, ninth edition, 1987,

McGraw-Hill, Ine., p. 6-174, which is hereby incorporated by reference herein in its
entirety. In still other embodiments, the substrate 102 is made of cross-linked
polystyrene. One example of cross-linked polystyrene is Rexolite® (available from San
Diego Plastics Inc., Nationai City, California). Rexolite is a thermoset, in particular a
rigid and rranslucent plastic produced by cross linking polystyrene with divinylbenzene.

In still other embodiments, the substrate 102 is made of polycarbonate. Such
polycarbonates can have varying amounts of glass fibers (e.g., 10%, 20%, 30%, or 40%)
in order to adjust tensile strength, stiffness, compressive strength, as well as the thermal
expansion coefficient of the material., Exemplary polycarbonates are Zelux® M and
Zelux® W, which are available from Boedeker Plastics, Inc.

In some embodiments, the substrate 102 is made of polyethylene. Irn some
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In some embodiments, the substrate 102 is made of polystyrene.

Examples of polystyrene include general purpose polystyrene and high

impact polystyrene as detailed in Marks' Standard Handbook for
wilealsarsicas Engineers, ninth edition, 1987, 25 McGraw-Hill, HoT/pgeo67hdeh s

which.js herehy incorporated.by reference herein in jts entirety. In still .
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valla rom oan astics.lnc. 1anag it or . xolite

e ISR e O S

GrlesBdinkh G rmhestyerinthvttitiinjr Pt MeGemvBOTiH, Still. 0thér 173, which is hereby
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onhates can have varying amou ers (e.g
308tadsrof@otylonitibiebutadidjesttieeniestymtginostitfhessieciviioessive
t | ionccaefiici ial
O e MM betutos
acelfsb e o NI badestisizerheiod, anpol3smyLisnte Stioigrhpiorstigs of these

SHAsHACI0Z 18 MRde Ol RACIaRS: HusesBsk 2 W RhRsh We@m, ninth
PCT/US2007/006915 embodiments, the substrate 102 is made of low

S8y DRFeigTarey (Pt SR P Bt b deibigh FhEseloy impaporated

g heraRlgcirnweigihémolyethylene (UHMW PE). Chemical properties of
HDPE ggddescribed in Marks' Standard Handbogkfor Mechanical

Engine SRR SRR aDoBSeRAlSRN LRI HRed S0 40T 4D ibsitate 102 are
Hetab\irbifaclern RRie R OF S g pagk NS IBIE RiehoPIQmMe Applications
bodi ts, te.102. i f .

e R 8 EHBI Pl AR RS, Buttcrworiy Les and Neville, Epozy
preyimietiaCrplat&l{lh didnmtysie Xigtass) of ol 616, Seltuleséntoetatece; Schmidt and
MR e PIEroPRER IO M) DIRBIERE LRI RS
HérasisadU deganrébrmmical Elgineé aeds Aifth; IvbelitlonabiBirriMedravi adither
'E&em-a@aiil%tgﬁaggbvﬁ-e}?%ﬂb't@taﬁ%ih@,rmP?S%ppsaﬁﬂgwaxrrﬁ@a%%%ak

in its entirety. Additional exemplary materials that can be used to form the

Juduseind Fross atd7 fodvrhii{ adiderend sratticy by Sgrekiva Soratr aos figyers, SPI
ReinhnldrdpsicrmbpRlicaionsinereg. IR RINKIL Fof dhibsessRjesies wad
S T N T .
Maglies, Principles of high polymer theory and practice, McGraw-Hill;
Beale (o0 e IATH MR SRR bl Y0lF TR it
has an outer diameter of between 3 mm and 100 mm, between 4 mm and 75 mm, between
5 mm and 50 mm, between 10 mm and 40 mm, or between 14 mm and 17 mm. In some
embodiments, a cross-section of the substrate 102 is circumferential and has an outer
diameter of between 1 mm and 1000 mm.,
In some embodiments, the substrate 102 is a tube with a hollowed inner portion.
In such embodiments, a cross-section of the substrate 102 is characterized by an inner
radius defining the hollowed interior and an outer radius. The difference between the
inner radius and the outer radius is the thickness of the substrate 102, In some
embodiments, the thickness of the substrate 102 is between 0.1 mm and 20 mm, between
0.3 mm and 10 mm, between 0.5 mm and 5 mm, or between | mm and 2 mm. In some
embodiments, the inner radius is between | mm and 100 mm, between 3 mm and 30 mm,

or between 5 mm and 10 mm.
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Science and Materials, Wiley, 1971; Glanville, The Plastics's

Engineer's.Data Book, Industrial Press, 1971; Mohr (editor and senior

author), Oleesky, Shook, and Meyers, SP1 20 Handbook of Technology
wanoisngineering of Reinforced Plastics Composites, Van Npstrasehe7/606915
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in its entirety. In some embodiments, a cross.sectl &su
idefined fefdrigrial hiat mmwémmmwmmmrﬁﬂanm m 5,000
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embodiments, the substrate 102 is a tube with a hoflowed inner portion.
e Hthan BEnEo ifheAbpipRseaiAed ik Br ISR ERRdmanss e substrate 102 will

m@z@a@fa%ﬂé%dcemﬁdmﬁra&%{aqigfd@@émmmtml@wﬁgs'ms{m@ai glass

outer radius. The difference between the inner radius and the outer ra |us
i®hse thickness of the substrate 102. In some embodiments, the thickness

of ghtlaosy&ts&r@r@ﬂ&& Iﬁmetwa%k%ﬂgé&ea@mmg mmun?eﬁmamg%ﬁﬁ@{@? ona
an m wee nd 5 mm, or between | mm and 2 mm. In
R et 108 AEESE 18 BBSEH e RN A ehs Gersrph: T
kgeMm Bavice kot dld 0idhis 3ady betofary mamriAnkhl yuppdr e
8/0 1275 PCT/US20 7/ 069 nts th substrate

5
BB iy S penauaie by & pharoN TR S R0 QAR B R Prosses
ﬁatnvmﬁabnmmhlmﬂmmcbeﬂﬂdﬁ 5Conmand & 000 conduckietvserial,

100 A0 300 R REER R AR A A SRR N hromium,

substrate 10 ollowed tube having an outér

d?@ﬁﬂbl@s BRAB M A eEhNBlee Hpdiirm, o1lve2, g, analioiethgraods Arouy
SRR GRRE S YR SR AR ARV tha D asRlifein figk e 4 ,étc}s%?s‘ea of any

appreciated that in many embodiments, the substrate 102 will have a

ISORGFEYr Snara A PSS RGP S IAR AR RIS 4 Psido ferngyloped
) @ﬁﬂetﬁbﬁe@ﬁﬁkﬂwrﬂﬁﬁhﬁ% AchaekintastiaeediBdiSdoped zinc oxide, boron

circu erenu;#ﬁ sed o?ﬂ ﬁ? gsé%b trai? 1%%@%@& Iect gs% é%ﬁgﬁgarbon
Hidels fitladi o afcarbomﬁm:katmaﬁacmﬁjﬁnmmee prnmredﬁaiocﬁw«embon
O A R LT R Al
dendoctivendiatéyiaplastic is one that, through compounding techniques, contains
conductive fillers which, in turn, impart their conductive properties to the plastic. In
some embodiments, the conductive plastics used in the present application to form a
back-electrode 104 contain fillers that form sufficient conductive current-carrying paths
through the plastic matrix to support the photovoltaic current generated by a photovoltaic
cell 700 with negligible resistive losses. The plastic matrix of the conductive plastic is
typically insulating, but the composite produced exhibits the conductive properties of the
filler.

Semiconductor junction 406. A semiconductor junction 406 is formed around
back-etectrode 104. Semiconductor junction 406 is any photovoltaic homojunction,
heterojunction, heteroface junction, buried homojunction, p-i-n junction or tandem
junction having an absorber layer 106 that is a direct band-gap absorber (e.g., crystalline
stlicon) or an indirect band-gap absorber (e.g., amorphous silicon). Such junctions are

described in Chapter 1 of Bube, Phorovoliaic Materials, 1998, Imperiai College Press,
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such as aluminum, molybdenum, tungsten, vanadium, rhodium, niobium,
chromium, 15 tantalum, titanium, steel, nickel, platinum, silver, gold, an
alloy thereof, or any combination thereof. In some embodiments, the

witengksglectrbde 104 is composed of any conductive materiabCIuthras /006915

eHBT fiRs Rt ens Ttapikdmnai i, ouire Ansidonen (S AXie. ANRed.q
zinc oxide, aluminum doped zinc oxide, %?;cl{lum doped zinc oxide, boron
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oxide, a supercondugtive carbﬁ{?E black-filled oxide, an epoxy, a
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supportﬂ%ﬁcg%ﬁgg%%ﬁ%%%nﬁi}r}éen %‘elﬁgéf?ga e%? “‘é"g otovarare %I?%ﬁ)% itAYer
n8gligib ke vastinivpaderrcleyThi) Bl adhiraiatired widthenqorec tasepl a8tic is

tpigalnsuiaing AU NG aamBosiieRioaHcss sxhibits the conducti B absorber

properties of the filler. 30 Semiconductor junction 406. A semiconduc
jlanetist AT adisondispisoide rsioaelion pasesnleperd i as InpSes, In,Ss,

12RSlIZRSA0B dmANY BREOY AAG O INIE N a BEIGI9) UARBOR OSIEIAREE 710,

junction, buried homojunction,p-i-n junction or tandem  juncfion Having an

b SeRIFTTRAG e DR berhiret Hhis-Betpy s foer @ag 2 Bryaraigle In some

eiRdinRrd eipekRAtEeRLALSATRSGE B «BibRNANHS SUIFRDeRHEN0.7 and
junctigns are 35 described in Chapter 1 of Bube, Photovoltaic Materials,
Db, hgan S omBOVRG S8R RIS e e ShopT P08 s

berveten, (53 anelDats Emgmmmﬂr‘:ﬂdei@m,ﬁ@ﬁ3eﬁzf&ﬂb0@%&hﬁxﬁ&@&ﬂﬂsiﬁaving a
Science and, Engineering, John Wiley & Sons, Ltd., West Sussex, ,
2 o g el o S et s
mmlmmmldwwpesmbs@mgmm@qmwmtmﬁﬁ is a so-called thin
oA M A presenh @9{?&'&0 . B&ﬁﬁ%rﬂg?ﬁé‘ﬁoﬁggg@ﬁ 9@@%@-21456 is 2 s0-

below. In additionto the exemplary junctions disc ection 5.2,

elisd, thiskchibn é2 gosiiepnbecrmi esaRiaich light traverses into the
core Ofﬁﬁrﬁﬂﬁpiﬁﬂww axeh smuldigdunstionshat RiRTeARN. %gﬁ(i-—layer)
sfu

succes smaller band gaps. In some embodiments, the
A ORI B S8R S 15 R RSB RAReA O 0B i g s be
pariRArdsiig 2 ) SnddpReiruibSadRCHBRORBRENENR) 408lifited to, zine oxide,

metal oxide, or any transparent material that is highly insulating. In some embodiments,
the i-layer 415 is highly pure zinc oxide.

Transparent conductive layer 110. The transparent conductive layer 110 is
circumferentially disposed on the semiconductor junction layers 406 thereby completing
the circuit. As noted above, in some embodiments, a thin i-layer 415 is circumferentially
deposed on the semiconductor junction 406. In such embodiments, transparent
conductive layer 110 is circumferentially deposed on the i-layer 415.

In some embodiments, the transparent conductive layer 110 is made of carbon
nanotubes, tin oxide SnOy (with or without flucrine doping}, indium~tin oxide (ITO),
doped zinc oxide (e g., aluminum doped zinc oxide), indium-zinc oxide, doped zine
oxide, aluminum doped zinc oxide, gallium doped zinc oxide, boron doped zinc oxide, or

any combination thereof. Carbon nanotubes are commercially available, for example
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10 circumferentially disposed on the absorber layer 106. In some

embodiments, the absorber layer is copper-indium-gallium-diselenide and

junction partner layer 108 is In2Se3, In2S3, ZnS, ZnSe, CdInS, CdZnS,
wOrlogdern7Zni.,Mg O, CdS, Sn02, ZnO, ZrO2, or doped Zn@CTiSom®6915
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some embodiments a composition ratio of Cu/(In+Ga) in absorber layer
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406 I1s a so-called thin_film semiconductor junction. In some
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circumferentially deposed on the i-layer 415. In some embodiments, the

AR EbORCIUCREA B A3YED SOMPRIS HEgR SHeh s er HrithagyBuorine
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aoxiae (e.g., aluminum eda.zing oxi , jndium-zinc oxide, doped Zinc .
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o B, B R XA Torli o) HABHORR suitae mateials that
desbrilvectite @mﬂxmmgmn@ga&;gmrwmmesimm in United States
IRLOEP IAIRA Rk RIBIANGE PRI IS RPIURRY I, SO, W;@ﬁ%? reference

the transparent conductive layer | 10 is eitherp-doped or n-
agEmpReltfrEaHYdiments where the outer semiconductor layer of junction

406 is Dprednpedeihesansparent coBse e RdA0 AR HERREOREE: the

Likewise, in embodiments i )
present application, counter-electrode strips or leads 420 are disposed on transparent

conductive layer 110 in order to facilitate electrical current flow. In some embodiments,
the electrode strips 420 are thin strips of electrically conducting material that run
lengthwise along the long axis (cylindrical axis) of the elongated solar cell. In some
embodiments, the optional electrode strips 420 are positioned at spaced intervals on the
surface of transparent conductive layer 110. For instance, in Figure 7, the electrode strips
420 run parallel to each other and are spaced out at ninety degree intervals along the
cylindrical axis of the solar cell. In some embodiments, the electrode strips 420 are
spaced out at five degree, ten degree, fifteen degree, twenty degree, thirty degree, forty
degree, fifty degree, sixty degree, ninety degree or 180 degree intervals on the surface of
transparent conductive layer 110. In some embodiments, there is a single electrode strip

420 on the surface of transparent conductive layer 110, In some embodiments, there is no
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where the outer semiconductor layer of the junction 406 is n-doped, the

transparent conductive layer 110 can be n-doped. In general, the

transparent conductive layer 110 is preferably made of a material that has
stzwmwesistance suitable optical transmission propertieP{E/FSoeatey1s
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polytiophene, a conductive polyaniline, a “‘conductive polypyrro
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- [RIPIRINGMINSRHRE;RRINOHIBRNER DL BISRRTENFOIIHCHYR AV Bl 110

comprises more 15 than one layer, including a first ayer comprising tin
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ndidnmzingedmpdanachiNGONERH Jstr B0 WR IRREChRINGAXINRRL the
a comblnatlon hereof and a second layer comprising a conductive

pBRISREINE, o LS HERICRIE HASAMHAHES SethnbhbalRspety sypamiments, the
E‘Wﬁﬂﬁa@m@ (2. ofBayetaR): @ﬁaapﬁematme; @mrmcpf Hiéments 102, 104,

A O AR R o

pu hificatione AR LATY the/ddeto Richies, 42Diafe indizrebyoinharperatedyhy

"B[e ce Ig}ﬁreln in I!tgf%lr’llté \% Eﬁ? Ielectrode sths 4‘%&_@0 I%E?(gl or an
mensm cordance e presen appfma 10

eﬁuﬁwmlﬁbm mmpgbwyéwsﬁzgo&@mmmmﬁ% glue, or a
88&%&%@%@5 110 in order to facilitate electrical current flow. In some
embodiments, the electrode strips 420 are thin strips of electrically

condudtirfigreeathadimantsthse g RRsrads irprtheh g aonehin dmsl
248hafiths elonepipdsRlrESPAndNRE R ARBOHBRIS, G AMIRRBY 1o cach

electrode strips 420 are posmoned ats Iﬁgced intervals on the surface of

paRsBx e HoRvuEhe BT acandie HECE AR, EmR tham ordhetameavidth

%Htﬁé S0ci2ad yniparatiekioaachatost pochaie mse%@@dlmﬁy electrically
ee mtervalfﬁalo the cylindrical axis of the solar cell. In some

88%%“’[% %Else strips 420 are spaced out at five degree, ten
deg reeQptiesn Mré@ﬂuﬁ?ﬂylﬂ@gmeMd@me{ flos tyredegraplitfiyon, as
sixty de in 80 degree i rvalso the sur
S e R R PR e S R e,
smgweelam&nppsﬁy@@lﬁhwsbﬂm@&Mﬁhr&ﬁf\/cehm|wber

@M%{'uézogg? il ké‘?fé‘?ﬁ’?“ﬁééﬁ?? &glr% *%‘%’?ﬁ@ %Q’%r%o biate, an acrylic,

trahvesrpelmsnariane Mg@ﬁxﬂ@c%t%ﬁy@r transparent conductive layer 110 to seal

out air and, optionally, to provide complementary fitting to a transparent tubular casing
310.

In some embodiments, the filler layer 330 is a Q-type silicone, a silsequioxane, a
D-type silicon, or an M-type silicon. However, in some embodiments, optional filler
layer 330 is not needed even when one or more electrode strips 420 are present,
Additional suitable materials for optional filler layer are described in copending United
States patent application serial number 11/378,847, attorney docket number 11653-008-
999, entitled “Elongated Photovoltaic Solar Cells in Tubular Casings,” filed March 18,
2006, which is hereby incorporated herein by reference in its entirety.

In some embodiments, the optional filler layer 330 is a laminate layer such as any

of those disclosed in United States Provisional patent application number to be

i9



10

15

25

30

335

.embodiments, there is two, three, four, five, six, seven, eight, nine, ten,

eleven, twelve, fifteen or more, or thirty or more electrode strips on the

transparent conductive layer 110, all running parallel, or near parallel, to
weahsdewrithe long (cylindrical) axis of the solar 5 cell. In s US2087/006915

mbodiments glectr ips 420 are, nly spaced, about th ) .
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tlepic ted i Etignd dor/Makalgahefarecs rodzoigrtusicthdoelat tiodb st il ps53 13 2 -

not.evenly spaced about circumference of the transparent,
B A e e SRS S ppprpse. 1n
eryeambodifmmdscha phatayoitadd bell # 0BcEientdritssiban 104] McB06n some

iopal | [ [ I | 40
B s R B I I e o

86RO EpoxyreatsndirtiVROhk, 18opp - oltcsemiibrstisagnialuheifitar lyer
agoaliay ?é?@ﬁof?ﬁﬁﬁk%?sﬂq@é@%&%?&f’ ﬁi'%%%@d%ﬁ'@&fmfﬁ@al@aeya

or an alloy thereof, a conductlveg e, or a conductive plastic. 15 In som
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(cylingiicabl s of s soarrlkanshhesaplealiatamitiRg ftent silicon oil
interconnected to each other by grid lines. These grid lines can be thicker
RYMERRREINIHAR VP aTDs2me TRaethas tRE %ﬁéar%%@mgawﬁﬁé@wﬁae

a?@scﬁwgee@a&%ﬁrmﬁs&gjﬁﬁf@tﬁ&iﬁwgg%@lg&rimwm@b@ﬁ%tﬁiiﬁﬁﬁ&?mhe filler
ectrode strips. ti iller. layer . In some embodiments of the
e oA D eI 2 F R KgBrouc P
susipis:etylerightinkka detatVEdfA)didiinangebiicanmgatmepoxiorm a diclectric
lydimethyl si ne (PDMS), RTV silic rubber, polyvinyl butyr
BT A A U R R S e e
ﬂaariggfwtyméfrramsﬂjc@@r_iéthbméiwiémat@diwép gelnspaent comdditionts, the
aYEELAHP 1SR Al M A%le QBHARG g iR RIRMIAS ﬁgw}%gﬂ?ﬁ% ture of a
fitting to a transparent tubular casing 310.'In some embodiments, the Hfler

st il oonR Aastorrsk aid doiseond sikleansislasiaanes. Msqeestiebsiliments, the filler
Mybos SHCRRmEOWENEX YT ISP WS RN RO Nasts 1aRtiona il ek daYg 63948, by

not needed even when one or more electrode strips 420 are present. 30

RathoAdIShRAGRMHRARSIRHET TGP fibrRY Hifkehhferesrdibermietiasiomer, where
sppeneih @ blied | Satksspateahbpfiicatigniresia) diubiels1id4348 Fdlymer liquid

BB AL S S U R s
chbeme bychtietpbegteldheréinihhmiarencmga tellentatitinkaofals in the range
BUAROdI 06 13 D5APURA LB 1R 'ANRLsR 2SS A R Al S AHCR B A ne
elastomer comprises at least sixty percent, by weight, dimethylvinyl-terminated dimethyl
siloxane and between 3 and 7 percent by weight silicate. In some embodiments, the
second silicone elastomer comprises: (1) at least sixty percent, by weight, dimethylviny!-
terminated dimethy! siloxane; (ii) between ten and thirty percent by weight hydrogen-
terminated dimethy! siloxane; and (iii) between 3 and 7 percent by weight trimethylated
silica. In some embodiments, X is between 30 and 90; Y is between 2 and 20; and Z is
between 2 and 20.

Optional transparent tubular casing 310. In some embodiments that do not have
an optional filler layer 330, transparent tubular casing 310 is circumferentially disposed
on transparent conductive layer 110. In some embodiments that do have a filler layer 330,
transparent tubular casing 310 is circumferentially disposed on optional filler layer 330.

In some embodiments tubular casing 310 is made of plastic or glass. [n some
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35 of those disclosed in United States Provisional patent application

number to be 19 WO 2008/051275 PCT/US2007/006915 determined,

filed March 13, 2007, entitled "A Photovoltaic Apparatus Having a
wioammigiaie2z7ayer and Method for Making the Same" bearing Bttorseyi7/006915

docket number, 11653-032- 888, which is hereby.jncorporated b )
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elastomer comprises; (i) at least sixty percent, by weight, dimethylvinyl-
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TEFLON® monomers), polyurethane / urethane, polyvinyl chloride (PVC),

polyvinylidene fluoride (PVDF), Tygon®, vinyl, Viton®, or any combination or variation
thereof. Additional suitable materials for the transparent tubular casing 310 are disclosed
in copending United States patent application serial number 11/378,847, attomey docket
number 11653-008-999, entitled “Elongated Photovoltaic Solar Cells in Tubular Casing,”
filed March 18, 2006, which is hereby incorporated herein by reference in its entirety.

In some embodiments, the transparent tubular casing 310 comprises a plurality of
transparent tubular casing layers. In some embodiments, each transparent tubular casing
is composed of a different material. For example, in some embodiments, the transparent
tubular casing 310 comprises a first transparent tubular casing layer and a second
transparent tubular casing layer. Depending on the exact configuration of the solar cell,

the first transparent tubular casing layer is disposed on transparent conductive layer 110,
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Optional transparent tubular casing 310. In some embodiments that do not

have an optional filler layer 330, transparent tubular casing 310 is

circumferentially disposed on transparent conductive layer 110. In some
wembsdinnensts that do have a filler Iayer 330, transparent tulrates asimngpe91s
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polypropylene ne terephtalat cQ
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RAFGtpnuihichdssing eives firoal 402 ﬁwtham&m&xﬁbﬁmﬂ emﬁn@m 0. In some
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circumnferentially coated onto the transparent tubular casing 310 itself. In embodiments
where a water resistant layer is provided to seal molecular water from the solar cell 402, it
should be mentioned that the optical properties of the water resistant layer should not
interfere with the absorption of incident solar radiation by the solar cell 402. In some
embodiments, this water resistant layer is made of clear silicone, For example, in some
embodiments, the water resistant layer is made of a Q-type silicone, a silsequioxane, a D-
type silicon, or an M-type silicon. In some embodiments, the water resistant layer is
made of clear silicone, SiN, SiONy, SiOy, or ALO3, where x and y are integers.

Optional antireflective coating. In some embodiments, an optiona!l antireflective
coating is also circumferentially deposed on the solar cell 402 1o maximize solar cell
efficiency. In some embodiments, there is a both a water resistant layer and an

antireflective coating deposed on the solar cell 402. [n some embodiments, a single {ayer
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in copending United States patent application serial number 11/378,847,

attorney docket number 11653-008-999, entitled "Elongated Photovoltaic

Solar Cells in Tubular Casing," filed March 18, 2006, which is hereby
wincorpossed herein by reference in its entirety. 30 In some eéRiyodimentsyLs

the tra sg@r?nt tubular.casing 310 ises g%lura.liﬁéfgf transépa,rent

3
ST G AL PIIBERE O ALASE TESIEAM REFT Ene AR TR SUp gy In some
eadindimiscgraphsédoniva ehffdmgninmiatefiMgFsdkampigais) Somiam nitrate,
bodi ts, the t t tubul i 310 i first
spbedments, he usnsparent Wbyt opdng Sl comprsea It v e

fr‘e{ﬁ%%glr%rﬁ? heUParrS%:asmg ayer an a SECORd ré’nélf)’are ¢
layer oDepizeiitngvercthsnexdot scondfigubationent ¢ rhagolarmoelt, Aaribedikster of
transparent tu r ing,laver.is dispo on transparent conductive ..
B A R e B S BB e R B S A pgmencs.
880e0s therevésar onslenantobgusireflvetive condngansrachriayeb idanadesimdifferent
L@[X%Hlaq.disposed on the first transparent tubular casing layer. In some
embodiments, each transparent tubular casing layer has different

properfi@siarrbiiosesasiy apEduiarsemssmbedimanis & Ruairsganloatensl (e.g.,
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resistant layer. In some embodiments, one or more water resistant layers

arsiona ereraseahareisEislcdn saeErihedisrninctiptivagists wrrasierial abashs
malemies uirsaBIe: BENOMMANSHS e VRIS RS IRIRAIJAY 808 81he present

circumferentially coated onto the transparent con UCI%B/‘e layer 110 prior tQ

AEPAHAY RS S RREFTLYENAR6 SOTIEH SPfdRGH e Rahg e ot
GadlH0 2nid sh enfravedisrenivhidh s ueds] for 3% trinas garersimb Otoea imoldeoltaic
on ore water resistant layers are circumferentially coated onto the
gﬁﬁ%o)n’%{rﬁﬁreﬁﬁ£§gesre§%%)p8ﬁ8%u8%{tionaIIy encasing the solar cell 402 in the
transparentescent, luminescent, or phosphorescent materials can absorb light in the blue

or UV range and emit the visible light. Phosphorescent materials, or phosphors, usually
comprise a suitable host material and an activator material. The host materials are
typically oxides, sulfides, selenides, halides or silicates of zinc, cadmium, manganese,
aluminum, silicon, or various rare earth metals, The activators are added to prolong the
emission time.

In some embodiments, phosphorescent materials are incorporated in the systems
and methods of the present aépiication to enhance light absorption by a photovoltaic cell
700. In some embodiments, the phosphorescent material is directly added to the material
used to make the optional transparent tubular casing 310. In some embodiments, the
phosphorescent materials are mixed with a binder for use as transparent paints to coat

various outer or inner layers of the photovoltaic cell 700, as described above.
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tubular casing 310. In some embodiments, such water resistant layers are
circumferentially coated onto the transparent tubular casing 310 itself, In
embodiments 25 where a water resistant layer is provided to seal

W glW8{UrI2Water from the solar cell 402, it should be mentioMet Ehafitiwcs1s
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embodiments, the photovoltaic cell 700 includes a transparent tubular

bul
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“Fluorescence quantum yield of CdSe:ZnS nanocrystals investigated by correlated

atomic-force and single-particle fluorescence microscopy,” Applied Physics Letters 80:
4033-4035; and Peng et al., 2000, “Shape control of CdSe nanocrystals,” Nature 404; 59-
61; each of which is hereby incorporated by reference herein in its entirety.

In some embodiments, optical brighteners are used in the optional fluorescent
layers of the present application. Optical brighteners (also known as optical brightening
agents, fluorescent brightening agents or fluorescent whitening agents) are dyes that
absorb light in the ultraviolet and violet region of the electromagnetic spectrum, and re-
emit light in the blue region. Such compounds include stilbenes (e.g., trans-1, 2-
diphenylethylene or (E)-1, 2-diphenylethene). Another exemplary optical brightener that
can be used in the optional fluorescent layers of the present application is umbelliferone

(7-hydroxycoumarin), which also absorbs energy in the UV portion of the spectrum. This
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optional fluorescent material. In some embodiments, the fluorescent
material absorbs 20 blue and/or ultraviolet light, which some
semiconductor junctions 406 of the present application do not use to
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on an underlying layer or structure. In fact, the present application teaches methods by

which such layers or structures (e.g., the transparent tubular casing 310) are molded or
otﬁerwise formed on an underlying layer or structure. Nevertheless, the term
circumferentially sealed means that an overlying layer or structure is disposed on an
underlying layer or structure such that there is no space (e.g., no annular space) between
the overlying layer or structure and the underlying layer or structure. Furthermore, as
used herein, the term circumferentially sealed means that an overlying layer is disposed
on the full perimeter of the underlying layer. In typical embodiments, a layer or structure
circumferentially seals an underlying layer or structure when it is circumferentially
disposed around the full perimeter of the underlying layer or structure and along the full
length of the underlying layer or structure. However, the present application

contemplates embodiments in which a circumf{erentially sealing layer or structure does
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15 6,200,497 to Park et al., 6,025,675 to Than et al.; 4,804,882 to
Takahara et at, and 4,512,912 to Matsuda et al., each of which is hereby
incorporated herein by reference in its entirety. Generally, the persistence

wa thesphosphor increases as the wavelength decreases. INnEROM&S2007/006915
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can be used to get the same effects. See Dabbousi et al., 1995, 20
"Electroluminescence from CdSe quantum-dot/polymer composites,”

lied Physics Letters 66.(11): 1316-1318: Dabbousi et al., 1997 .
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circumferentially disposed on the semiconductor junction 406, In the case of Fig. 2K, the
transparent conductive layer 110 of the first photovoltaic cell 700 is in serial electrical
communication with the back-electrode of the second photovoltaic cell 700 in the
plurality of photovoltaic cells through vias 280. In some embodiments, each via 280
extends the full circumference of the solar cell. In some embodiments, each via 280 does
not extend the full circumnference of the solar cell. In fact, in some embodiments, each via
only extends a smail percenrage of the circumference of the solar cell. In some
embodiments, each photovoltaic cell 700 may have one, two, three, four or more, ten or
more, or one hundred or more vias 280 that electrically connect in series the transparent
conductive layer 110 of the photovoltaic cell 700 with back-electrode 104 of an adjacent
photovoltaic cell 700.

The process for manufacturing the solar cell unit 270 will now be described in
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the photovoltaic cell is cylindrical. In fact, the present application teaches

methods by which such some such layers can be molded or otherwise

formed on an underlying layer. Further, as discussed above in
wenrjentetiors with the discussion of the substrate 102, the subStrare@ndossts
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cirmhamiaﬁm dispaseotes kasloelerizerind fdinntp dheesHbptiase e usitally
seAlrbmeanssihatan-eyadngelaxer S5 spaied. an dhedut-pesimetes, ofe

the under @/lng layer. In ty ical embodiments, a layer or structure

saRstretret BRGa N SeawiaA Y fOBAYRG SRR i VEaPRer Pathm B Rl oil such as a steal

cdrcur aremiiall Yoitlispasest armuibdkadiull pestneter @feriaetwg.mélmg

CER Ao L PR SR BB S ST R

B AW @ @cmmfér@lﬂaﬂwmallngtlayahmmmmemk)d& ﬁfekA&):ctrode 104 is
2008/ 127 ;g/l())S%OO?{OeO6 cqto?%e@lgtagong_lthe full length of an
F]emllayé" oF Structure g‘i anu uré ofoRolithic solar cells

on a sikxstnaies uding a&abc&ddcte!dqmﬁwel Oftigpsparvsred tuendardo create grooves
1)9“‘(? 3005805 [Qf ﬂkaf%‘ﬁfﬁ 193 SURE QFJJ:HS‘&E%Q %19?&99 Kteaking the

casca ng technique. Eachillustration in Fig. 2 shows the

ﬂﬂ%e&ﬁﬁﬂ'éﬁglé%mm diferesraftionstHEasb RECEeN Ware 2O thE Paripglectrode 104
stegesef HanmiReiisv AR Waamib. thipessinesdiomaldayiarodiedscane

corresponding one-dimensional profile of the solar
underlying substrate 102. In some embodiments, the grooves 292 are scribed using a

laser beam having a wavelength that is absorbed by back-electrode 104. Laser scribing
provides many advantages over traditional methods of machine cutting. Using a focused
laser beam to cut, mark or drill is preferable for solar cell production is precise, fast, and
economical. Laser cutting only creates a small heat affected zone around the cut.
Furthermore, there is little mechanical disturbance and no machine wear When

processing thin fllms using laser, the terms taser scribing, etching and ablation are used

~ inter-changeably. Laser cutting of metal materials can be divided into two main methods:

vaporization cutting and melt-and-blow cutting. in vaporization cutting, the material is
rapidly heated to vaporization temperature and removed spontaneously as vapor. The
melt-and-blow method heats the material to melting temperature while a jet of gas blows

the melt away from the surface. In some embodiments, an inert gas (e.g., Ar) is used. In
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cell unit 270. What is shown in the one-dimensional profile is a

cross-sectional view of one hemisphere of the corresponding solar cell

unit 270. In typical embodiments, the 10 solar cell unit 270 illustrated in
wiBige@/desnot have an electrically conducting substrate 102 imshe 7006915

&%@f%ﬁi%%ifﬂeﬁf?@x@%@%%ﬁ!‘??ﬁ@eﬁ%%H&E%s]e(%ﬁei%ﬂﬁﬁgmﬂ‘é ﬁ%&&hﬁt ugh

the substrate is circumfereritially wrapped with an insulator layer so tha

versheanarertdiono v shitgivialialhn v Simimatarinrauosesseibbyriestiscribing
isclatestiromerd ol RRIRIAY 40 ad%lﬁﬂlrﬁq@wﬂé%ﬁ%%d;um allium

comprises a substrate 102 common to a 15 plurality of photovoltaic cell

dispienide snsifianioberEnsPmt sandaetng ssidsideshdllupriagsiereditinorride
ahiavaliaie cRlied e iiegary arangad @R QYRSRIe 202 #3d). Such

illustrated in Figure 2K. The plurality. of photovoltaic cells 700 comprises a

erer SrRieos Gonal IRRRISR L RTES ak A ABRSR Rate el mijeriAugEons and
phuslinenf Boteunltaiplasllaséps aempiisemayinrcksalastiade stBbe include but

circumferentially.disposed.qon common substrate 20 102 and a
S LR P T o0 AT S SRR SSotASy e systems,
teppierelaptoliscrGdtein thedbaSh ok gy fes@iksy Siense MICOoRMALIGHSF juetigRtems,
406 comprises.an absarber, layer 106 and a window lgyer 108. Each
e e, B R AR NS pytems and
wethpiis essvamspam /¢RIt imizti 04 0f tisensciérantial yHdispns &/
QM Gt . Fig. 2K, the 25 .
B ) LA PR IR G B 5 remgre g
5P aCstebaidA LoRvergificanbn¥nh thessapitietoineoef ofnSerdvdBis
hotovoltaic.cell 700 in the, plurality of photovoltaic cells through yias 280.
e G B S % e dhenan Eipasenips and
salrsaelzansowighdrahedimesiisaeach PRo2R0ieees Mt mitensd:thgfull

ircumference of lar.cell. In fact, in,some empodiments, each via 30 |
PR S S a] ar LA SOt S At RTB i pesL e rbing
coans reotodidifoehits fimchrpyntdmiiaio oal Wotldigy heve4anestymdthseceach
four or, more, ten.or _mor ne. hundred or moye vias 280 that )
s B b e R el R Yoy L6 Bpfpdiments
thh @rovstmkoaite730i heidhtiag netbetioalerk@dsoffan adjapént: plrotdiedaic other
7 CLu it.27Q.will now
e B b T A B I s 252
WitRmsganbadimenistheigrepvens Yeue fproed esiamplihpannbitatciorgmetrod.

CRAORARAN atBRIANEeHJIMRAE ddsibheifessribed. Aiausyer, a more

SO L e IR G S R A O
comprises a single absorber layer 106 and a single window layer 108. However, the
application is not so limited. For example, junction layer 406 can be a homojunction, a
heterojunction, a heteroface junction, a buried homojunction, a p-i-n junction, or a tandem
junction.

Referring to Fig. 2D, the absorber layer 106 is circumferentially disposed on
back-electrode 104. In some embodiments, the absorber layer 106 is circumferentially
deposited onto back-electrode 104 by thermal evaporation. For example, in some
embodiments, the absorber layer 106 is CIGS that is deposited using techniques disclosed
in Beck and Britt, Final Technical Report, January 2006, NREL/SR-520-39119; and
Delahoy and Chen, August 2005, “Advanced CIGS Photovoltaic Technology,”
subcontract report; Kapur ef ¢/, January 2005 subcontract report, NREL/SR-520-37284,

“Lab to Large Scale Transition for Non-Vacuum Thin Film CIGS Solar Celis”; Simpson
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provided in Section 5.1 above. Referring to Fig. 2A, the process begins

with substrate 5 102. Next, in Fig. 2B, the back-electrode 104 is

circumferentially disposed on substrate 102. Back-electrode 104 may be
wieposiiet 13y a variety of techniques, including some of thegechusguessse1s

disclosed in ion 5.6. below. In same embodir the.back-electrode
e meci sl aect e datvee R b
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using electroplating. See, for example, Section 5:6.21, below. In some
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diments, it is possible to electroplate the back-electrode 104 onto
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nGdes @fﬁ@étheléwo}&iéﬁgbm@ﬁ. m%ﬁwmag% gﬁ%@e@@%ﬁ@ﬂﬂ@%é&%eﬁbed

IS clrcumferenti )/ |sge on the substr Yy NOoL dippl .
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ansiavieisn R85 GdRyERrZ@2s6Un HhethuibhelimBiaeathack-aledicadeni 04, 225,
the back:-electrode 104 into discrete sections. Each

thereby breakin - 0
R AR e RoR i ER ERRE Heeld D IO ShIe S G cR e e tree
celpd ptacthe hotontscoftihdmgrotyte 28 thep baeth 86 isderyifgrentbdtyate

5 . _ . .
o A L O ORNE D S B e oI AR ESER o
staisinvenlice S1oReRy duvemerrebodimentaditorhiomettiads diachine

QuitingrHsing s tRpdsedh lARsiReAR kb deats o dpllis s tesabls Qhmple,

solar cell production |s#3rec:|se, fast, and economical.’Laser cuttin ly

on
Sessier hoshlahdlewd-a &i@é!&oﬁw@%mﬂsé%ﬂ%?emﬁﬁb%ﬁ%%ﬁﬁ@e is
little meghaRicaEBHIRMAE R RES0eHE AN E0H SAEMMUIRR BAHAIBCESSIBRL ] onto

thin films using laser, the terms |aser scribing, etching anpd ablatipn are
R SR A et
inbeoblver Mgdn NOEtENNS =ivapglmatiprFowingakd inalidantkddave olitaghdn

vaporization cutting, the material is,.rapidly heat ization .
FEo e S e e e S e ) )
ratipoddne et i @Sid. . nepindasn peditorgaiihie et ofigaisuplows be
(%E?eélﬂ% ! ?.g“ﬁéﬁ flyff%&*?%lﬁa HACE I SRS RMBL RIS AN R 18%Fibed in
Section 5.6.21, below. In some embodiments, the individual layers of the absorber layer

are circumferentially deposited onto the back-electrode 104 using sputtering. Regardless

- of whether the individual layers of the absorber layer 106 are circumferentially deposited

by sputtering or electroplating, or a combination thereof, in typical embodiments (e.g.
where the active layer 106 is CIGS), once component layers have been circumferentially
deposited, the layers are rapidly heated up in a rapid thermal processing step so that they
react with each other to form the absorber layer 106. In some embodiments, the selenium
is not delivered by electroplating or sputtering. In such embodiments, the seienium is
delivered to the absorber layer 106 during a low pressure heating stage in the form of an
elemental selenium gas, or hydrogen selenide gas during the low pressure heating stage.
In some embodiments, copper-indium-gallium oxide is circumferentially deposited onto

the back-electrode 104 and then converted to copper-indium-gallium diselenide. In some
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WO 2008/051275 PCT1US20071006915 other embodiments, a reactive

gas is used to increase the heating of the material through exothermal

reactions with the melt. The thin film materials processed by laser scribing
wieghiiguessinclude the semiconductors (e.g., cadmium telluPidBUE38p69 15
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wavelength. Some exemplary laser systems that may be used to laser
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CulnSg2funond kSF s Lz as 161 thevwahiteatiyrrofiB uirfednsitbemindiyldspbsited
in Semjconductor Processing and .15.Characterization with Lasers:
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BT, T SHENE D R B0 G Sre WAGHIGOR S Fa Biel et St
eatingdyn bnlédméhe easiodiismeand sulfile ran veshigseparaiciibped vidishin solutions

mechanicAl MeaNs Y R amRien URIR" é%ﬂﬁ&ﬁ%taﬁf SO Rtion, Other

Instrument is dragged over the back-electrode 104 thereby creating the
GPOTRSHIoTDthah a8 HEErAD BERAH BTGB IYS BRbliBYRd duiidl R
lithearanhicoateRinthmaiirtydiho ranioelthingy prebiosiFire0escringdme
in Section 5.7, below. Figures 2D-2F iIIustraﬁe ge caseér}l Whicr%t&)% , "
sERReBRERIESRS REHOH ST LBFHPALS PSR IR s nit 1as SRR diments: the
singewindewRyeiptiSrad onte ke, dherh hpplitasioSds, fiat eatiplitefection

For ex le, junction layer.406 can be.a homojungtion, a heterojuncti

S RE AR T BT 6, St oieh (o A Siat iR
jsacton |RefatihgStee Fig. 2Bmie, sbearhérddye bdo® isitisconmfarbodialignts, the

%%Pa%%g%&@ x%%%‘é-&@&}a? ety '&sggﬂgd%mqﬂ@@ﬁg&%emsﬁmegb%ﬁng

layer IS circumferentially 30°deposited onto back-electrode 104 by
themical ovapbrstowtifor EXxemniey ihesird BapoerRtsiian fsehaissasae
I Fi@r&ﬁ@é‘l&\'@s that is deposited using techniques disclosed in Beck

~and Britt, Final Technical Report, January 2006, NREL/SR-520-39119;
and Referring to Figs. 2G and 2H, the semiconductor junction 406 (e.g., the layers 106

and 108) are patterned in order to create grooves the 294, In some embodiments, the
grooves 294 run the full perimeter of the semiconductor junction 406, thereby breaking
the semiconductor junction 406 into discrete sections. In some embodiments, the grooves
294 do not run the full perimeter of the semiconductor junction 406. In fact, in some
embodiments, each groove only extends a small percentage of the perimeter of the
semiconductor junction 406. In some embodiments, each photovoltaic cell 700 may have
one, two, three, four or more, ten or more, or one hundred or more pockets arranged
around the perimeter of the semiconductor junction 406 instead of a given groove 294. In
some embodiments, the grooves 294 are scribed using a laser beam having a wavelength
that is absorbed by the semiconductor junction 406. In some embodiments, the grooves

294 are scribed using mechanical means. For example, a razor blade or other sharp
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Delahoy and Chen, August 2005, "Advanced CIGS Photovoltaic
Technology," subcontract report; Kapur et al., January 2005 subcontract
report, NREL/SR-520-37284, 35 "Lab to Large Scale Transition for

widane¥/eonein Thin Film CIGS Solar Cells”; Simpson 28 WCOr200&/081/206515

PCT/US2007/006915 et al., October 2005 subcopntract report, .
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rbfe reamer s B NG Qe dentifctpoBiey Sastish SRONGERRamBlags fndeasén fgreet is
%8@&%@&@&@@&%@{83@%5@5@% prdlcd QGrimsreuRntRrential ienosited
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onto the back-electrode singla single stage evaporation process or. a

(R PEsRgdRiBYR Sy akKls-pHp caeteR TSHE SPRTSHRA S A RIfe LHR LRSS Is used
|§V%¥9&é§c@kﬁ§?@@’ﬁ@ﬁ§l&’;ﬂﬁ@@§d@&ﬁﬁtﬁ£lﬁb lhﬁm@iesurai?@e ﬂl@f]cbr)‘lprising
sputtering. (see, for example, Section 5.6.11, below). Typically, suc

R ST 00t A GO H LS, SRRV A4 b used as
ahsatepdayre cdfiisicd taymfe iéntiatiysid postedtimntanititriapereleCinedes a
104 as individual layers of co Is or | al

AR T s S b et
wihsyettesab sbrived fdjaranometeso plevavdiupempdingnisdhaslenide! (GIG®)ent

i‘; d&é@%’% Al RONRREREEY 618 ALCLGR (& 9 weNRAMAY S ductive layer 110,

ndium-gallium layer, selenium) can be electroplated layer by layer onto
theriradielz|Echer Bayo S ITRIPBpTaEE S abBighrandicudtises b yery thin
ggjﬁaw&fkﬁé}m&a@mm@m eRtgsderingividualiaysnené the absgrbendysluctive

are circumferentially deposited onto the back-electrode 104 usin

JBTeh s R EPEREE T B e ORI SPTAV BF e B fsppsited by
layexcHRR, antheiraaniesBrsiaiepesitctapesputtering or electroplating,
or a combination thereof, in typjcal embodiments (e.q. where the active .
ayer 1068 IR B o BRI BBl ERy e
direct current (DC) diode sputtering, radio frequency (RF) diode sputtering, triode

sputtering, DC magnetron sputtering or RF magnetron sputtering as described in Section
5.6.11, below. In some embodiments, the transparent conductive layer 110 is deposited
usiﬁg atomic layer deposition. Exemplary atomic layer deposition techniques are
described in Section 5.6.17, below. In some embodiments, the transparent conductive
layer 110 is deposited using chemical vapor deposition. Exemplary chemical vapor
deposition techniques are described below.

Referring to 2J, the transparent conductive layer 110 is patterned in order o create
the grooves 296. The grooves 296 run the full perimeter of the transparent conductive
layer 110 thereby breaking the transparent conductive layer 110 into discrete sections.
The bottoms of the grooves 296 expose the underlying semiconductor junction 406. In

some embodiments, a groove 298 is patterned at an end of solar cell unit 270 in order to
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deposited, the layers are rapidly heated up in a rapid thermal processing

step so that they 30 react with each other to form the absorber layer 106.

In some embodiments, the selenium is not delivered by electroplating or
wEpuernsgs4n such embodiments, the selenium is deliveredstothms20e7/006915
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process is used to deposit the absorber layer 5 106. Those of skill in the
Belaw appreciate that these processes are just exemplary and there are
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layer 108, js, circumferentially deposited on the orher | r.106..In

R R R SHEER AT HaTS ey o e O B e SR il
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serve as window layer'include, but are not_iimited to, indium_ sulfide, zinc,

osderenssriieTsinda HyEROXS U IMROBE STHRANRRES P AREPIAL BHET i35 An is used

ehadimenisothayipgontaeniiFisaam type buffer layer. In some

embodiments, the window layer 108 is sputtered gnto the absorper layer
106. Sé%FW%%W@&HSH%?@%T}'B&FOW‘Wé} eé%ﬁ%’ Hﬁ%ﬁt the

widpvdRElQBisanpRariadinptakie AlningorBesiayery 166;<Spenfog
e S A SO L i
aednicadwapornpiepobities b E renmpldipittdmisitard petedapostlichloaded
ShnsiE A i esElsRaiAth Eelra O kin 2RARbR e
semiconductor junction e.g., the layers 106
adhesives can be used to construct the optional electrode strips 420. In typical
embodiments, such inks or epoxies are thermally cured in order to form electrode strips
420. In some embodiments, such electrode strips are not present in a solar cell unit 270.
In fact, a primary advantage of the use of the monolithic integrated designs of the present
application is that voltage across the length of the solar cell unit 270 is increased because
of the independent photovoltaic cells 700. Thus, current is decreased, thereby reducing
the current requirements of individual photovoltaic cells 700. As a result, in many
embodiments, there is no need for optional electrode strips 420.

In some embodiments, grooves 292, 294, and 296 are not concentric as illustrated
in Figure 2. Rather, in some embodiments, such grooves are spiraled down the tubular
(long) axis of substrate 102. The monolithic integration strategy of Figure 2 has the

advantage of minimal area and a minimal number of process steps. As discussed in
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25 and 108) are patterned in order to create grooves the 294. In some

embodiments, the grooves 294 run the full perimeter of the

semiconductor junction 406, thereby breaking the semiconductor junction
wOOBIsts Idiscrete sections. In some embodiments, the grooVveST /2S00 5

run the.full perimeter of the semiconductor.junction 406, In fact, in
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etching methods are described in Section 5.7, below, Referring to Fig. 21
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transparent conductive layer 110 comprising indium tin oxide. In another

peg dwleof thateatrryrondinglsolar wsamet 19 -used in the presence of

OXYgerRgRsiAHOEHCE @ BAASHRMGIHANAYEHYEI A4S b - RMPFFHA alip
oxide. In general, any wide bandgap conductive trango%?rent material can
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embozfribpesmbencdnibphrelitedentgdetiié. In fact, in some embodiments, each

groove 304 only extends a small percentage of the perimeter of the back-eiectrode 104.
In some embodiments, each photovoltaic cell 700 may have one, two, three, four or more,
ten or more, or one hundred or more pockets arranged around the perimeter of the
back-electrode 104 instead of a given groove 304. In some embodiments, the grooves
302 and 304 are scribed using a laser beam. In some embodiments, the grooves 302 and
304 are scribed using mechanical means. In some embodiments, the grooves 302 and 304
are formed using a lithographic etching method. Lithographic etching methods are
described in Section 5.7, below.

Referring to Fig. 3D, once the grooves 302 have been formed, they are filled with
an electricaily insulating material thereby forming electrically insulating posts 310. In

some embodiments, the grooves 302 are filled using screen printing. Exemplary screen
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layer 110 is any transparent conductive oxide that is conductive and can
be deposited by sputtering, either reactively or using ceramic targets. In
some embodiments, the transparent conductive layer 110 is deposited
WEsIngF/HtEeEt current (DC) diode sputtering, radio frequency fREUGMHEN06915
utterln trlode 25 tterin tteri r
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to credRefaning mdtzss%éwrtr?@%s%%o%@ﬁm merdil Dk ermslly
SR GRr {ves iRivatal dQdbe by lrrRkinthiRERANSBRIGN! Material for

conductive layer 110 into discrete sections. The bottoms of the grooves
thograsgrosentitenivaBrg iatesd A BRdfie@eRNERIR 48 Vv &5 Shrine to Fig 3F,

HRAROAIREINS s i BEQQVE 2 98:i5rRaey D4l atths arsbal a@lﬂﬁ@ﬁlb’w&ﬁcﬂﬂﬁﬂ@
order to 31 WO 2008/051275 PCT/U 06915 conne
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etaqtgqmcs@m@:uufm@ sonElenbocimighls cdberdralby esn2dbiarensaetdddor vias
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a .
?riéwéﬁ%?’é; %c‘;’t?&ﬁ%tk?eelay B "Sorme em o Ime nt%gf?ﬁlevgro%}\l}(gésZgG
miemgeedmmmmmcalrndsemwmmpmmgtﬁmaﬁﬂﬁramdesmr In some
otf‘herds !Qﬁé C%H&%gd%%%%@‘ﬁ? n@&%ﬁ%ﬁtﬁi O%ﬁé’rﬁéﬁ%@%u printing
crea |ng egro In' some embodiments, the grooves 296 are
ferhnighesing distivsediaptsetionchitid titloay. mﬁwgmedémﬁgthe grooves 304
meeds Rlgdercihashit S eeiannafy Reievp el it bigure BK:i14081 in

optional antlreflectlve coating 112’is circumferentially 10 gﬁposed on the

Feaiipad dn? et clv S mPrmMbiashE 4Ry BraYs TP toN s deinssae &

gswepﬁﬂoatla@\geo@bmwlﬂptﬁ&ff@m@e@tmmle\tasaa SO a suitable

bod t I 270 dinat t
P BRI ST IO S ARBIR: AIoh B o0 SHaP Eoe PR

Sﬂt@heﬂmt&ﬂ@}eamm@rmqmmmdedymmwmwaméé&ré’he grooves

cribed i |n en ted tate | [
TT R St a0 e BB 1 A e L RSl et
Bhotby aitaipa@el sandlictid deCabifysf oftathaereliaiksc 2008 euttighsishstrate 102
hereb&ilpggﬁgggé@% B¥e back-electrode 104 of an adjacent photovoltaic cell 700 but the

15 Seti
two photovoltaic cells 700 are otherwise electrically isolated from each other.

In some embodiments, the grooves 302, 304, and 314 are not concentric as
illustrated in Fig. 3. Rather, in some embodiments, such grooves are spiraled down the
cyiindficai (long) axis of the substrate 102. As discussed in conjunction with Figure 7,
the present invention in not limited to substrates 102 that have a circular cross-section.
Any of the cross-sectional shapes referenced above with respect to Figure 7 can be used to

make the solar cells 270 in the manner illustrated in conjunction with Figure 3.

5.1.3 Manufacture of monolithic solar cells on substrates using a second post
abserber technique

Figs. 4A-4F illusteate processing steps for manufacturing a solar cell unit having a

substrate using a second post absorber technique in accordance with the present
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reference herein in its entirety. In some embodiments, an optional filler

layer 330 is used as described above in conjunction with Figure 7. In

some embodiments, optional electrode strips 420 are deposited on the 20
Wtﬂan&pmmns conductive Iayer 110 using inkjet printing. Exemmﬁmsizmwﬂmls
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r ceI unit 270. In fact, a primary advantage of the use

msHelnibeiseberselleie et srinrepralabrisaineakdkeiteena direrysional
A6H0Ss dhejiangthhafthrd@las el MRS IDRIEAIRARSL FH38uO TR of

independent photovoltaic cells 700. Thus, current is decreased, thereby
Fisgiesaj BB the tuhearsstinresioogt §¥5’fﬁ??dﬁx?dﬁf£%ﬁ%&%?/‘&ﬁlé’€\¥e%°?ﬁ@alf of
tM@mgygmdqh@m& @pphﬁﬁlm@nts there Is no need for optional electrode

strips 42Q. In so em odlme 329 4, and 296 are n

conce %Igél%ﬁ? 1Bt ﬂnﬁ‘fg} f‘%%ﬁ? % ﬂ'?é‘ﬁiisﬁ%%’i?oves
gpenesErespictled. d%mbﬂw)ﬂ:ﬂ)otfahe@w@eammm‘mbethatmw?aﬁhez. The
monolithic,inte ratlo rate fFI has, t vantage
TR b BS E Se A  Re  rel sesens [ R e s o
MON2e0 M5 zm&mmzwemmng tleoplotmtiomiwikiiFitiresq) tiseated.
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cross-section. An e cross-sectional shapes reterenced above wit

beelpelscirodeidOfe Incampenmstinsnisatie greaysind Uede prayn thefiibprvancter
Hiyst aied.eeapianaiio nvitk: g Ysee embadimeManuiaciue abaenalithiay

solar cells on a substrates usmg a first post absorber technique Figs.

axdents pIEraadResRstess AT ghemsrimsien hifirRackalselredtal Ode I SRME O
aﬁymmb&atgwaﬁiwreapm ahsathas deehnig Ui 2eeeIaA6R, ten or

T R R T T L
seh sl bf aigduenferentadiysd épesﬁmjhmbdhmutxstrmgrd&&smmaranmm are
@3&?&"&%"'2 98888510 RAdKSEAIR e G SR IS AL YRR bre seribed
using mechanical means. In some embodiments, the grooves 402 and 404 are formed
using a lithographic etching method. Lithographic etching methods are described in
Section 5.7, below.

Referring to Fig. 4D, once the grooves 402 have been formed, they are filled with
an electrically insulating material thereby forming an electrically insulating posts 410, In
some embodiments, the grooves 402 are filled using screen printing. Exemplary screen
printing techniques are disclosed in Section 5.6.19, below. In some embodiments, the
grooves 402 are filied using ink jet printing. Exemplary ink jet printing techniques are
disclosed in Section 5.6.9, below. In some embodiments, the grooves 402 are filled by
inserting a powder into the grooves 402 and then fusing the power with a laser having a
suitable wavelength. The grooves 402 are filled with any type of electrically insulating
material.

Referring to Fig. 4E, the transparent conductive layer 110 is circumferentially

deposited after the grooves 402 have been filled with an insulative material. Material for
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of the solar cell unit. Below this three-dimensional profile is a
corresponding one-dimensional profile of the solar cell unit 270 at this
stage of fabrication. Like the one 15 dimensional profiles of Fig. 2 and the

wonmainierrsional profiles shown in various component panais DR g7/ 815

he one-dimensional profile js,a cross-sectio i e f
SRR AR S SRRSO R B B 414
daysnibes ints the erarsipermfessdtietive Hisprobktthgrebyrexmasingaheamdtyang
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7
he oms e grooves 304 expose the back-electrode 104. The
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éﬂgtgbcﬁ%\éoéé 'G/o%edﬁzKQQuﬂﬁﬁééSE@t?sdse%ﬁ ISASLADETS 18:MAck e lectrode 104

equirement that the grooves 304 run the full perimeter of the

biwkadjeesrh gbotowolinie spie v dmeradheiewitrives! BoDdarastheaise
éﬁ%t%gﬁﬁgr@ﬁga althe hackglectrode 104. In fact, in some embodiments,

each 25 groove 304 only extends a small percentage, of the perimeter of

the babkSom@etraRodments Lgeoad ddmElits uhEh B RRIAPAREREIF #B0
MaMBRYEOPRuIA, REGR: fausRdRABodIRRNE Mue gaovBe dieiBsiaRdlown the

mare pockets arranged around the perimeter of the back-electrod; 4
BT P V8 SURHE 4 e 8 ARG e QA B Uk e ggore 7
BRpRAmasveatibe thusininitaber theanbsiase (2 dmbiodienetitstiecross-section,

rooves 302 and 30 304.are scribed using mechanical S. [N som
RS T 0 P o e e 5 e 7 &ibe used 0
ataltnige miethod] aithadiapHdretohmennee thusisated inlestiubetom @dchigure 4.
5.7, below. Referring to Fig. 3D, once the grooves 302 have been formed,
they are filled with an electrically insulating material thereby forming

eleciTicphninfidaiivd PRoTohific iSS SNMMmanthosine disn fNePes device
302 are filled using screen printing.tlgéﬁmﬁl@ry screen 33 WO
2008/051275 PCT/US2007/006915 printihg techniques are disclosed in

SectioF 8% 34- B ibRsUreBiere i Sipa dor snapelagiuie s sy sr snideving 2
WUSiRERK (B BeiRERgi SrmRiansdnkdet paintinsterhimignwaIRiRe piseiased

in Section 5.6.9, below, In some embodiments, the groqgyes 302 are fill
BPHRSK g & HOINELP FHE>-1 BHOC b R SHeA PRI Wi M&Wfﬁ B ane
lasanihaving:peh 8 @hiehy axaipagin cAndinsivaling i< &2 Gdguenyidype of

R S R R e S e N
hidhweeriree théi e ardiimemsiosal atbrienatdria b Nt evlat fotl tet trBekyatkist.
Rndugtive JAVEl bl 5ritRe 95N re AV ISR Rt SISIIAY SR 18 0P the solar
cell unit 270 at the corresponding stage of fabrication. The one-dimensional profile is a
cross-sectional view of one half of the corresponding solar cell unit 270.

Referring to Fig. 5B, once the transparent conductive layer 110 has been
deposited, the grooves 502 and 504 are scribed. The bottoms of the grooves 502 expose
the substrate 102. The bottoms of the grooves 504 expose the back-electrode 104, The
grooves 502 run the full perimeter of the substrate 102 thereby defining photovoltaic cells
700 as illustrated. In contrast, there is no requirement that the grooves 504 run the full
perimeter of the back-electrode 104. In some embodiments, the rooves 504 do not run the
full perimeter of the back-electrode 104, In fact, in some embodiments, each groove 504
only extends a small percentage of the perimeter of the back-¢lectrode 104. In some
embodiments, each photovoltaic cell 700 may have one, two, three, four or more, ten or

more, or one hundred or more pockets arranged around the perimeter of the back-
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this material is scribed out of the grooves 304 so that a more electrically
conducting 10 material can be deposited into the grooves thereby forming
electrically conductive vias 312 as illustrated in Fig. 3G. The use of highly
weleosiealty:conductive material for vial 312 allows the vias RCHAR2MEMH6I15
arrow ljinewidths,and still be effective. This. i u '
ek e AR S BTk, b e BORRAR DD BRRHRS 0 ane
sorhirediribads ting glosrde B304 Iarmfilkeembsidynsotachegintivies Ekeanp g are
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some em s, the grooves 304 “are filled using nk jet printing. .
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e

underlying window layer 108. The grooves 314 are necessary to form
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raisRateheReduRliyRIRYed hiSeofans.phojoeRitaicicelfOtmisbtingents, the
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dithrywise slesitadlly. fsokited osomacmbidenedss, thegmeesittindiite] by
the grooves 302,.304, and 314 are not concentric illustrated in, Fig.. 3,
HHSE PSR Wi bE RS B e SaORE B Bncl MK s
syitindeical dengilaxThogtheves Be?ratgﬂmai ﬁ(ﬁmwssedﬁ slegngatitiosulating
with Eoute eévgfé%%s%%@%v%@!%'ﬂem%y%&&&éﬂ@ﬁ%&%ﬁéw that

ave a'circular cross-sectiort. Any of the cross-sectional shapes

ceferafucontiabp dispisad dupdes BOPIRIr0? therehe eseind el really geaductive
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|

Manufacture of monalithic solar cells on substrates usjing a ﬁ_ec,ond post

s HRBRN R RRIER deatug e WigheART YL LEGHE L, s fys is advantageous

RanaripgB rdatcotl sinikidmdngn jBRfitRglatadading aineomad post
absorber technique in a%%%rda?bﬁ% g}%’h the Eresent 34 WO %008/051275

it CSTRSAPAIN TS TR EBRG L) G R ine
shianrdanholinsesdylitiidah shapecbeRefeltingre SigmdlAcardiBgtimes 504

A s A A s o
Sestipaitérhibgieteplnmigms Anfhestineststies tereave Hehate Ak dbitiagerting a
RLgflc: gl gl oeland o AR MU WEssHITE ISR AV R WIAliRREIe
S a corresponding one-dimensional
wavelength.

Referring to Fig. 5D, a groove 514 is scribed into the transparent conductive layer
110 thereby exposing the underlying window layer 108, The groove 524 is necessary to
form photovoltaic cells 700 that are monolithically integrated such that the transparent
conductive layer 110 of one photovoltaic cell 700 on the substrate 102 is serjally
connected to the back-electrode 104 of an adjacent photovoltaic cell 700 but the two
photovoltaic celis 700 are otherwise electrically isolated from each other. Also, electrical
conduit is disposed on portions of the first transparent conductive layer 110 as illustrated
in Figure D. In some embodiments, the grooves 502, 504, and 524 are not concentric as
illustrated in Figure 5. Rather, in some embodiments, such grooves are spiraled down the
cylindrical (long) axis of the substrate 102,

As discussed in conjunction with Figure 7, the present invention in not limited to

37



10

15

20

25

30

35

profile of the solar cell unit 270 at this stage of fabrication. Like the one

dimensional profiles of Figs. 2 and 3 and the one dimensional profiles

shown in various view of Figures of Figs. 5-6, the one-dimensional profile
wis z20avosergectional view of one half of the corresponding sefar/cefoomibesis

hEQubQBREENIPhIR Fide 4G ANGL RS WIRERYY lﬁ}ﬁ?rro:]?@ﬁe ASsLEER onal shapes

deposited, the grooves 402 and 404 are scribed. The bottoms of the

gismnssiehouspaderarecst isshigrae Doanmireusseto malst trrephriovalnisaslls 270

ArPRSRaRPAckelR iade b rbRsHPPas402 run the full perimeter of
“the substrate 102 thereby defining the photovoltaic cells 700 as illustrated.

In contrast, there is no requirement that the grooves 404 run the full
perimeter of the 15 back-electrode 104. In some embodiments, the

gidovdeanniagiese of mapeiifticselaneells o sHbsratessingsyseeond post device

fact, in some embodiments, each suethgigoee 404 only extends a small

perce > oL 1RE B%E@&E%r%ékﬁn ARkCeIReIada 04 %05'25‘1%: cell itrhavinga

embodiments, each photovoltaic cell 700 may have one, two, three, fou
arhite UEnbh? seferd PRshARYingrieneeiaieinorecpistaressthahg o sarsapglication.

RGRAHNGIER! BAGKEIES IR 820 edibaiead ahe ﬂ:lé’&%egr%ﬁ{%ﬁﬁ)ée Window

some embodiments, the grooves 402 and 404 are scribed using a laser

brrahd Oh e srgeaniRibn FEHE feren el vispatss an dhacubsimteckBerriardmige first

BAeERARICALFIERRS 6 W SRARENRO iR atmdNSoEP YRS A QLR A9 368ar cell
formed _using a lithographi¢ etching methqd. Lithographic etching )
it B A GE ISP IFP OBl LY P B5/S FeS RIETRROR 18 nigy difpensional

prufiidbe hroaiascdanaretonehifetpeds theycat il qthadte-aifnensional profile
electrically insulating material ther forming an electrically insylating
bsogsféoﬁ'g.é {r%msl%?n‘%ggn? 8¢ %é%es&&gecﬁ?gs %@W ‘giraé ﬁﬁét’ﬂig 'screen
printinglmmrﬁigcﬁé‘emnmiﬁm@néommé%&ehaﬁ@chmseiglcmxﬁmﬁm_lly
BiShdst D BlE Yed VR0 QRO e Sk SRATEIE Bl 1Rk
jet’printing. Exemplary ink jet printing techniques are"30 disclosed’in

sistieie 380 Thelstooeseid suariisouihenmsetieod tho vebsuaR 403 fikechiby
ISRHIRGRRANISI BL IO L0 AVRRA02 ARdIhRN MRIAGINE LW IR 02 are

laser having a suitable wavelength. The grooves 402 are filled with any .
SriBE ey N ENATS i ioma SRBFSHRISG IS grosy of 02 are formed using
Y &SRS hiccatkiuetivet e Tt dsasiiciiniaraniaths 8badepasited Altection

g? rooves 402 have been filled with an insulative material. Material for
2008/051275 PCTOS2007i006915 the ransparent conductive

layer fikz{yroiagas Bl cReternbetorbogeA602 ha groeaedidd, they are filled with
an electrically insulating material thereby forming the electrically insulating posts 610, In
some embodiments, the grooves 602 are filled using screen printing. Exemplary screen
printing techniques are disclesed in Section 5.6.19, below. In some embodiments, the
grooves 602 are filled using ink jet printing. Exemplary ink jet printing techniques are
disclosed in Section 3.6.9, below. In some embodiments, the grooves 602 are filled by
inserting a powder into the groove and then fusing the power with a laser having a
sﬁitable wavelength. The grooves 602 are filled with any type of electrically insulating
malerial.

Referring to Fig. 6D, the grooves 604 are scribed. The bottoms of the grooves 604
expose the back-electrade 104. There is no requirement that the grooves 604 run the full
perimeter of the back-electrode 104. In some embodiments, the grooves 604 do not run
the full perimeter of the back-electrade 104, In fact, in some embodiments, each such

groove 604 only extends a small percentage of the perimeter of the back-electrode 104.
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are scribed into the transparent conductive layer 110 thereby exposing the

underlying window layer 108. The grooves 414 are necessary to form the

photovoltaic cells 700 that are monolithically integrated such that the
wibarispasertsconductive layer 110 of one 5 photovoltaic cell Z@0rmstive/nos9is

trate 102.is serially connected 1o t ck-electrode 104 of an
S e e e T SRsv e Eheoroghage: four or more,
dtmerwise cotectichiipdsnlateddropodathantielednsambienpasdingnis dbe

Y : re not conceptric as illustrated.in Figure 4.
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rb¢&renced above with respect to Figure 7 can be used to make the
photovaiigic, 66ll83%0. ipethe netillustiated in conjunction with.Figur
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(58eRHRHALteTbA sRRoNeT93. oy bernifiladnei tren desilng wtepadoal. Material for
RHAGMERO ARG IR NAYINg R SHPSIRIRL0Z Usigad 'l{gseﬁorfﬁr‘]% this

device }echni_ ue in accordance with the present . application:
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ArSEpATa NG 'sge%. BR ﬁﬂiﬁ‘gﬁ&'@ HHesthecontvrin srateriaboa vias 612
pibfits afemasmameuminaaetownﬂzlusdmfﬂml tsﬁ'wwl ; ﬁh&UbPHPsriP'é‘&ﬁ'%tageous
[ r i ne-dimensional profile of the solar cell unit 270 at the
S A S iR A Bralorie semeas
croBedsmetitntievieon ofsoid b ffidlethesig sespanutingneol @xeRiplapjts2#ln printing
RefeiD ' Spa onductive layer.110 has been
éepos%te%%fi&?ﬁgggg%%ag%g% ér%aé(ﬁiggcﬁ%eee@é?gm? Tprifis grooves 604
Grobiisd Beipesipdetrninting Exeme!a02ink ies puttingseshtiiqugsaoyeis@0dd in

S%pAsE $mobBak e epiiRaR 10k kice8(0 eyt LRstimeter. of
the substrate 102 therebg/ defining photovgl a%%%%slls%?%og%%ﬁaeg %r‘ﬂlsl%?g[[{é%g 2

RPUSARLS grneres @04cnd dhimotiing thepaieritvedesahatimgreshithble

penaiaighof the back-electrode 104. In some embodiments, the rooves

504 dol{]e érun tth .fulg rimeter oégbe back-electrode 104. In fact, in

some eMBoAINEhTLE XA TFTEOVE A ShiPediaiibe nsnrisat contugtvetiayer
thé perichptermosiieunderseigotrocdnliod. liyaoroe. ambadEnests RakBessary in

i R Ry 5 T R e
that Hiscensparent conductive layer 110 of one photovoltaic cell 700 on the substrate 102
is serially connected to the back-electrode 104 of an adjacent photovoltaic cell 700 but the
two photovoltaic cells 700 are otherwise electrically isolated from each other,

In some embodiments, the grooves 602, 604, and 614 are not concentric as
illustrated in Figure 6. Rather, in some embodiments, such grooves are spiraled down the
cylindrical (long) axis of the substrate 102. As discussed in conjunction with Figure 7,
the present invention in not limited to the substrates 102 that have a circular cross-section.
Any of the cross-sectional shapes referenced above with respect to Figure 7 can be used to

make the photovoltaic cells 270 in the manner illustrated in conjunction with F igure 6.
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36 WO 2008/051275 PCT/US2007/006915 electrode 104 instead of a

given groove 504. In some embodiments, the grooves 502 and 504 are

scribed using a laser beam. In some embodiments, the grooves 502 and
wWiD2bres13efibed using mechanical means. In some embodimeMssAie/ 006915
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Lithographic etching mét 505 i testribe N SeC |onn§.7, below.
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RishdRGtirlessically genesinpimaAtarpeds batisaitNerantialRiseosedbsorber
into the grooves 504 thereby forming eIectri,caI%ﬁc?onductive vias 508. The
d@:éebi%ggﬁr@-%trgeﬂﬁfsﬁmgﬁyaﬁm{sam@%% 2 {1848 s dnfeeh
b daihrus Meeraasayeieasniedineviagthd i plillbpeaffes tume Bridddiments,
vantageous. because it helps tqQ.reduce, the semiconductar junction 406
T T R AR, A ST S s Lk on.
pvintéehDEMempiary $8fcapyenidiing, @bitbdhhaemsingerpisetedby ieference herein

TR SR RAOTIE SRR RRABKes Ot o

using in jee printing. Exempla jet printing techniques are disclosed in
Section 5.6.9, below. In some embodiments, the grooves 504 are filled by

inserting_a. pqwder info t ! d ing th itha .
e P S SRR G BYEFA A (RS S A St ig ane
is scribed into the transpar@fteofihgdiid ¥} &ateriilhereby exposing the

underlying:iaERvo!aeF 08 olREBAIGR\BRLEnS ARFREEAMIAbIOFBRr layer 106 is
photovoltaic cells 700 that are monolithic%!}%/ integrated such that the

raEBRIel LB AR A LSRR It O REB CCAdERS i known as
substratedae imsedianisonsasietie hebrkielegisode-N0A Hftamary

BRI BSOS SLNESING R AoEh G2 Pt ASioTes
dispesed Orpadriphs@iAks GditPansgnrdnt gtddetveulgar CdBiAs;, ZnSnP,,
IS 1SnAs,, CuGaSe;, AgGaSes, AglnS,, ZnGePy, ZnSiAsy, ZnSiPs, CdSiPy, or
CuGa$; of either the p-type or the n-type when such compound is known to exist,

In some embodiments, the junction partner layer 108 is CdS, ZnS, ZnSe, or
CdZnS. In one embodiment, the absorber layer 106 is p-type CIS and the junction partner
layer 108 is n'type CdS, ZnS, ZnSe, or CdZnS. Such semiconductor junctions 406 are
described in Chapter 6 of Bube, Photovoltaic Materials, 1998, Imperial College Press,
London, which is hereby incorporated by reference in its entirety.

[n some embodiments, the absorber layer 106 is copper-indium-gallium-diselenide
(CIGS). Such a layer is also known as Cu({InGa}Se;. In some embodiments, the absorber
layer 106 is copper-indium-gallium-diselenide (CIGS) and the junction partner layer 108
is CdS, ZnS, ZnSe, or CdZnS. In some embodiments, the absorber layer 106 is p-type
CIGS and the junction partner layer 108 is n-type CdS, ZnS, ZnSe, or CdZnS. Such

semiconductor junctions 406 are described in Chapter 13 of Hundbovk of Photoveliaic
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in Figure D. In some embodiments, the grooves 502, 504, and 524 are not
concentric as illustrated in Figure 5. Rather, in some embodiments, such
grooves are spiraled down the cylindrical (long) axis of the substrate 102.
wab2Am/tiszisssed in conjunction with Figure 7, the present ingemticnRaer 0et91s
imited to WO 200 75 PCT/AS2007 t upstr.
R R e oo 003, e 0 AR Wl 0 S Rt S,
ReftapdoEbaphole, witlicteisgerthy Riguperzted s lasadadmitakstitay. In some
Qigvoliaic ”{% B ANR AN HIHSIRe NG omMnCHOL WER R fent
SRBRRURE R QB ManNe's HEHRI b N Al | ents,

anufacture of monolithic so S On substrates using a
becomppiisoueviccfiCsingiis) geysABHsIheswere Hrodesling sepeter
é(]?x%ﬂf ﬁl%%'ﬂgeacami@ss@&&n%ﬁ&ey@g@é&@%te'@tsye?m A 3REAB RO 0.4.

evice technique in"‘accordance with the present application. Referring to

Imigeme Arabri BEEnR A 4K 8 birslRs hova tHd Gpsoisteliomeniumgripatation. In

windawnd@davet A% e seeueptindycirctmiarmatialht 4igR0sehAARE In some
substrate 102 prior to the first patterning step. Fig. 6A illustrates the

ervRRdimenih $6 48 BRF YTof B BIAMLYSBISRtEE  unit. Below this

three-dimensional tubular profile is a corresponding one-dimensional
profile of the solar cell unit 270 at this stage of fabrication. The
Gk dbereitsindd torgilactises drasss ssctivnce hiew Bl enednagip bictiystalline silicon

corresgonding. sAlaficRNE &Hind B REIGHIDE, B i8nBon@Ra8riifction 406

window layer 108 has been circumferentially disposed, the grooves 602
RERUFRSANOrARCHB AN o RO FETRRIBRN B #dV R (HRRiETRbction.

FHC5apVeS P bedibRR ihe ey P iEcsupsiEai S A0 Yhgral)ayer 512

defining photovoltaic cells 700, as illustrated. In some embodiments, the
CRBESE G5 2R SEERI S AR AP G Yo LCTTEBHRS BhisBa AR hous

Bne-grooves 602 are formed using 20 a lithographic etching method.

Lithographic etching. methods are described. in Sectigp 5.7, helow. . .
Rotor e G BO ERAE 8 Semisanakas nAcias B ¢ pc M junction.
ﬁuedmxeamemamwdimmmgemdantm%mm@memmaw
@gé‘r'%tf995%%%}9&%'%@8{?&1%%9%@&@& & 0190¥e R0 G W8, Such

ing'screen printing. Exemplary screen 25 printing techniqués are

shovioneddipSunedens 44 eradasibag &b FerissodliMebr s linso wbaoddaterials,
¢8gsaim dliesd paingdnkdst RIiAMRE; @a@mﬁlﬁéyewﬁiﬁbgrm@g SGRRIAMES herein

are disclosed in Section 5.6.9, below. In some embodiments, the grooves
BOUSEBITRRE by inserting a powder into the groove and then fusing the

power witadaafiolanings af the present application, the semiconductor junction 406
is based upon thin-film polycrystalline. Referring to Figure 8B, in one example in
accordance with such embodiments, the layer 510 is a p-doped polycrystalline silicon, the
layer 512 is depleted polycrystalline silicon and the layer 514 is n-doped polycrystalline
silicon. Such semiconductor junctions are described in Green, Silicon Solar Cells:
Advanced Principles & Practice, Centre for Photovoltaic Devices and Systems,
University of New South Wales, Sydney, 1995; and Bube, Photovoitaic Muterials, 1998,
Imperial College Press, London, pp. 57-66, which is hereby incorporated by reference
herein in is entirety.

[n some embodiments of the present application, the semiconductor junctions 406
based upon p-type microcrystalline Si:H and microcrystatline Si:C:H in an amorphous
Si:H solar cell are used. Such semiconductor junctions are described in Bube,
Phatovoltaic Materials, 1998, Imperial College Press, London, pp. 66-67, and the

references cited therein, which is hereby incorporated by reference herein in its entirety.
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th

suitable wavelength. The grooves 602 are filled with any type of

electrically insulating 30 material. Referring to Fig. 6D, the grooves 604

are scribed. The bottoms of the grooves 604 expose the back-electrode
wiOzed/apgds no requirement that the grooves 604 run the felt pestieterse1s

of the iadkcelegiipd-AQH I sas smpadiments, (e grooves, 604 do o

run the full perimeter of the back-electro Cr T Qifactor junction 406

Shiaeiste iscdenh Tindss fugrsione Bodasatibestonfly axemalb piéinetitaige 989,
of {BerRes 35@1@4 Qﬁg}e&iﬁ§yf%d’e%'u§§g§¥§o§§°%ﬁ 422,

PCT/US2007/006915 In some embodiments, e ofovOIAICEEN 700
ARRY sralpEon Actirrpansand Flehtenindisterendrgnains, EBRY hlumirdd bsue 11,

meve 1@@9%@7@@%@9%%92%9%%%%% P3kalecliqds) A }‘ndem

instead of a given groove 604. In some embodiments, the grooves

a4 S08lRsHRIAY sPlanesisdhrioxeline S ortitdisrdepriarent meliis Cordresnce

Reeedlofsingraibyithee 1BPEG etghina a0e bl (ifyR8rankin eIehing: o 2000
ction 5.7, below. Referring to Fig."6E, a ’

$etho s are des ribe& in Se .
RPN LS QT RasG %&%Mﬁéﬁg%m&%mlfmém@wmtﬁe
geagees G02Mhavsy biesin Siferdariite GonifRsead)VEotatEsiab-MaterialJar othe
sparen [ er fi rgoves, ¢ However, referring to Fig.
S R PR s WP T B e
elettmicedljagomakastingneTatef @k Adifidm e peltie Photo thieagy Spyvasithereby
' e tp ondyctive Vi 2as |l in.Fig. 6G. The
R e I R R ket
ReerdokAdry HarrolllikewidiPéSalidighiie Heieffex G STAid S edvadéagRatson
 BRiRSA i (e] ! 0n-406 area loss. In
S‘Ei%ﬁ’é%ﬁiodimiﬁ%ﬁﬁiﬁéﬁé@%ﬁﬁﬁ%ﬁﬁ%@r&%ﬁzgﬁc&%ﬁa&e

EREhiistRIESE 6 Prieahd SERreg(d Hhe HidcrobddiitshuwilidA%8 63 migle and

belen JmsaGRCRERDIEBR Al MSBORVRTANA, 285 IRditsngLIRGIRks
rinting. Ex lary ink jet printing techniques are disclosed in~ Section
o5 it I < B GHARTE L ol QHERAAts BERF e Hemy 1988

Trape(tNiBa4 pavkiereln giodlie SDIBATHIBRRFfeSRIh@dpOoWer with a laser

i ' length, Referri ig. 6H, e 614 i
D e B R B Pbap Bt Everey
Gnmwg EnginsieritanOenferenos. IPAE, GREIRE-89 Piscredansariie 101
RRRCAImeRLIp Joren RASIPYRlIRI% 5615 POIP g manalihy

icall
integrated such that the transparent conductive layer So%n@(}:/eby
iFReBsied Or safasncs hermnsn steutirap?

5.2.3 Semiconductor junctions based on gallium arsenide and other type HI-V
‘ materials

In some embodiments, the semiconductor junctions 406 are based upon gallium
arsenide (GaAs) or other IH-V materials such as InP, AlSb, and CdTe. GaAsisa
direct-band gap material having a band gap of 1.43 eV and can absorb 7% of AM]
radiation in a thickness of about two microns. Suitable type III-V junctions that can serve
as semiconductor junctions 410 of the present application are described in Chapter 4 of
Bube, Photovoltaic Materials, 1998, Imperial College Press, London, which is hereby
incorporated by reference herein in its entirety.

Furthermore, in some embodiments, the semiconductor junction 406 is a hybrid

multijunction solar cell such as a GaAs/Si mechanically stacked muitijunction as
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10

15

25 is serially connected to the back-electrode 104 of an adjacent
photovoltaic cell 700 but the two photovoltaic cells 700 are otherwise
electrically isolated from each other. In some embodiments, the grooves
w0208 2and 614 are not concentric as illustrated in Figur@&T/REXSn)iep13
3 qf PRI ENISy FUERI1ORU SR L5 Bl JOM S &Mﬁ?ﬂ@&gﬁﬂ%@) IEEE
ées%}%g the sugestrate 102[.}%\9 ( oV e 30

axis o s discussed In conjunction with Figure 7, 30
TdlisidsanNiwernisnin73ét vilrirbdstoetheysupetpatated bY pigrangodiegein in its

ggglé@r £1OSRPLGHOR:, HRY ARG HaFalanalshanss, 6fer8988 thin film top

with respect to %L;ée 7 can be used to make the photovoltaic cells

ectbandthEnerindsuisbatemfeheasrinat PrigEnRb ey 3 do WOEEE
ﬁ@QMW%B&EMH%%%&Q@,%%@%@%&m? NHSYRCONDOLOd Kim ef o,
e

jughctions Referring to Figure 8A, in one embodiment, the semiconductor
RhCHOREADB 1S w0 it eiRtOR s TBEn THFEDSGHINSy SYeTO8 OtisPokttd, cach
@g@ﬁgﬁ-ﬁlﬁ&téefgg%T gda)%ué&fg{wagewimg@ﬁ@%qdisméﬁﬂ;@ﬂdhe
absqrber layer ..The absorber nd 5 junction partner S .

BT ARTSOS: oF GFHS R CESIRE L RAGrs AR AT Sgié@aeﬁape“al
elsidperpadiiitionduachihat the Jundticinipactiaby layerpbofiadds adfsrgate herein in
band gap than the absorber layer 108. In some embodiments, the
5558"%%t§|ayer 106 isp-doped and the junction partner layer 108 is

n-doped. In such embodiments, the transparent conductive layer 110 (not
shown) is n'-doped. In alternative embodiments, the absorber 10 layer

108- B4 Samieenduatard nstions feredsiucrdminm sflunidsapdefben type 11-VI
such embodiments, the transparenteemdiatsive layer 110 is p+-doped. In

some g &ﬂé@gﬁ&; %é?@4%999&&{95&&?5%9&&5@@@%&@@5@% v

Semiconductor Electrodeposition, Marcel Dekker Inc., 1996, Appendix 5,
whigro s dreteds e andi praared Byeitier diioe heeatn the meatiesty, drecerdingly, in
QI hsSE RGO RIUSIAE INSHGR 406 HEamebnbiitichins 81 A0BdYE 1,

junctions based on cogper indium diselenide and aother type I-IlI-VI

prAtERERS Eas Nt E R YETE P28 R D S5 HRISERMDBRTISOFh &R ifribe following
apgotheniayemdbfs a group I-111-VI2 compound such as copper indium
di-selenide (CulnSe2; also known as 20 CIS). In some embodiments, the
absorber layer 106 is a group I-11I-VI2 ternary compound selected from the
group consisting of CdGeAszeZsE8nAs2, Culnllgzr AginTe2, CulnSe2,

CuGaTe2, ZnGeAs2; : , , CdSiAs2,
ZnSnP2, n-CdS p-CdTe
n-LnCdS p-CdTe
n-ZnSSe p-CdTe
p-ZnTe n-CdSe
n-CdS p-CdTe
n-CdS p-ZnTe
p-ZnTe n-CdTe
n-ZnSe p-CdTe
n-ZnSe p-ZnTe
n-ZnS p-CdTe
n-ZnS p-ZnTe

Methods for manutacturing the semiconductor junctions 406 that are based upon I-V]
compounds are described in Chapter 4 of Bube, Photovoliaic Materials, 1998, Imperial

College Press, London, which is hereby incorporated by reference herein in its entirety.
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CdGeP2, ZnSnAs2, CuGaSe2, AgGaSe2, AgInS2, ZnGeP2, ZnSiAs2,
ZnSiP2, CdSiP2, or CuGaS2 of either the p-type or the n-type when such
compound is known to exist, 25 In some embodiments, the junction
wanzgpdaysr 108 is CdS, ZnS, ZnSe, or CdZnS. In one emipodigrans;ihveo1s
absorber layer 106 isp-type CIS and the junction partner layer 108 is
n'type CdS, ZnS, ZnSe, or CdZnS. Such semiconductor junctions 406 are
described in Ehdptemirortnsber pRstinnsiasad anraistaibossilisperial
Collegg,BiRS3mbARERR I S GIE L ING O TRRiR R IR YR TRIRNES Botuctor

entirety. 30, In some embodiments, the absorber layer 106-is

" Gbppercipmipmegathe srelisalioninqodsyitd ST P alp RHOWF as

CHIOGMSE 2 AsRme eMbodinanisoinayabanmReaililRyer HR @ {8mple, referring to
copper-indium-gatlium-diselenide (CIGS) and the junction partner layer
HignrsSB g SPRS SHPSEims s yPh SMHCOB S AR BESHATE HIS prarsises Adayer of
RYle LOGis Prity Bitic 6 G and Ahey i petiony pactgenl Hiresilid8HS 5o ivnraeS,
Zns, ZnSe, 0 ZnS..Such 35 semiconductor junctions 406 aye . ., .
R AR 1 ST RARGIEDE SPPRUBROAER AT itor unctons
2008/08dsXrihdAGH [LIERE0 7/, PAciennerantiEnguiedi30g, 2OR3ial College
ugue and Hegedus (eds iley & st ex. .England
SRy el e s R, B e,
some embodiments, the layer 106 is between 0.5 p.m and 2.0 gm thick.
In some embodiments, the composition ratio of Cul(In+Ga) in layer 106 is
between 0.7 and 0.95. In sora 31BAMSFTREALERSE composition ratio of
Ga/(InTGajotataydnitin ¥befuteenddcdtapsldticnmsonte endagednesdiar cell
the C|GS absorber has a,<110>.crystallographig qrientation. In_som
Bt e ClIBCeah e BN ST AN i coplanar
hosoindormmpldina datinhe BiGBcaksdbescerbfadonfisrieadeantageus because

§ﬁwL%?{AQQ%Q{éuﬂ&mwm%fe@iag}qrmeﬁ%@uimm%/ﬁ@ HBfnents,

con In'some embodiments, feferring to Figure 8B, the semiconductor

jheustisinpoBecerhperie b ainditral sEATCSH, YRR Brisceiaisstagsamaly. In

YR hHRR; RO RedigR se kOl pYRRRRIE R RUMRPRAHANG dhealayfed in a
514 comprises Sn02(Sh), the g;%(er 512 comprises undoped amorphous

fleSHY B ARVIFRMESRY B IISITRRSS HRWEen SHRbrSHAGE e itssome
spmeeathasdisae tsodiie isemiconcicfosfldadiing HQbsiafade-brbbae It is the ratio

o REA R s SRR R et
Iayaidnli® usvat aenprpdsod assil poreragefremmico heluotdryutretions st are
%?en%%r&?neign@, %ﬂ%&r iR H‘fe%w?r?ltf &‘%I%VQFQH%M %E?g@i@ies of the present
application are prepared so that they have a high albedo by painting such surfaces a
reflective white color. In some embodiments, other materials that have a high albedo can
be used. For example, the albedo of some materials around such solar cells approach or
exceed seventy, eighty, or ninety percent. See, for example, Boer, 1977, Solar Energy 19,
525, which is hereby incorporated by reference herein in its entirety. However, surfaces
having any amount of albedo (e.g., fifty percent or more, sixty percent or more, seventy
percent or more) are within the scope of the present application. In one embodiment, the
solar cells assemblies of the present application are arranged in rows above a gravel
surface, where the gravel has been painted white in order to improve the reflective
properties of the gravel. In general, any Lambertian or diffuse reflector surface can be
used to provide 2 high albedo surface. More description of albedo surfaces that can be

used in conjunction with the present application are disclosed in United States Patent
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20 1998, Imperial College Press, London, which is hereby incorporated by

reference herein in its entirety. In some embodiments of the present

application, the semiconductor junction 406 is based upon thin-film
wgolyerpstatine. Referring to Figure 8B, in one example in agcovdarioe/ e s

1 embagi is ap-doped pol line sili h ,
PR e R g2yl RS L e TGP e herein

in-dopedqgelycrystalline silicon. Such semiconductor junctions are
described in Green, Silicon Solar Cells: Advanced Principles & Practice,
Centre for Photovoltaic Devices and Systems, University of New South

Wales, Sydney, 1995; and B :Rhwteveliaieadiaterials, 1998, Imperial

College Press, London, pp. 57-66, which is hereby incarporated by

referon SR B LA AT R LR P EGT T IR O e prd B

appbdiations, thetReminentlaoieajy nstd s it bagrd ufonnaivpef the solar cell

micrq?c}r%/st Me Si:H ?nd Inictrocry allip Si.C:H itn an am%:é)t?ousdgri:H

LORPLER Q1S GREESSLEPSEMITEnatR o7 GRS are GRS BlBea"Y

Piiatovnttairaiyiateems; 1888 impenal Oolleged? ressnplonalsinpa. properly
6-67, and the, 35 references cited thergin. which is herehy inco ted

G er O B R NS B DA I5seY MPIERET e

UFNIS200%/ 088w thsorier smiséiitrmuiits, pEshet pppdisatiepphcationg

SSRGS 2 BB GHL T 3085 AP S

are described'in, for example, Kim et al., 1989, "I._lghtwelghf . _
EnrczyAt)@esssis. deppaideth funbidnstrastydms saaspiaddy reference herein

aprligatiars,” Aerospace and Electronic Systems Magazine, IEEE Volume
4, 1ssue 11, 5 Nov. 1989 Page(s):23 - 32; Deng, 2005, "Optimization of
a-SIGAFLIAPH PRI SPRRSHTRING LiALFATRCSH WHeatreIsRGtBRISien are
Spasislisisanisencd,, 2095 SootetnsroRecord tithrtbidyPiesbloiic

et BT R AT e SRS e AL Jemato 1 G 998,
Pexspdirtiserf b Stmealdicolp éialistm@oni®ienceol2808pEohfergn@onversion,
dofthe 10 T. =Ej IEEE 15-2 00 R 11433 -

TRion S5 IS Wbk d 3757 160k SRR Saong
WaAé@aMam:eﬂ&hMmbm&bs@@wiﬁm@mﬁeréﬁcen@.m;ria, pp. 1226-
Contsignge Rerorss s Tuenisln|EEE 20305601008 RoUSEN I

65 vol.1; Kim, 19_88’, "High efficiency GaAs/CulnSe2 tandem junction
Selar Erarey Copiosiitail SpEciiktiz Oonfaknédldddsvdenptaten 883,

PecosipisthedsbwentiethiEER RG340 &ents W88 BrdelsH# 1 66530372, and
\Eggxlé]&gIg\z/yzzct’.r,]ell‘.l?’f&?gl%cgé?r?glg oafntge 10* EC Photovoltaic Solar Energy Conference, PP
975-978, each of which is hereby incorporated by reference herein in its entirety.

More details of such concentrators are found in Uematsu et a/., 2001, Solar
Energy Materials & Solar Cell 67, 425-434 and Uematsu er a4/, 2001, Solar Energy
Materials & Solar Cell 67, 441-448, each of which is hereby incorporated by reference
herein in its entirety. Additional static concentrators that can be used with the present
application are discussed in Handbook of Photovoltaic Science and Engineering, 2003,
Lugque and Hegedus (eds.), Wiley & Sons, West Sussex, England, Chapter 12, which is

hereby incorporated by reference herein in its entirety,

5.5 Internal reflector embodiments
Solar cell units 270 as depicted, for example, in Figure 9, may be arranged to form

solar cell assemblies. In Figure 9, an internal reflector 1404 is used to enhance solar input
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tandem junction CulnSe2 cell and module technology,” Photovoltaic

Specialists Conference, 1988, Conference Record of the Twentieth IEEE

26-30 Sept. 1988 Page(s):1384 - 1389 vol.2; and Kim, 1989, "High
wepnoifies powver (AlGaAs)GaAs/CulnSe2 tandem junction sole€ teligdereos91s

ications." Ene 2 nyersion.Engineering Cqnference,
RS R R eI . ARG P e oA el A e an
Pagyats yeilgton Bd0dair aesrotb etz Anis i kenebiyg incay pordiedmySolar cell units
et 2.3 Semicqonductar junctions based qn
e B R el A v Pre
theddamidbataetblyjdhetompres amuaityd ipdar galliunita2soniTadESa4s)limit
- | - dTe. GaAs is
O & N BN 5 TR bRl appre. 1000
ormost. AMPEDamiere BeivecthicRpfé sadofraboiitionsataiceelis 4&itable typeme
BhNolined ' ngrons 410 ofihe
o B O R e s 1404

i8R0 Yigytathsanmtebnbucrrdgsilegamold O incthizs ey (e.g., 10 or

HeRy PR dire efe0e ke el B ISLRAHIE beFHIERS Y End L0 M8lion
e?r#bodlm%%%s, the semiconductor junction 406 is a hybrid 35 multijunction
LYI5PRE L ikI7 592 GaAs/Si mechanically stacked multijunetion as 42 WO

2008/0W12iI5 SET SIS2R67KI060, thelmsaribad tncfare 206\ figthwise along

1988, 201h IEEE Photovoltaj ecialist Conference, IEEE Publishin
RS PaTETE T S ER o BR APRb FOEISR By ERbES e kg bave
bollioatynbsGaté siBu | S8eRavSistiafe iy dévaingt diavicereRigising Obaause it

in fi /ICulnSe? thin. bottom cell described
ARG MRIRPoPRL AN BB LS8 DGR BB SR g, 1
FouRsTiSPPRS Ine¥SY Bxkingernglyelaetotind &t iate, pR6tin 4Bk Ritbtolaitaist highly
RRsEAlShEenie e epdRERERHURHSRIAY NI Sy, 8L %%%‘% Qeel, erc.)
which is hereby incorporated by reference herein in its entiréty. Other
femnted RdRRiBscHrirs e iR s abriiments Bhp éntemakesidicite 1404 is a

Maferindse 1R, doiRepalished efmiHans LAREAn BBy 1332 Ml GRS orc. In
hereby incarporated hy reference herein in 10 its entirety. 54.4
SSRGS o LR S DAV AP oAl BcPisl AP P teich i

atedalsdtistil eapen Bxdimsiaig nisalfeihispnduciid IRalgR S AAGHE 1o, IM
BRR8SHPAMN a¥d 425, 3M aluminum foil tape 427, 3M aluminum foil tape 431, and 3M
aluminum foil tape 439 (3M, St. Paul, MN). An internal reflector 1404 can adopt a broad
range of designs, only one of which is illustrated in Figure 9. Central to the design of
reflectors 1404 found in some embodiments of the present application is the desire to
reflect direct light that enters into both sides of solar cell assembly 900 (i.e., side 920 and
side 940),

In general, the reflectors 1404 of the present application are designed to optimize
reflection of light info adjacent elongated solar cells 402. Direct light that enters one side
of solar cell assembly 900 (e.g., side 920, above the plane of the solar cell assemoly
drawn in Figure 9) is directly from the sun whereas light that enters the other side of the
solar cell (e.g., side 940, below the plane of the solar cell assembly drawn in F igure 9)
will have been reflected off of a surface. In some embodiments, this surface is
Lambertian, a diffuse or an involute reflector. Thus, because each side of the solar cell
assembly faces a different light environment, the shape of internal reflector 1404 on side

920 may be different than on side 940.
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15 compounds that can be prepared in either the n-type or the p-type
form. Accordingly, in some embodiments, referring to Figure 8C, the
semiconductor junction 406 is ap-n heterojunction in which layers 520

wanpdAB1are any combination set forth in the following tableparratikeps7/ooco1s

thereof, Layer 520 Layer 540 n-CdSe p-CdTe n-ZnCdS p-CdTe
n-znsSepoeirbe joimal reReqes 10 id ated i agslzs havipemTe
By ke driZo&es pdddTess 2 oeaPsKAPEE B -&OS Becitbtal P iR mal

2Q Methods, for manufacturing the semiconductor junctions 406 that are
RSP P A0 FE RO S O BEH 0 G Ap S & B RgBration. Insome

Bhbiduakiais, Matedals:iAaBsHappefiah Lrisgadiass: LanbrnswiEhissome
hereby incorporated by .reference herein in itg engirety. 43 \W .
T Ao AU R 1 PHESaASRHAP G dsmd o
tatystaideesiicdouvnidedsensontontdshiapetioiaedn6lthairsemRdenents, a
thin. fi lconductor films, are rred, the application is not sg
R S R R & o A e o he
Base&id@é@m@miﬁnel slioris Pevabadion jteseteeriry dimeiig recBids-ectional
spIpe AP almeniantit, peReANAEIARIINENCN 490 SOIBROSP A RIS Ol
p-type crystalline silicon 540 and a layer of n-type crystalline silicon o'l
SutifesesHial MRSt JpeeAvY sifoiomesaTbedimert sy stasirrediivetshape of an

SRENGORIUCIRF unRtiotsuAdBare desaihad i Ghapier 2ol BYRS 0ss -sectional

Photovoltaic Materials, 1998, Imperial College 10 Press, London, w IS

R FEIDPARHRSF TR AR RETRIALTCAL chefesy sestDrabewpe of an internal
ebadimemisplielaglar eallwitsrRiR M e R eaen LAR RIGBHO BN SULSE the

ortrgégcgg Lr;ossg-lsaerc%glrlaal shape defines a diffuse surface on the internal reflector. In
some embodiments, a cross-sectional shape of an internal reflector 1404 is four-sided and
at least one side of the four-sided cross-sectional shape is the involute of a cross-sectional
shape of an solar cell unit 270. In some embodiments, a cross-sectional shape of an
internal reflector 1404 is two-sided, three-sided, four-sided, five-sided, or six-sided. In
some embodiments, a cross-sectional shape of an internal reflector in the plurality of
internal reflectors 1404 is four-sided and at least one side of the four-sided cross-sectional
shape is faceted.

In some embodiments, the connection between an internal reflector 1404 and an
adjacent solar cell unit 270 is provided by an additional adaptor piece. Such an adapter
piece has surface features that are complementary to both the shapes of internal reflectors
1404 as well solar cell units 270 in order to provide a tight fit between such components.
In some embodiments, such adaptor pieces are fixed on the internal reflectors 1404, In
other embodiments, the adaptor pieces are fixed on elongated solar cell units 270. In
additional embodiments, the connection between the solar cell units 270 and reflectors
1404 may be strengthened by electrically conducting glue or tapes.

Diffuse Reflection. In some embodiments in accordance with the present
application, the side surface of the reflector 1404 is a diffuse reflecting surface. Diffuse
reflection surfaces reflect off light with no directional dependence for the viewer.
Whether the surface is microscopically rough or smooth has a tremendous impact upon
the subsequent retlection of a beam of light. Diffuse reflection originates from a

combination of internal scattering of light, e.g., the light is absorbed and then re-emitied.
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assemblies. In such solar cell assemblies, the solar cell units 270 are
arranged in coplanar 15 rows to form a plane having a first face and a
second face. This is advantageous because such surface can collect light

wiheowggis Either of their two faces. In some embodiments, th@Erivoawing15

between the individual solar cell units 270 in the solar cell assembly. In

AT ISBORHENRS Srmdhsreaush SusRre Al she ARRS solar cell assemblies

artle arraﬁ@@@lrmz% réﬂ;?melﬂ@%éﬁm%o Biﬁ)&fﬁﬁ%@h gwée@@ﬁAl d@ﬁﬂméhﬁesent

solar cell assem aye some ount qf albedo. Q is a measure

Brp ﬁ@bfeﬂfi%flgilgam}é%w o Nehinics CRBFREpatdace. A

[agidtinmisbhirediatefingé Heateobtic sheoaroe thil iftige NP on'tedsis law, ie.,

fraction is usually expressed as a percentage from.zero tg ope hundred. In

S BT Sh CELHEIRROTHONE (RSP e hF-AE ERR AR B

thewaid santoadipbtatiobaarespiep anefdceasidafitied yaha ver fadd ghuefredddayuniform
inting such surfaces a 25 reflective white color.,In some emhodiments,

R L R e R e T e Bt L e

dlbetiorof fsome et el imls 2o meadused be splaadiefiseap progrehdmtedoeesing angle)

S R B N DR et s e

arasargdHowever, surfaces having any amount of albedo (e.g., fifty

Dercenbﬂrﬂ%ﬁt&ﬁ%ﬁ%ﬁﬁg@hﬁ&é@%j%%ﬁWﬁQfEQTWQTE}@J iven

within the scope of the present application. In one embodiment, the sofar

dinestipnsBarpiney smabsprisse seBpORERtiBPErROBIPRAbIOI S FaviRe A dhieansle of

graveinsiiaes whete thagrmsatias heampriatedisils 87 Q1deRdetian surface
improve the reflective roperti%s of tfg})&gr,avel., In general, any Lambertian

oF Shfsant F&ﬁ%ﬂ%?%?ﬁfgﬁé‘%%ﬁ m RIgR A SURMES high albedo surface.
More deggriptignefialhgda sriacesbakcanhe. a0 Masdrp.coniuneiion

with the present application are disclosed in United States Patent 44 WO
200810542 VRO ¢ii8e0dF/ 00 698 Sefipplicatign tBerweNiumlsa, 7, ) ofa

11/315,523, which is hereby ingorporated by reference herein in its,
BT, B2 SR BOAEERTLAD S P BARERULS LRSS FRapbie

assembled into bifacial arrays. In some embodisa@nts, static
concentrators are used to iripvrg’\)(f d?élﬁ@’r(f'o%&;}c@ of the solar cell
assemblies of the present application. The static cShcentrator can be

fRFRedpinM) &y, &HIC, CRRCEN IR IIAEIRISUNRY BripERg, aThsUski @S angle is

aut

for example, a simple, properly bent or molded aluminum sheet, or

dsifrsibrsidh ompdhpuesriedanghy (CPBrd predl). chlimdracwevioe dpsegoduct
10,08 SRlarcsln 2 H et R RLaasl 3RPIratan, FREMQre
L) =k, () 5,
where 7 denotes a vector that is normal to the Lambertian surface.

Such a Lambertian surface does not lose any incident light radiation, but re-emits
it in all the available solid angles with a 2x radians, on the illuminated side of the surface.
Moreover, a Lambertian surface emits light so that the surface appears equally bright
from any direction. That is, equal projected areas radiate equal amounts of fuminous flux.
Though this is an ideal, many real surfaces approach it. For exampie, a Lambertian
surface can be created with a layer of diffuse white paint. The reflectance of such a
typical Lambertian surface may be 93%. In some embodiments, the reflectance of a
Lambertian surface may be higher than 93%. In some embodiments, the reflectance of a
Lambertian surface may be lower than 93%. Lambertian surfaces have been widely used

in LED design to provide optimized illumination, for example in United States Patent
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information on (CPC)-type collectors, see Pereira and Gordon, 1989,

Journal of Solar Energy Engineering, 111, pp. 111-116, which is hereby

incorporated by reference herein in its entirety. Additional static
W@Dﬂmsmtmusrs that can be used with the present application eee/tE067/006915

sclps eta 1999 dings, of the 11(h Internatignal
e LR ST b Ao g SRS et RAr S gpstems
W@ﬁ&d&mm&nm urdBES% 6Bch®emlB§ﬂ<9ﬁt,hﬂ s?e@ﬂndt\&i@dﬁreby
Conferenc %otovohtalc Sol g?‘Eggﬁ%Conégrsmn Vlge,F g ESlrEstra
b’kﬁ’."i%‘f&‘ LA S R A IRL RIS Lagihgrian surfaces
\Mmdﬂe@mféﬁt@#leEmRhotMtazglﬁmailﬁmrgmﬁoﬁ‘\lergﬂactwdmm,xs then

Stri 262 1998, Proceedi so the Second
woﬁ%%ggexar a ené:f.c'%ar c%flp agfgtg;a}lbt enﬁénc ? nl?

onfarence otovolt Olar Energy Conversi ENERS
AustriaRpfec220672 209 :Bowderest &t $q:9@3mmmﬂgscmbtum23\dth the

gﬁ&@t’ ﬂxattmca%ees listScRonigrense t%t B Ol AN £ABIA S o lar

1991, Proceedings o he 0" EC P otovo aic Solar Energy

chhsibAe, ﬁpsogm%?edw@oﬁlwmtﬂf ke Rewiby i sosjientaer pyar circular.

relereneehieieinde darniireHalreddat: details Bfe%é}‘éﬂi?%ﬁ%ﬁlﬁréf%rﬁmle
found in Uematsu et al., 2001, Solar Energy Materials & Solar Cell 67,

Ihs imyalatep{rircisin defingd onthe PRUIAFEREAYY DNRRSIRISRA SBREREERC that
Elirdud® @ach dowbiahiid) ere i BIGRBPLARa DY RIS BAGS: NSRBI IBwing

its entire gftpAddltlonal static concentrators that can be used with the

SreSe it e AHALH 8 TERE (SRREEANE FHMEIhOEROBT PR Hifririagisn et it is
aifgdnnginkesng 2082 ;ﬁﬁntuﬂwamdddeg?am@ (g )héNtlﬂ»g&gpSgsepmg it

LR B e 5 R AR 8 P o S DA A GHIE votute
oéMMM@Mmmeﬂhm;gmbmecMﬁgMex&lwm awammm

f | re

o, R A B RO LSRR e
rroasrendieg weliesotiigiooo! MEtinlpaiate hnHiywlate: cmlasccbdal thoight of as
249 %%%HQ@%H&? Jeilacion 1404 a5 3srarabled inlg auiale Q? %’cﬂ%a;ra@f any

as shown. Solar cell units 270'in solar cell assembly 900 can have
ERfeiteRbiEaB S WELAN&Fated in Figure 9, solar cell assembly 900
comprises a plurality of solar cell units 2¢¢s¢There is no limit 5 to the
number of solar cell units 270 in thi@@g@qﬁty (e.g., 10 or more, 100 or
more, 1000 or more, 10,000 or more, between 5,000 and one million
Solaessitslingly, dhe. paramenitceuiisodifribatisnyvobltr afsheasisemisty 900
comprises a plurality of internal);ie__fle(:ctgﬁ +1t4$%r)

y, =r(sint —tcost)
Evolute and involute are reciprocal functions. The evolute of an involute of a circle is a
circle.

Involute surfaces have been implemented in numerous patents to optimize light
reflections. For example, a flash lamp reflector (United States Patent Number 4,641,315
to Draggoo, hereby incorporated b-y reference herein in its entirety) and concave ight
reflector devices (United States Patent Number 4,641,315 to Rose, hereby incorporated by
reference herein in its entirety), both utilize involute surfaces to enhance light reflection
efficiency.

Solar Cell Assembly. As illustrated in Figure 9, the solar cell units 270 are
geometrically arranged in a parallel or near parallel manner. In some embodiments, each

internal reflector 1404 connects to two solar cell units 270. Because of this. solar cell
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There is no limit to the number of internal reflectors 1404 in this plurality

(e.g., 10 or more, 100 or more, 1000 or more, 10,000 or more, between

5,000 and one million 10 reflector 1404, etc.). Within solar cell assembly
waosseirternal reflectors 1404 run lengthwise along correBporiag7amian s

cell unjis.270. In some embodiments, internal reflectors 1404 have a_ .
Rt L. SR R RR TR e S AR A BOS PRy device
Mstaneesbendnsend] refitscas tha amdienised matetialnerdeshinicaake are

devi thereby | [ ts. s bodi ts, th .
e e o PSS TR 0 e s o i by

refeteriad (@ .igs, qpdlisiyed aluminum, aluminum alloy, silver, nickel, steel,
etc.) deposited on the plastic casing. In some embodiments, the internal
reflector 1404 is a single piece made out of polished aluminum, aluminum

alloy, silver, nickel, steel, etcslp QG EEARREIRRRLS. the internal reflector
1404 isT r?agl or Iagtic Casirrgfon o whjch is 20 layered a metal foil tape.
E xemp Iy AR T YRR EL IR ARG R s B PRSP SAMBHRR fthan be
inddapeidim f3Mdnalimidepvsfoih okl a3 awhimyal il dape768 1n 8o cell
3M :?Bninum foil tape 439 (3M, St. Paul, MN). An internal reflector 1404

0

Uunits N . . .. .
can adopt a broad range of designs, only one of which is illustrated in
Figure 9. Central to the design of reflectors 1404 found in some

embo%ﬁn&ggﬂgl&ﬁ%ﬁtﬁ&%&g‘%ﬁion is the desire to 25 reflect direct

light that'enters into | solar cell assembly 900 (i. e., side 920
and sifeson@)embediments, the psfieeroteyer0d phtteypledertiapiPicatialeposited

%ﬁ%@@&%&?ﬁ?@%‘%ﬁﬁeﬁ“& A T e

Erperadesaiied Hushnah aHBesrariss Bas SensbRy Bbod ravfecin(Wiioeldigher
s frenadpessunonaeiRas dohtiat entarzine.pthae SRl stions

solar cell (e %.,,side 940, below the plane of the solar cell assembly drawn

. ( )
TrEfE e SEHPR AL ErsER S eSS BB mas ifalie Heshiprber or the wafer.
Bonhaginisfsnifiensir hetmisalbapiatisuitod]idsR @nacd /Y elHBrm chemical
reflector. Thus, begause each dside ofhthe solar cell asse?g_lé/ f%:tgs 1
YRR SRPRYHCEBNRGLRIIEST s SR E18F TRE PR TEd KL RS OB AR5 ik v apsr
Sa® siimyn lod differemttideseonVsid 2RO M6 Nk 200810&1A004] B ourth Edition,

120070030, Alhpugh ths 1weraal lasiopd40a s I

Pstgated in
S0
igure 9 as having a symmé our-sided cross-sectl shape, the

Missefauicnsinn, Ssapnd Sdiienn?éfRabrelietitié, LRI Rikshepresémitich is hereby
ARBlicata B Leldimitedd SUah aERRfiguration. In some

5.6.2 Reduced pressure chemical vapor deposition

In some embodiments, one or more layers of photovoltaic cells 700 are deposited
by reduced pressure chemical vapor deposition (RPCVD). RPCVD is typically
performed at below 10 Pa and at temperatures in the range of (550°C - 600°C). The low
pressure used in RPCVD results in a large diffusion coefficient, which leads to growth of
a layer that is limited by the rate of surface reactions rather than the rate of mass transfer
to the substrate. In RPCVD, reactants can typically be used without dilution. RPCVD

may be performed, for example, in a horizontal tube hot wall reactor.

5.6.3 Low pressure chemical vapor deposition
In some embodiments, one or more layers of photovoltaic cells 700 are deposited

by low pressure chemical vapor deposition (LPCVD) or very low pressure CVD. LPCVD
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embodiments, a cross-sectional shape of an internal reflector 1404 is

astroid. In some 5 embodiments, a cross-sectional shape of an internal

reflector 1404 is four-sided and at least one side of the four-sided
weross/saational shape is linear. In some embodiments, a cressAsenhionado1s
. shapelpf an '(glte[3 altrgglg\g}cfrpl404 is four-sided and at least one side of
Stk ?%usf-g?dre&%ross-sectiona?éhape is parabolic. In some embodiments,
a cross-sectional shape of an internal reflector 1404 is four-sided and at

least one,side ol e dounaifiet 10 aemRRiiggal shape is concave. In
: '%o |meé

some em ts, a cross-sectional shape of an internal reflector 1404
is foubrside; embbdimsats, one gidw st imEToel Riseydrsissecfighare deposited

bgﬁgrggsg?&}{%%%awPéiﬁf&a 03005 eHRREIMBRE: &fg%ﬁeﬁmgﬁmc

an internal Teflector in the plurality of internal reflectors is

pfossuiside dlightharaduesdoressiae F RéARSuY Rikis dab Jorsecnivnis: 'oratpy
2383108 2, diffuge.py darmian hadaiemaliaflectaivind PR ducing layers at

embodiments, a cross-sectional shape of an internal reflector 1404 is
highdepeaitiomertat AdrBHedE B iR ERNIEsiA8H Gbss-sectional shape is
the involute of a cross-sectional shape of an solar cell unit 270. In some
embodiments, a cross-sectional shaﬁpe of ap internal reflector 1404 is

two-sietbP Phasmaiepitpneis HEmicHIRRE &8P sided. In some
embogigsitscraidissasctnnatl siapapdranfiptenoabhaitecttis fO0hwere deposited

plurality of 20 internal reflectors,1404 is fpur-sided and at e si

B SR e B AN LA TR G D
sﬂ%&mrfémut@m M@mmlqwem atlmmme &lpcent borand
SENARL ARG s Bpvced v AR ARABIORBIRER RNe BihARAIPbner
piece has surface features that are complementary to both the shapes of
nlaenaabretioisossd® inbyesplasmadialdds| thafiepostion e cP RS Blo visens
dighh BEWeS heneR SRMBORENnil S0E-RRRANIGABIP ASMCPETIAD! Yarrel

pieces are fixed on the internal reflectors 1404. In other embodiments,

radeenideastr B hanfiker o aloHBatdRl S0tr B TifEnRpgiuts, remote
paldificratembeimenissdbe RaRBRGHIREIOVERR tiscsdlal, Coflatain R/

and reflectors 1404 m strengthened, by electrically conducting glue
GRS S0 BIISREASE A, T RO Eim B A T BT RA
Meraresaseiapplicatininedhe side surface of the reflector 1404 is a diffuse
reflecting surface. Diffuse reflection surfaces reflect off light with no
directional dependence for the viewer. Whether the surface is
microscopically rough or smooth has a tremendous impact upon the
subseg Brpf a beam of light. Diffuse reflection originates from

v
a 35 com ingt‘lgon oﬁlnternal scattering of light, e.g., the light is absorbed
and thisrseme giheagiments, one or more layers of photovoltaic cells 700 are deposited

by anodization. Anodization is an oxidation process performed in an electrolytic cell.
‘The material to be anodized (e.g. back-electrode 104) becomes the anode (+) while a
noble metal is the cathode (-). Depending on the solubility of the anodic reaction
products, an insolubie layer (e.g., an oxide) results. If the primary oxidizing agent is
water, the resulting oxides generally are porous, whereas organic electrolytes lead to very
dense oxides providing excellent passivation. See, for example, Madou er a/,, 1982, J.
Electrochem. Soc. 129, pp. 2749-2752, which is hereby incorporated by reference herein

in its entirety.

5.6.7 Sol-gel deposition techniques

In some embodiments, one or more layers of the photovoltaic cells 700 are
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WO 2008/051275 PCTYUS2007/006915 and external scattering from the
rough surface of the object. Lambertian reflection. In some embodiments
in accordance with the present application, the surface of the reflector

whiiMsissackambertian reflecting surface. A Lambertian soureeisdefinedsois

35,2R@RHSAl SoUBERHRERDEYS LATORE S EOSTIR i Bes S-HRAKDAS AR ursors, in

intensé!jt}/ directly proportional to the Cosine of the angle from which it'is
BieRteiiahseIeNBION 1ma lighiddaised) dormte gslabnpetnssvedifgasd tHdpon

RiRie s QR iflsiRaRGIn Gty adiatinn sych tat isadianee 9
luminance) is the same in all directions from which it can be measured

fargatiap alh devist AR RHIFRIOSFSRSW Y SPigfeymanendsa rerrearistachsmical

tetlinsgasaditisivedintinostiifdsecitalapue i han B I RMPETINY) in water. The
measured. On a perfectl di,ffusinz_surfac& the intensity of the light

EhSrABRGRMENGIRLYS Bfferaith S 4R RPN theRRES S HgBR Y Rre the sol
pregalyional destheraasinealthguangla gélatindie, sl isthesHeiesk Thethe gel
brightness (luminance, radianc %ofaL?m ertian §urface is constant | |
R ARG S SRERE ek RHIRH 01 JTB00 8 SPBLFA SR AISHEHGHA b spinning
dirikieg ot sprihengarsiidaes af TESTR et silivaifidisfordicd dionairdyhenaiie
intensity.of |.is.defi I he i Sity (e.0m1"u,) of a _reflected light v
R L e B o R S Rk 08 I s
Iretrveen 200°CLIOT00TC tremsfurmw ey g aipifwd)a-glass, aabdtimataly kntdssilicon
rglatad to the surface property. The incident angle is 20 defined as o,, ,

and the reflected angle is defined as ouu,. Using the vector dot product
formula, the intensity of the reflected light can also be written as: luu,(v) =

kal,n(13lg)s WhsRsgrNeMRS & NRiREthat is normal to the Lambertian
surface. Such a Lampertian surface does not lose any incident light

radiatidh SBRACEmARRiments; one A R lprtEbRE Usiehainyritaigies!ls 2R0 are
tegiansd of theldimaipedeasidecelshavst faeen MOBONE 2 ba BRE HiR8ral can

T N
Remipiesis ffew. niibong toth(y) imiarvitdaldimasyneat surfaeesdfipmachrie to
L T T T e
briBReENG Sopralentispeiietiscoidctiodn Nissvhaatanberntisnabyrfed elong the
Radohe RIGSEINANRSI 0510 RRPAAINEN Raif BILEHANEE LB as o plasma
jet or plasma flame. Argon and mixtures of argon with other noble {He) or molecular
gases (Ha, Na, 0y, efc.) are frequently used for plasma spraying. Fine powder suspended
in a carrier gas is injected into the plasma jet where the particies are accelerated and
heated. The plasma jet may reach temperatures of 20,000 K and velocities up to 1000 ms
!, The temperature of the particle surface is lower than the plasma temperature, and the
dwelling time in the plasma gas is very short. The lower surface temperature and short
duration prevent the spray particles from being vaporized in the gas plasma. The particles
in the plasma assume a negative charge, owing to the different thermal velocities of
electrons and ions. As the molten particles splatter with high velocities onto a substrate,
they spread, freeze, and form a more or less dense coating, typically forming a good bond
with the substrate. Plasma spraying equipment is available from Sulzer Metco
(Winterthur Switzerland). For more information on plasma spraying, see, for examplie,
Madou, Fundamentals of Microfabrication, Second Edition, 2002, pp. 157-159, CRC

Press, which is hereby incorporated by reference herein in its entirety.
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Lambertian surface may be lower than 93%. Lambertian surfaces have
been widely used in LED design to provide optimized illumination, for
example in United States Patent 48 WO 2008/051275
WBCHAAS2007/006915 Number 6,257,737 to Marshall, at al.pOniiszh Staiey s
Patent Number 6,661,521 to Stem; and United States Patent Number
6,603,243 to Parkyn , et al., which are hereby incorporated by reference
hereinif-hBikdRtiRiRdnA dvantageously, Lambertian surfaces on

reflectgy Q4 alistiveitefinctlightinad disectiopsohhsiialiectrd ightds

then 5 directed towards adjacent solar cell units 270 to enhance solar cell

dspptipddncek-teL REBLIDS: bRitatE 5 Sased P in sABIR BBaRRIER €6

RRRRIASACHNN HrmtBEESERY RRPUE AL e dsoHAR:al iRl RGian WA Fh the
involute surface of an ad(iacent solar cell unit 270. In some embodiments,

el S B H AN AR L R BN S A IR R P et YoiRagor 86 ipgaet gpiect is
fhedataiie refleaigs dddndpralambly taatoyalytedairarsirel., 50 Hi®ons in

involute of circle, is define the path traced pyt oint on a straight
OR8] 5 B LB BP0 SR NH o Rk BT R i

Gt ffevarinmteltsllawingins differdnirshoattackum Bttint ttha @ninkdoRdasMIR.
SRR S R el A PRt R R lyeret
pphote todtasocell769. the muthef tnbsdimgris ztiethshminjeo(ifevilBtoPbieard, Palo
B B O O I MR
iesigRmeredsab EhmRHhyhRaiRfBie tRyeR ofdéa st inkiah pubshasiddveherexplosion
FERIR0 PEANBHON S AR 3RY Ui AHRRgRNAh AN RAHANGENES 88 of ink

iven curve. For a circle of radius r, at anﬁ/ time t, its equation can be

fhdhe dk garirider ows the sikstralsrdeptitmgipenrmbRtimratof g patrsAt
Sphabtvoliitead et cit vt hdad iCaRd FoHTHKY et HSIRnC OB H B0 ric ink-jet

A oS R s e e ot 2t

patents tomsplisnif e lightispHeginvattor srainpleiadhshirianysefletlaen
&H{%%qs%%ap}ﬁg’dag {0 tcrl\yllgtglb % rcén(?r%%tg’ l]a?erally, thus deflecting the diaphragm and
gjecting a small drop of fluid from the nozzle. The reservoir then refills via capillary
action through the inlet. One, and only one, drop is ¢jected for each voltage pulse applied
to the crystal, thus allowing complete control over the when a drop is ejected. In yet
another embodiment of the present application, an epoxy delivery system is used to
deposit a layer of a solar cell. An example of an epoxy delivery system is the Ivek
Digispense 2000 (Ivek Corporation, North Springfield, Vermont). For more information
on jet spraying, see, for example, Madou, Fundamentals of Microfabrication, Second
Edition, 2002, pp. 164-167, CRC Press, which is hereby incorporated by reference herein

in its entirety.

5.6.10 Vacuum evaporation

In one embodiment of the present application, one or more layers of the
photovoltaic cells 700 are deposited by vacuum evaporation. Vacuum evaporation takes
place inside an evacuated chamber. The chamber can be, for example, a quartz bell jar or
a stainless steal enclosure. Inside the chamber is a mechanism that evaporates the metal

source, a wafer holder, a shutter, thickness and rate monitors, and heaters, The chamber

53



10

15

20

25

30

to Draggoo, hereby incorporated by reference herein in its entirety) and
concave light reflector devices (United States Patent Number 4,641,315
to Rose, hereby incorporated by reference herein in its entirety), both

WotRine/mustute surfaces to enhance light reflection 30 effici@®dyUS8{a 106915

i?@éhﬁ&ﬁsmlx-vﬁ&wzs@&%d ThEAIE By thenfilas CEIlTHRIS W4 @8which the
geometrically arranged in a parallel or near parallel manner. In some

TREHH GBith BR & ARSaEd tatiHa thembamber aes RE g daert f sk erFhsgen gun
R EPoRB6AUSR BbiRselapsallidd Y6 RPRRIEAE TGN CTIL SAORENHE915

units 270 in_such embodiments arg effectively joi into asingle .. .
Hehisine BoVR EHETS MR A ot R A e gt i
Widhihadrpeantapplicationarerdistlogashiednited States Patent No.
11/248,789, which is hereby incorporated herein by reference in its

entirety. 5 5.6 Deposition methods The following subsections describe
individsisl falSjeatoniigesitignd pthaicehndperubgadisicircumferentially
deposit individual layers of. tovoltai lls 700 in sglar cell units 270,
105,618 ELi Sy oseiAct B AEURRNE SRS 8 ol MR o e
persodiajphestids it cddpo3 el dne spuiesied Sbytichiogibab wapporation, takes

@S@é)ﬁit%‘]’%c'(ﬂl efpical ¥aRoL H8ROSHeRJG VR RG SONNIENS. B fon is a

apor phase, often diluted with an'inert carrier gas, réact at a hot surface
¢hpmdealypragers) Badinrelsond jassadpysisitlay @madRRAsIRIhSlRtige drevarsam

veRRkaeppsiionsnasians tesiine SaRddilianienerphiahRSyRBically
such as heating the chamber or the wafer. Fqr mare information on

giunfed) VHbUICEEEs SHISRSAEERIE'S INOGUEeAdRSrirahemRenPshisgpnized to a
penesiionradrRIsasseoneiinng hasmamearsatioaeiioty gbeniclarget

vapor deposition qf.silicon nitride, see Van Zant, Microchip Fabrication,
BB P MEGraw-Hill, New York, 2000, pp. 363-393; and

Madob il dign ecuielts-afod/iery talivi eatinen tGecandlskrditicire, 2002, qupsing target
e AN G T
@5k somtbeathiobitm s spwietndraorasiay arel ofybtsoteaitsitaictbe ibaniBtrath
90‘?99 §gﬁ%g to rest on the wafer. A principal feature of a sputtering process is that the
target material is deposited on the wafer with chemical or compositional change. In some
embodiments of the present application, direct current (DC) diode sputtering, radio
frequency (RF) diode sputtering, triode sputtering, DC magnetron sputtering or RF
magnetron sputtering is used. See, for example, Van Zant, Microchip Fabrication, Fourth
Edition, McGraw-Hill, New York, 2000, pp. 411-415; United States Patent 5,203,977;
United States Patent 5,486,277, and United States Patent 5,742,471, each of which is
hereby incorporated by reference herein in its entirety.

RF diode sputtering is a vacuum coating process where an electrically isolated
cathode is fnounted in a chamber that can be evacuated and partially filled with an inert
gas. If the cathode material is an electrical conductor, a direct-current high-voltage power
supply is used to apply the high voltage potential. If the cathode is an electrical insulator,
the polarity of the electrodes is reversed at very high frequencies to prevent the formation
of a positive charge on the cathode that would stop the ion bombardment process. Since
the electrode polarity is reversed at a radio frequency, this process s referred to as 133
sputtering. Magnetron sputtering is different form of sputtering. Magnetron sputtering

uses a magnetic field to trap electrons in a region near the target surface thus creating a
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by reduced pressure chemical vapor deposition (RPCVD). RPCVD is
typically performed at below 10 Pa and at temperatures in the range of
(550C - 600C). The low pressure used in RPCVD results in a large

woitfersiofi efficient, which leads to growth of a layer that iSPRHRIHEAIBY/ 1S

f g 1l t ; t
i oD s U S I U e

\ ‘ be used without on.
RFfeng DayRes sopaHorhsaamored aany dmpsdastan 2banan dibderfputiering. The

B??%l%Oﬁ'@fé&%%é?U?eaﬁmc@ ;3@9%91%99&&%@& IAPRUBE within the cathode

embodiments, one or more layers of photovoltaic Cells 700 are deposited
sEeybVihaEesedver chBagRelis Spk rrEpBsiache EReO Vi very low
pressure CVD. LPCVD 50 WO 2008/051275 PCT/US2007/006915 is
typicallé/(&(larform_ed at below 1 Pa. 5.6.4 Atmospheric chemical vapor
deposifidnl OB RERFERSE, one or more layers of photovoltaic cells

700 argndgpasiiashfoinhaiiaspb st igndiied UsRbPIRSSURS hemical
vapor deposition, Atmospheric pressyre to slightly reduced pressure CVD .
PRBR\PBFIE L8 d ,OPo?SﬁﬁPr?B}Edt%Yg?B H}&E@W@rweels%@éwﬂnmmmg isa
pranessdpaddeasherachoaiags of prcalucingdayarsaagehi@hntiene sitonafer
rates ang,low t eratures.(350C.- 400C). 10 5.6.5 Plasma enhance
SR DO SO LRAR o ek AEPRLCOR Ben LGy locks
pffatogie tastat ettsma08 lanmatoptsitedizngpirsneat atoarsced @otemnie them

SsSiS c iC s iti ‘D). PECVD .systems featute a
Gy BB P 4, el A RS SR
fughpsperine{800E2c00C). A radio-frequency-induced glow discharge, or
other 15 plasma source is used to induce a plasma field in the deposition
gas. PECVD systems that may be used include, but are not limited to,

horizort&t i krssr iioNatedcdepesifigrel radiant-heated PECVD, and

horizoniakibheREGIRNATNR BrERed RS sRBA AR RN the
(RPCVD).is used. Remaqte plasma CVD is described, for example, in
e SIS AR R SRR Pre RS Rabis G aPoRifch 2 RaFdRym of laser
Wit ewpodiatest ion 2 edargsdihdte tirda anthalys hdidalmosiratiar:Bblation
some embo imepts one or more I(?_Xlers erg otov Itai(% cellsb700 ar

(5] in - a2 el 5O i )

rocess 13 inounte Vac Xe I thay be rotat
Beposned Vi anodizaton. AnodiZation 1e an oxigation B’roces%a e% about the

peviondied! isxaoéibewpliticiclkuifie rRcge kit sibe] modibtitenglated along the
bAgkiRIRa 9d8. 1R RP6OMER 1GR0PEE L EVIMUIRA lens onto the target surface

along a line that is at an angle with respect to the longitudinal axis to spread a plume of

ablated material over a radial arc, The plume is spread in the longitudinal direction by
providing a concave or convex lateral target surface. The angle of incidence of the
focused laser beam may be other than normal to the target surface to provide a glancing

geometry. Simultaneous rotation about and translation along the longitudinal axis

~ produce a smooth and even ablation of the entire cylindrical target surface and a steady

evaporation plume. Maintaining a smooth target surface is useful in reducing undesirable
splashing of particulates during the laser ablation process and thereby depositing high
quality thin films. See, for example, United States Patent Number 5,049,405, which is

hereby incorporated by reference herein in its entirety.

5.6.14 Molecular beam deposition
[n another embodiment of the present application, one or more layers of the

photovoltaic cells 700 are deposited by molecular beam deposition. Molecular beam
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noble metal is the cathode (-). Depending on the solubility of the anodic
reaction products, an insoluble layer (e.g., an oxide) results, If the primary
oxidizing agent is water, the resulting oxides generally are porous,
wwohesgasiorganic electrolytes lead to very 30 dense oxides providigo7/00691s
ee, for example, Madou et at,,.1982, J

xcelient E)saéc’Si\é?lﬂr?f 5 FOW j'g i by dirgeti
B ECRERY BEC L 20 Bhp! B A VR ERYHE Y sk pne or
referencledubehrainsits entibetyrd. 6ri7sGnt-gatdepgsiiidecteahpiqrede3ssiton

j r mare layers of the photovoltaic cells 700 are
e ISR RO
prodess elther Yui-rpet oot s olidnpss tintdssubirdrminal witciks mubstintesor the

' Qn.in.a liqui Kms latinpus,network (a,gel).
Bl G ek
Bramssot manogeaisy ARaticR asre ¢bvestpphysseatisrepprise SdusteRomsolecular beam

oy . oy : Ao
fRpatieR A ARP RIS ShErBICAl R RETUR E@ﬂéﬁgﬁfgﬁgg&ﬁw&&m

example, tetraethylsiloxane %T_ OS) in water. The s ought to
ReageARRAMTIQRAT AsVRRELSSIRE Mremie YRasETHra aParativhe owevshtmaliapabeam

abaREeS TR ADEBEPLSIIAVISLLP RIGELiBOS I RAYSASHZ SShEINaHE othe
gel state the m,aterl%l is s%%ﬁ_g}d (e.g., a fiber or a lens) or applied onto a

CABPR Y IR RRing OO SRR L S e RideRteRs disse ththg o
gﬂm&ﬁ@mﬁmhw[)hypb_ ﬁduﬂt‘g m&Qtﬁewmmwgng%ﬂ&&aﬁ%m

s the catalyst, Drying and sintering at temperatures hetween : to
S e D B e A o G BB el s
5ide8 B abarfacspinaty grovitchiepms oatnedating wrohodisentsi iR @t e
layer he ph ic eells 700 are deposited by a plasma, sprayin
S e G Y R A SRR o
fisangitppeandidiffvsivatprocPisasace spraplayis a particle deposition

method, j j ' in.di . .
ranop el Y VG OO RO SARRE T &8e cbrained with

PIaGiAelY senioBpd larerthiskoesn la Sirtidgyses2e tunmsdenanglayer are grown by
NOBE|CFeR@RARMNAIGE CaRIRAIFNOHe BAS R Sasn RO seimaticaliv fe d longias

the cathode, is heated 'bé the are to plasma temperatures, leaving the

2B A6 YRSt easiAls that Py tach Bk Rk JuBharig mARtaES growih
aigoigudth Seh esrnabiep(bl @) biem oleey Pitaas S3 (1123 Nhid2iaien e

fre uent% ed for plasma spraying. Fine powder suspended in a carrier
SRR EIHERE B

5’ Y%Ofﬁj cteh’y é%lr%énj t gﬁ?’the particles are accelerated and

5.6.15 lonized physical vapor deposition

In another embodiment of the present application, one or more layers of the
photovoltaic cells 700 are deposited by ionized physical vapor deposition (I-PVD), also
known as ionized metal plasma (IMP). In [-PVD, metal atoms are ionized in an intense
plasma, Once lonized, the metal is directed by electric fields perpendicular to the wafer
surface. Metal atoms are introduced into the plasma by sputtering from the target. A high
density plasma is generated in the central volume of the reactor by an inductively coupled
plasma (ICP) source. This electron density is sufficient to ionize approximately 80% of
the metal atoms incident at the wafer surface. The ions from the plasma are accelerated
and collimated at the surface of the wafer by a plasma sheath. The sheath is a region of
intense electric field that is directed toward the wafer surface. The field strength is

controlled by applying a radio frequency bias.
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25 heated. The plasma jet may reach temperatures of 20,000 K and

velocities up to 1000 ms 1. The temperature of the particle surface is

lower than the plasma temperature, and the dwelling time in the plasma
wgesis/ampyshort. The lower surface temperature and short wuratim7/006915

prevergt &hﬁ?ngrag egartbcles f{om being vaporized in the gas plasma. The

particleS"in the plasma Rodlime a negative charge, owing to the different

thermadhaplotbiticsnbod sl otf drsraertid app livsting, ol ermperitiey splidter
5'900@%%%! Qsitigs) Bfét% é&i‘%&ﬁt@tﬁ‘o n DY SRSk (gsﬁéeé)aﬁgﬁ)gqa@m

ore or less ense coating, typically forming a good bond™ with t

ensheiinchrPiddrpasifm st e quipibhideuacdrat ePend Sundialiees dielectric
Q(M{{Eé?ﬁ?%g%w%&@m)spﬁ%%%A{‘{Ré%@m&%a@%ﬂ@ R REpSERe to

for example; Madou. Fundamentals of Miicrofabrication, Secorid Edition,
ceate adin.cliasigprlications plsosise arReepTs! FRHSBYReC STRAR Iy assist source

g@(@;ﬁ@ﬁ& NIRIR: 18 BEUIBNrate WA RRQBLRdZ Roble or reactive ions at the
S2007/006915 5.6.9 Ink jet printing In some embodiments, one or

FHERSI4FARe SIOIB FbV SREIOR SAYr SRR Er 8 TRARSSiHER TRPIRRE j%ftdp?{ﬁﬁilﬁjca“y
Hekdatipsiting @l@mffémﬁmaﬁﬁmsaml 8D pt&enmpgtial daleifnt control

riptin f@ ink J %&Hb scon ected to a reservoir filled Wlt
iAot st D S CE RIS LS s e
iiprgetiakinty |H)‘blaned Iéfntlaaheye sta@ydrtda seateriegropeitheciont dblivered by
uid drops cro elled thropgh the nozzle
R B R O T G
déffesaivnspitg mqgamit@l om.itmle sistoodispriteottpesitonrpyi Tc%ftlomhahiy
BYERIE R R HORR AR E AR BN AICANEI S RASEHIRIRHPNRL and

a photovoltaic cell 700. In another embodiment, a thermal ink jet

thrnghste G RER sprmadabiveritsparhyaneg SEGBLRLAVE igewall goatings,

pbRtpvaliaicaallifQer proartiermal ink jet, resistors are used to rapidly
heat a thin layer of liquid ink. A superheated vapor explosion vaporizes a

tiny fraction of the ink to form an expanding bubble that ejects a drop of

ink 15 gqmﬁb@dﬂkmgtéi.dg@agmme substrate. In still another
embodjment ofthekﬁ)ﬁ]%sent Ilcatlon a ezoelectnc in Hbé’a ead is

used fo AR mAN, I8 RIS AR é?aﬂ%%té’ﬂ?c% LS Rihe
plithcanlinletpldrt7éddra dzzledbihaotie tagadd@aatwall atshec tegardeposition

fat
ey s bR R W S R R R R
phﬁabmmndemseﬁ@@un‘gt@trsﬁiamr@ﬂmﬁmmm@#ﬁqmsh@izlereﬁmor based on
E@ﬁqm&ﬁx{gs&f@é@l&%ﬁ&@%@%ﬁ@'% HBE@&QE& dsogé@&o@@&sﬁegcwa%at

one, drop Is ejected for each voltagrh pulse ap
deposus as a monolayer on the object. Then, the monoiayer is exposed to a second

species to form a fully reacted layer plus gaseous byproducts. The process is typically
repeated until a desired thickness is achieved. Atomic layer deposition and various
methods to carry out the same are described in United States Patent Number 4,058,430 o
Suntola er al., entitled “Method for Producing Compound Thin Films," United States
Patent Number 4,413,022 10 Suntola ef /., entitled "Method for Performing Growth of
Compound Thin Films," to Ylilammi, and George ef al., 1996, J. Phys. Chem. 100, pp.
13121-13131, each of which is hereby incorporated by reference herein in its entirety.
Atomic layer deposition has also been described as a chemical vapor deposition operation
performed under controlled conditions that cause the deposition to be self-limiting to
vield deposition of, at most, a monolayer. The deposition of a monolayer provides

precise control of film thickness and improved compound material layer uniformity.
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to the crystal, thus allowing complete control over the when a drop is
ejected. In yet another embodiment of the present application, an epoxy
delivery system is used to deposit a layer of a solar cell. An example of

warr@poxizdelivery system is the Ivek 25 Digispense 2000 (INBK/US2007/006915

ABrRRAYONa B cARHASHE Kb Y EHBENbinG QhFARAN AN ALIAN. BRG]

spraying, see, for example, Madou, Fundamentals of Microfabrication,
Intearied EniBoriatised spstand Aricdpéatprials SpHah rh Galifprnia).
incorporated by reference herein in its entirety. 30 5.6.10 Vacuum
evaporation In one embodiment of the present application, one or more

layers b dietion fiarpmntichamicslonare depRsifien by vacuum evaporation.
Vﬁcu%m fApaTattodiakas ?wlaﬁqafeﬁfdea@ﬁigmsu,aéaa @f;@mle%yé{rb@f the
amber can be, for example, a quartz.pell jar or a stainless,stea|
B AR eyl e A B A e )
RHFONCE raavtale pheldee Achudierethinknes Sinnenate foAnigpEsuRblspecies
eaters, The chamber 53 WO 2008/051275 PCT/US2007/Q06915 is .., .
ooy TR e S RERl SVESCR, TReHinG BA D ASPaRT oAy hieh
quhith fmsmEET Mahisceaaparhte grvithandide ehraanybef fiinadyidicigding diamond,
filament eva i -D un_ey afi a t plate,evaporation.
R R e R R Rl

Jicorantiddl, Rrswitenaraoio0Dpihpaode 41 &/ WINeh s SrrdrEbys. 77, pp. 6534-
§360TRRERIEH M IBISTERAS RSB IRiS SRURLLiR fi AL SRMiEr deposition |

physical vapor deposition In another embodiment of the preSent
application, one or more layers of the photovoltaic cells 700 are deposited

by spusigringscpeuHisFREntike evaporation, takes 10 place in a vacuum.
gsmal not @ chemical process (evaporation is a

However, it is a physic
chemi&‘éPﬁ?&"éé'j‘, QPR BESERL SRRSRUAR, 96 a SBEiRTSIAS e

ﬁh&m:&ﬂ_ﬂ?cm m@feisles@cfsl@&dl lﬁﬁ&%raﬁﬁmz&@ thiecdesiteg f}é' Bilk-screening)
material, The target is electrically grounded. An inert gas such as argon is
T S S e
@esitgsin ¢h@egadsmgqn amr_nma@eanf@mwﬁ_plcbh Embmmsmséﬁ
ﬁz%ge?i?c? '.-emk‘?J%&F&%%BFB%SF?EL%%&%%g;ﬁs'l”% %ﬁlﬁﬂggm’

S
and strike the target, causing target atoms to scatter. at is, the argon

Rhiladsiphin detH atoaisi ahrtabioioeonperttopinefaranpstimits tnsirchanTiberpaste
RS spuiterad.AlRMs AL MAleeIssiscaLer i fhe chamier With, SOV, The

coming to rest on the wafer. A principal feature of a sputtering process is
qFgAniRdinder determines the flow properties of the paste. The bonding agent provides

adhesion of particles to one another and to the substrate. The active particles make the
ink a conductor, a resistor, or an insulator. The lithographic pattern in the screen
emulsion is transferred onte portions of the underlying structure by forcing the paste
through the mask openings with a squeegee. In a first step, paste is put down on the
screen. Then the squeegee lowers and pushes the screen onto the substrate, forcing the
paste through openings in the screen during its horizontal motion. During the last step,
the screen snaps back, the thick film paste that adheres between the screening frame and
the substrate shears, and the printed pattern is formed on the substrate. The resolution of
the process depends on the openings in the screen and the nature of the paste. Witha
325-mesh screen (i.e., 323 wires per inch or 40 uM holes) and a typical paste, a lateral
resolution of 100uM can be obtained,

For difficult-to-print pastes, a shadow mask may complement the process, such as

a thin metal foil with openings. However, the resolution of this method is inferior (>500
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20 target material is deposited on the wafer with chemical or

compositional change. In some embodiments of the present application,

direct current (DC) diode sputtering, radio frequency (RF) diode
weputiRgeiigrtriode sputtering, DC magnetron sputtering or RIPCERESIISowo15

Hering jriaae; feangsamRRo Va3 Mic R o8 el
%g%rth Ediljt’éié)n, l\gchraw-HiII New Ygrk, foggﬁ Lé\giﬁi:% ﬁgaﬂ%@g ét’tgsﬁc een

PirERT S DatsT tho surfAro s e rea dhisT e evey theiadverin S B dxensste.
Raeaienr 424 busrATRhydlsis thRlabm asPRIAledyd 6I81SBESr oxidized,

herejn in itsgéuiretﬁ/. RF diode sputtering is a vacuum coatln% process

WA & BRIy ST e o VARbIFE RN EET T XRafBEr hAPRRTC. After
vaQeMMﬁ%EaHmtiE@tw& lﬁﬂg'ébﬁﬁorz{ﬁaﬁ?ﬂfsm@ szﬂmp.gb@r{@@%ﬁ?@reening
is an.elect C or, a direct-current high-voltage power 30 supply is
B R A OHIERE BORATER BB 2R A R AR 1)
(heniaterialieyolabityiok shipaslegtipdesd beavetsadial sesyhighting include
frequencies to prevent.the formation. of a positive.charge on the cathode
T e e pB e 10 B RDE IS G on
goleriticirey érbeth LD phdithéreopbrtys thistprancisasés! kefeneed tareislds33uch as
ring. : tering.is di fo f sputtering. Magnetran

B B RS A R B B
earRubson BleRellensstivighes sy (819, 200BRBA2I3%4 Si0,, 10% BiyCs).
PCT14520Q7:1R9694 GetighriPe9RabIliN:RE i%&ir@@%ﬂ@&@%qh%g%&gphastes
density of ions created near the target surface causes material to be

BRAIP M BIRyStRTSErast Y ARt mslbing SmrestivEESTRR bihagisied by adjusting
m@‘@e@i@wﬂ@mibu.a&a,r@ymﬂmmmﬁém&%m% Mation,
%ho(g%dasse@glﬁr#hat produig a magnetic field normal to the electric
RARPS LRI E6ih S RRTRIEHAE IR RHZ B0 dnfid i oriHehdpdsashy
iappiieatied hyneforcnerkelajeis iof ¢htrgphotovoltaic cells 700 are deposited

by collimated sputtering. Collimated sputtering is a sputtering process
where the arrival of metal occurs at an angel normal to the wafer 10

surfac gfge&:p al may b llimated by a thick honeycomb grid that
effectigéqy Iocel%c,hn(t):)im 5%1“9 %eair:r%éag(fsé Ohs. Alternatively, ionizing the metal

atomstasashenembgdiaent s BreteRs orplicatitay ootlmaterteysretithe
Srelimaiad sputeing. gﬂ%&t@&éwm oh4high @éﬁ%ﬁ&&%{i&fé&%ﬁ&é-n}%
n

5.6.13 Laser Ablated éposition In another embodiment of the present

gﬁﬁﬁ%,{pcﬁl@g{%ﬁéﬂlg&%g 4vgids built by chemical means without applying a

voitage. Electroless plating baths can be used to form Au, Co-P, Cu, Ni-Co, Ni-P, Pd, or
Pt layers. See, for example, Madou, Fundamentals of Microfabrication, Second Edition,
CRC Press, Boca Raton, Florida, 2002, pp. 344-345, which is hereby incorporated by

reference herein in its entirety.

5.6.21 Flectroplating

In another embodiment of the present application, one or more layers of the
photovoltaic cells 700 are deposited by electroplating. Electroplating takes place in an
electrolytic cell. The reactions that take place in electroplating involve current flow under
an imposed bias. In some embodiments, a layer is deposited as part of a damascene
process. See, for example, Madou, Fundamentals of Microfabrication, Second Edition,
CRC Press, Boca Raton, Florida, 2002, pp. 346-357, which is hereby incorporated herein

by reference herein in its entirety.
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photovoltaic cells 700 are deposited by laser ablated deposition. In one
form of laser ablated deposition, a rotating cylindrical target surface is
provided for the laser ablation process. The target is mounted in a
woaogingiehimber so that it may be rotated about the 20 longEldiRzHvaRIS915
of the cylindrical surface target and sj gﬁ neoysly.translated along the
longitudinal axis. A las r-}t?égﬁ?gﬁggé‘gg %&?é@iﬁ‘aﬁém lens onto the
targetisytiaeensbodgrariseftiat peesdraapphighsi onitigresss antahela ducts are
longitydinal axis to spread a als rialovena fadiglarc.
fqrﬁé%%l&?n?g |§r§1pnrégaglr? the 8% itu%érfg d.rect?&]ﬁga?/% prov.iding aconcave
earbodimentdatechl tyrye nspidicmeiiny asmieostlintidahetobifhperaphifopsaesist

| b |
B e

gony2dh 29420 rovliec28%kehdbzrardd even ablation of the entire
cylindpgal gt SHIRERBRAMRIPACE s GHBRR RS RIIG MBI RiRiR a

smooth target surface is useful in reducing undesirable splashing of
applietipndsEinyiMiba SeRIngRARGRSH SRR R e, P RORIRRY PRI cells

7 ﬂi"'@éi(giéﬂ%ﬁgﬂmﬁesqﬁﬁ ufed examnlgid feiiet Siates Rairal Netheised of
5,049,405, which is_hereby incorporated by referepce herein in its
oA 9B B8 NP SRR o F  RSR BT B BaFR A B i 2

(RiG§REE APRLGALERN 0008 prMEEDayer S atibends, thetavoiaisodbtiedt§Ghe resist
are deposited by. molecular beam osition. Molecular bea WQ .
A AP G0 ORGSR ARTS S, R et ayer i
dpplizduntey vsrinuenleonditiocs aby dadetpig preses anaxkymolBodikpense process.
eams at a substrate. In. some i _ . ition.:
RSN SRR TET e P G A B B AR B REE SHing, o
fagiscaibpeimen)ve sreititerite spiotion Sicofry example, Malebuthribistaalivith
%%r?yﬁ?&ﬁ?%ﬂﬁ B8 JePREIIQN AN IReRUPsHatR 6, 1P DEATPPARIEIRSs hereby

e term "molecular beam” refers to_beams of monoatomic species as
nesiipasgiehitopirecase SR siniRditdiAblecular beam deposition includes

both epjtaxial erowtiands aeepitaxia)gio il preseesrs iMolegeRdaas fact
deposition is a variation of simple vacuym evaporgtion. However, =~ :
i1 ek BRSSO ARTIS AR ER oS 1 S SL A RGRIGE rosist
AnJdheispbistrate thar dess ilnvaciuss knaporatiats] Grod emhtretisuet then

incident spgcies,.coupled with the slow growth rat e Possi
S R L R AL AR PR e
prickntatiasotiahaed precidelisatefinetkgB3ovepesitianull vonthylethidadate
fact tnat growdh.| VLY SPGB one (PBS), poly-
@M@%?‘gtﬁ?g%{nas %gp}%;%ﬁ QS{SHQ/(@M@%}, ﬁlw%t ne (PBS), pc.} y
(trifluoroethy! chloroacrylate) TFECA, copolymer-(V-cyano ethyl acrylate-V-amido ethyl

acrylate) (COP), poly-(2-methyl pentene-1-sulfone) (PMPS) and the like. In other

embodiments, the resist layer is a positive resist. The positive resist is relatively
unsoluble. After exposure to the proper light energy, the resist converts to a more soluble
state. This reaction is called photosobulization. One positive photoresist in accordance
with the present apptication is the phenol-formaldehyde polymer, also called phenol-
formaldehyde novolak resin. See, for example, DeForest, Photoresist: Materials and
Processes, McGraw-Hill, New York, 1975, which is hereby incorporated by reference
herein in its entirety. [n some embodiments, the resist layer is LOR OSA, LOR 5 0.7A,
LOR 1A, LOR 3A, or LOR 3A (MICROCHEM, Newton, Massachusetts). LOR lift-off

resists use polydimethylglutarimide.
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compared to other growth techniques such as liquid phase epitaxy or
chemical vapor 15 deposition, and diffusion processes are very slow.
Essentially arbitrary layer compositions and doping profiles may be

wabteipeshywih precisely controlled layer thickness. In fact, |ayersigsméhinco1s

as a mopolayer are grown by MBE. Furthermore, the relatively.low growth
o e e R R e o
Htat pogkssing. bé usedingly, higheetanipdiateres gfohethr2@teeppigaten, Admke is

tfx%ae E&ag@% %t&%étﬁ et E%tﬁ%é tﬁ‘?%ﬂﬁaﬂ%@iﬁ%ﬁ l?’%{s? g%ke is refcrfed toasa

iIncorporated by reference herein'in its entirety. lonized physica
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physical vapor deposition (I-PVD), also known as ionized metal plasma
insd pVEISYIDICASSYAY 2 RO1RRS relivirlaseRinSan, vcneenpmdmdnonc8rinciples of

19ni38rhe Spetebis di @8%%'@@45@%?@1? PRIPSRAIsRIR6 IRANG Walgkyy

surface. Metal atoms are introduced into the plasma by sputtering from

RO TBPEEd RS FRTERS SIS Gt 58 éHerated in the central volume of the
reactorpepihdnghedively Kaianest-a0 R aaitGa LS QHEGR KT S 8leaiFaent and

density is sufficient to ionize approximately 80% of the metal atoms
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from the target deposits on a nearby substrate to create a film.

RSO HePeEe el aHemcter s @ BFYioH alalienses s can be
(D} thabiswitessetatitic RUBYHAS ieCRIYIRSIISHSINGDIE BT26; and Van

e LT L Rl
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é%gt%géag%%% é)}c, 11f|{J S}Ekgek’ness and properties. Process pressures in IBD

A positive mask (not shown) used to develop 2 positive resist would have the
opposite pattern of a negative mask. Both negative masks and positive masks used in the
methods of the present application are fabricated with techniques similar to those used in
wafer processing. A photomask blénk, consisting of an opague film (usuvally chromium)
deposited on glass substrates, is covered with resist. The resist is exposed according to
the desired pattern, is then developed, and the exposed opaque material etched, Mask
patterning is accomplished primarily by means of beam writers, which are tools that
expose mask blanks according to suitably formatted biosensor electrode patterns. In some
embodiments electron or optical beam writers are used to pattern negative masks or
positive masks. See for, example, Levison, Principles of Lithography, SPIE Press,
Beliingham, Washington, 200 1, pp. 229-256, which is hereby incorporated by reference
herein in its entirety. '

In one embodiment of the present application, the tool used to project the pattern

of 2 mask onto a solar cell unit is a wafer stepper. Wafer steppers exist in two
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approximately 10'4 Torr. Hence, there is very little scattering of either ions

delivered by the ion sources or material sputtered from the target of the

surface. Compared to sputter deposition using magnetron or diode
wsysiesnssputter deposition by IBD is highly directional andegoreszoe7/086915

eneigeticiolt cabinatiopeuyith AsrositRita X e Ha-FARIBRAN dem, the entire
charﬁ%ggeangle, IBD systems deliver a broad range of control over sidewall
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photovoltaic ¢ re deposite omic layer deposition. Atomic
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asapnonaldyercirdhe dbieiat inleentiteeymonolayer is exposed to a

second,25 speci fully, reacted layer plus gaseous,byproducts,

The pré‘?gés%‘z’%ﬁ‘ég?}&%&ﬁ%é‘ ’Sﬁ i ggtc?ggﬁ%rg l?ﬁi%%’r?ggsa?sdjba%m@\}&&f’ﬁed asa
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entitled "Method for Producing Compound Thin Fi ited State

fozre thanstimbarcs idysates ia Benidig ot annbhsnnddexabapmdnioiechniques can be

ﬁ’s@ﬁ%ramsﬁ@wm&smmoa%ﬁ%m e MBIV AN GROWER
et al., 1996, J. Phys. Chem, 100, pp. 13121-13131, €ach of which is

FREFE5Y) RRSTSBPXiRLIDY Rufere Hat Watom e masharas)iclstchr sesresstul
depdsiiomheiindmbrem dabnl ReBtas R shRIRHESh VRO AL IRNOSIO Pesist's

oéPeratior%#)' rfarmed under controlled conditions that cause the deposition
RS &I ﬁWénf‘S' yield deposition of, at most, a monolayer. The
degosiﬁhgm‘fv& wmpimxagrcapowﬂ??ﬂfg!megdwmwgﬁIaquﬁhﬁs%ﬁ/bﬁi%ﬁ;‘@eﬁzation
and improved.compoun teri r unifarmity. 57 WO 2Q08/051275 .
R P b e i B Pty T ooleing
mmnmmca@@w bigh m;gbsgdlﬁtﬁiﬂwnéﬂﬁMBMﬂﬁom the
fonRias.Maleals, ROBLREA LRUIRIN RN med BRI Rl ShRmcD!
vapor deposition 5 In another embodiment of the pgesent applicatiori, one
HrRies eyerisTsT e ysidstbvinant: cEie dryelepmeristuitisdibyehuittimehemical
ORISR f6RBNEE BRQASHIRB. (i aMialvd ResIBG MR HRACIANLEAAPESRIGIY n-butyl

flowed over a heated filament to form precursor species that
%‘Efﬁ%tgquently impinge on the substrate surface, resulting in the deposition

of highPositive resists present a different developing condition. The two regions,
polymerized and unpolyrnerized, have a different dissolving rate. This means that during
the developing step some resist is always lost from the polymerized region. Use of
developers that are too aggressive or that have overly long developing times may result in
an unacceptable thinning of the resist. Two types of chemical developers used with
positive resists in accordance with the present application are alkaline-water solutions and
nonionic solutions. The atkaline-water solutions can be sodium hydroxide or potassium
hydroxide. Typical nonionic solutions include, but are not limited to,
tetramethylammmonimurn hydroxide (TMAH). The rinse chemical for positive-resist
developers is water. A rinse is used for both positive and negative resists. This rinse is
used to rapidly dilute the developer chemical to stop the developing action.

There are several methods in which a developer may be applied to resist in order

to develop the latent image, Such methods inciude, but are not limited to, immersion,
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quality films. HFCVD has been used to grow a wide variety of films,
including diamond, 10 boron nitride, aluminum nitride, titanium nitride,
boron carbide, as well as amorphous silicon nitride. See, for example,

wbDestpemes et al., 1995, J. Appl. Phys. 77, pp. 6534- 6541, wtichsim®e7/006915

%ﬁ%@%ﬂﬁ@f%ﬂﬂﬁ@i@@%&?ﬂﬁﬂ i %&%‘éﬁ%@?xﬁ%@o?ﬁ{g ILsent

pri 15 In another embodiment of the present application, one or more
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portions of an underlying structure through openings in the emulsion on a
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openings in the screen during its horizontal motion. During the last step,
the scré8fT SiNplopaeR, AectriéRataPJasiedifar aaltrsnésghehwaetbehef etching
sesping:-mmrmed 30 the substrate shears, and the printed pattern is
formed on the substrate. The resolution of the process depends on the
openinG& iR A EcreaT IR RET f hareeiasapriinmon. Jpsstistse to be
paneardiieindRb i asaneflindho ML EPleS)8H AW HRA8ERicture is
l}gtgsz?gng §8Iutri§1rs]e%fta %(1)1 can be obta%red. For difficult-to-print pastes, a
A e Pk e S SRS TRR P8 ransirred SsasAm ek dnglirinse
avide speningsteplowever, the resolution of this method is inferior (>500 58
WO 2 7 / 7 15 M). After, printing, the wet films
Ol@?/ %'}rja?o e?cﬁ& op§fgg%9 cj 9%%%3? sc) eﬂfﬁnbgdlmergé oi}?k{% Rs3ERY

are allowed to’settle for a period o e.g., fiteen minutes

- fpplisaraboXFhIE A DitRNE RisvApeTCSingdssled fits o amting. p¥&tespray etching
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shniasuiiing lavarsandesisum dlyhigye@M. One silk-screening

Plasma etching. In some embodiments of the present application, plasma etching
is used. Plasma etching is a chemical process that uses gases and plasma energy to cause
the chemical reaction. Plasma etching is performed using a plasma etcher. Physically, a
plasma etcher comprises a chamber, vacuum system, gas supply, and a power supply.

The structure to be etched is loaded into the chamber and the pressure inside is reduced by
the vacuum system. After the vacuum is established, the chamber is filled with the
reactive gas. For the etching of silicon dioxide, for example, the gas is usually CF, that is
mixed with oxygen. A power supply creates a radio frequency (RF) field through
electrodes in the chamber. The field energizes the gas mixture to a plasma state. In the
energized state, the fluorine attacks the silicon dioxide, converting it into volatiie

components that are removed from the system by the vacuum system.
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setup is the DEK 4265 (Universal Instrument Corporation, Binghamton,

New York). Commercially available inks (pastes) that can be used in the

screen printing include conductive (e.g., Au, Pt, Ag/Pd, etc.), resistive
wiegosRuO2, IrO2), overglaze, and dielectric (e.g., A1203, ZO2)sTten06915s

Conduﬁ“%{&d@%ﬁ&fs@ Dasgs QpnRetahPaHicles S pehcim La-Aids Rd afibr@ince

Pt, or a mixture of these combined with glass. Resistive pastes are based
wittREoRusreBIRriTeTsAREE RIF I 48B! (€ Hone SHIF b Belessnr ks, byhes not

%ﬁ)to-m%f&sé%ﬂéw IS AR URIRad YIRS, abiRehalitoRdaiaiRna @ burces,

IQ|e ectric pastes are based on glass mixtures. Different meltin
ltéhééﬁétiyré%f%%%l%?&%é%mﬁf!ahﬁ%%ﬁfhé’ﬁﬁ?é?ié{gfé’é%‘?HB%%%Péﬁ?@é@ plasma
donexamplerMadayeFungdamenias ebidissofabrication, 15 Second

Edition, CRC Press, Boca Raton, Floyida, 2002, pp.e%54-1§>6, Whgh IS hi
hereby/OThBeABoFiEEgy R HRS R BIFIST RETAYCS U85 SOPEIERTRORL G ehing
aﬂat@é?@epgﬁy&;éermﬁamr@ml dimﬁﬁi of them@f&r:pplnpm dimrtem
more layers of the 20 photovoltajc cells 700 (e.g.,back-electrode 104) ar
G T S REERAL R SEBa G LRSI s S AR e e
iarhtilkdy chanieal iphnadwithoddeplyingaauvnltige tEterktcletsanatiimggon is

baths can.be used to form, Au. Co-P. Cu. Ni i- L P )
SRR R e ST e eni ol e G ARG 0o
it HBCeReesseBooenRiton 2 Bt azthode (ppnadusnelcoitidesisThe
ereby incor t r eIl i .50.
SRRSO ASHEIE PRSI Wl Iith S drbrge The wafers
moteldhye s iy shhaovisiedi baldis thgpare o MRIER PRt AoPIatiAg. the
Ellg&{f&’selﬁ? RAKeSIae N RN3OmRe Glsodyiiasehicling (RAsiions thatiakafer

c

place in electroplating involve current flow under an imposed bias. In

swiiaece B AT IR0 ShegroRsdiaybendadenansbitast satlfmouptidrom the wafer
REPEESS NoBelalcakamtion Miadqiadeiitasag kel srpsMicraiohidchtiovafer

- Second Edition, CRC Press, Bqca Raton, Florida,.2002, pp. 346-357, ... .
WATEHAS ARy A SETE FETN) By IR SR e E gy i
58oW & ZAABIM 1T BEERIRES2007/006915 5.7 Lithographic Etching
Methods In some embodiments of.the present ication,; grog 0
Vio ok A R o e S ARUSENE) NS RS e
etallsrig06 alresuive ion etcher. A reactive ion etcher system combines plasma etching

and ion beam etching principles. The systems are similar in construction to the plasma

systems but have a capability of ion milling. The combination brings the benefits of
chemical plasma etching along with the benefits of directional ion milling, See, Van Zant,
Microchip Fabrication, Fourth Edition, McGraw-Hill, New York, 2000, pp. 256-270,
hereby incorporated herein by reference, for more information on etching techniques and
etching equipment that can be used in accordance with the present application.

Residual layer removal. The result of the etching process described above is the
formation oﬁf grooves (e.g., grooves 292, 204, 296, and 298 of Figure 2). Next, the
residual layer is removed in a process known as resist stripping in order to yield the
patterned structure. In some embodiments, the resist is stripped off with a strong acid
such as H180, or an acidoxidant combination, such as H;S504-Cr204, attacking the resist
but not the groove to yield the fully patterned structure. Other liquid strippers include
organic solvent strippers (e.g., phenolic organic strippers and solventlamine strippers) and
alkaline strippers (with or without oxidants). In some embodiments of the present

application, a dry plasma process is applied to remove a resist. In such embodiments, the
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embodiments, such layers are patterned by semiconductor
photolithographic photoresist 5 coating and optical imaging through an
optical mask, thereby forming grooves (e.g., groove 292, 294, 296, and/or

w2oBusfoigure 2). One form of photolithographic processing iCaacndane®is

paHe R RErsCR ] [RRIISRNIR REINS MH&&%F&?&@%% AEGRISEIANES OFRL plasma

the layer of the photovoltaic cells 700 to be patterned. Resists used to
PR RgRYesRtyRE B BT RIEAVOHED B Gamicosistizeschs resist

apphedchian by sk A rsRne e RORdHB R BBISIARISURYERNASS. In dry
thickness inlgye range of 0.1é)m to 2.0 pm. Furthermore, in some
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m Van Zan icrochip_Fabrigcation, Eor; ition, McGraw-Hill,
i A R i SN e e e T
hrershoiated ntiferynin bomie ierith eaimentSutiemesistitdyeideaheaptiedla

j ' j i jolet or laser sources. In,.som
B 0 R R

litbogaapiioriey iikngsaphyeehassdriarticle-he anehithegiepint, spromiogpusbee
lanighipRyamplen shasgaiie sesishalcan iR SRDIR MatB e resist

layer include, but are not, limited to, azidelisoprené negative resists,
polymethylmethacrylate (PMMA), polymethylisopropyl ketone (PMIPK),

poly-butene-I-sulfone (RISEypiyrtiineroatiaxt chigiracrylate) TFECA,

copolymer-(V-cyanp ethyl late-V-amido ethyl 25 acrylate) (COP),

MRS VR e R —

tbidtimdits ctberestidlayssitme pabiiittasisthd REPeBILIVEITeSBLS a length /
tively, unseluble, After ex 0 the proper light enerqgy,.the resijst

T (L T B R R S A5 Sl oo

photdssbulizenibadidneipesitie gstiotoidsisiteagibdrbemeen witimthend 5,000 mm
B{EE%BQPB'M&Q&'%6%@2?&‘9b8?1’%1§’?9¥$§é’9&¥688{m%"§9 gl g‘g cell unit 270

henol 30 formaldehyde novolak resin. See, for example, Dé ore

Srisrsiist: beruesR 41 mmgerd btk e pRsGraidihil bileveex ko 76d 50 mm.

which ig berridnripsarparatedyelarence 618 '%H‘eltﬁxgagaeéa/uiﬁs?gg&m
embodiments, the resijst layer is LOR OSA, LOR 5 0.7A7 LOR IA, L

RRuss: ko A8 N edOIENE e wiorionsaissaoissini O iossr that is
thaistsetized el yeingt b Yigkitasimiteingsh e 20@8/03d& Mmension 4. In some

gm%gé}g%gn 9 (7}%0&91% &nSgated solar cell unit 270, the longitudinal dimension / exceeds the
width dimension d by at least a factor of 4, at least a factor of 5, or at Jeast a factor of 6.
In some embodiments, the longitudinal dimension / of the elongated photovoltaic device
is 10 centimeters or greater, 20 centimeters or greater, or 100 centimeters or greater. In
some embodiments, the width d (e.g., diameter) of the solar cell unit 270 is 5 millimeters
or more, 10 millimeters or more, 50 millimeters or more, 100 millimeters or more, 500
millimeters or more, 1000 millimeters or more, or 2000 millimeters or more.

The photovoltaic cells 700 of the solar cell units 270 may be made in various ways
and have various thicknesses. The photovoitaic cells 700 as described herein may be

so~called thick-film semiconductor structures or a so-called thin-film semiconductor

Structures.
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After the resist layer has been applied, the density is often insufficient to

support later processing. Accordingly, in some embodiments of the

present application, a bake is used to densify the resist layer and drive off
wesideaksak/ent. This bake is referred to as a softbake, prebakaBberoo6915

post-apply bake. Several methads of baking the resist layer are 5

contemplated by the preseﬁt mgﬁ%ﬁ i GﬁTQE ut not limited to,

convectjon ovens, infrared ovens, microwaye ovens, or:hot plates. See..

for ox e e R o A BRUEY Bh ATt ey

Adlfimgh bpoweeshingoss RO Odteprsd8 <a0h widichdishpgblhisatinoomeatatadr patent

ab irigf o0 i hs%%h%é@iié%%ﬁtf{ﬁ}¥id’§§r‘r‘§ hq it Q@ﬁlpﬁ'ﬁgﬁg{é@@f r\é{&é&ﬁce in

LS ayer, next step Is alignment’and 10 exposure of the resist layer.
inslignimegn farad] exppesgee is, as the name implies, a two- purpose
photorsly g aife.dde hahaat ALY Blignmarh AN GIRSHICARI

the positioning or alignment of the required image on the solar cell

dpdding roe iSaguiiard ePotaHABR APPRIAE & R fraskilag in dheaidinghe
QeI nAgsH I RISt R e MR AP S AP BE FdiRgiatinary Sa R

In the present application, any conventional alignment 15 system can be

wRigationigiare b thethedRima g hinBmeRIG it by MR Vit the full

SQR6E AfinsTsPIeXIRIEY AliinasmseanBifigigrojection Signers, steppers,
step and scan aligners, x-ray aligners, and electron beam aligners. For a

review of aligners that can be used in the present application, see Solid
State Teclznology, April 1993, p. 26; and Van Zant, Microchip
Fabrication, Fourth Edition, McGraw-Hill, New York, 2000, pp. 20 232-24
1, each of which is incorporated herein by reference herein in its entirety.
Masks can be negative or positive. A positive mask (not shown) used to
develop a positive resist would have the opposite pattern of a negative
mask. Both negative masks and positive masks used in the methods of
the present application are fabricated with techniques similar to those
used in 25 wafer processing. A photomask blank, consisting of an opaque
film (usually chromium) deposited on glass substrates, is covered with
resist. The resist is exposed according to the desired pattern, is then
developed, and the exposed opaque material etched. Mask patterning is
accomplished primarily by means of beam writers, which are tools that
expose mask blanks according to suitably formatted biosensor electrode
patterns. In some 30 embodiments electron or optical beam writers are
used to pattern negative masks or positive masks. See for, example,
Levison, Principles of Lithography, SPIE Press, Bellingham, Washington,
200 1, pp. 229-256, which is hereby incorporated by reference herein in
its entirety.
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In one embodiment of the present application, the tool used to project the
pattern 35 of a mask onto a solar cell unit is a wafer stepper. Wafer
steppers exist in two 61 WO 2008/051275 PCT/US2007/006915
configurations, step-and-repeat and step-and-scan. In a step-and-repeat
system, the entire area of the mask to be exposed is illuminated when a
shutter is opened. In a step-and scan system, only part of the mask, and
therefore only part of the exposure field on the solar cell-unit, is exposed
CLAJM& a shutter is opened. The entire field is exposed by scanning 5 mask
and solar cell unit 270 synchronously. See, for example, Levison,
L. A poigicepleapBcoRRBgiHhy, SPIE Press, Bellingham, Washington, 200 1,
pp. 1 33- 174, which is hereby incorporated by reference herein in its | .
entitefSURREIRRBYEE tFbERhAAMARSROMSPAHEPRIFIR the YRSGoE dheifsrr (U

via is coded as a latent image.in resjst as regions of exposed and

| ho“QY_Y?@)@’B%H%éE%?%B%Q@&ﬁQ i‘éiaé%iéﬁ d in the resist by chemical
120 B G PO Rl 1 By STSTRERS BT Er e g of

to deyelop the resist. Development technigues are designped to leave in
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nottgaia el Sacsel d R eament AT e ade gaged in resist is
P O%EOpﬁeh St On P nature S e resists T exposure echanisms.

Negatye.[esigh ! 19£‘u%’f8r°%_%{£ﬁg%fégﬁée9%ﬁ%ﬂh‘ ‘BHQ%Qté%rOC.eSS.Of
polymerization w Ich renders the resist resistant to dissolution in the

o ol The dicsolu ons is i
e R o D e s

Chg%ﬁ%;ﬂéﬁ{%&&g&@[@ %PW?&:’J&EE&? ﬁYQQQ@QI@Q&ﬁ%&QHE&E@MHunction,

xylene or Stoddart solvent. The development step is done with a chemica

whedgVlopsr dollowed Ly Hes &%?%%@VEH&%R%&a?@@éﬂ%%&B?M@%f
oping

usually n-butyl acetate. Positive resists present a different deve

 phot6ONGIaR T Re WA TAHREE cAAYMBTIZRARACHINGY BIRKZEEtRAN Athe second
different dissolving rate. This means that during 25 the developing step

phot§RMeIERsishiSAvRMalastdremiheRalytegEzed region. Use of developers
that are too aggressive or that have overly long developing times may

result in an unacceptable thinning of the resist. Two types of chemical
developers used with positive resists in accordance with the present
2. TiepplisstdihuaiecdiKalinelwetierssobatibpisiaticy obphotiedalistimbis. chhmprises:
alkaline-water solutions can be sodium hydroxide or potassium
a first terminal photovoltaic cell at the first end of said substrate;
a second terminal photovoltaic cell at the second end of said substrate; and
at Jeast one intermediate photovoltaic cell between said first terminal photovoltaic cell and
said second photovoltaic cell, wherein the transparent conductive layer of each intermediate
photovoltaic cell in said at least one intermediate photovoltaic cell is in serial electrical

communication with the back-electrode of an adjacent photovoltaic cell in said plurality of

photovoltaic cells.
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30 hydroxide. Typical nonionic solutions include, but are not limited to,
tetramethylamrnonimurn hydroxide (TMAH). The rinse chemical for
positive-resist developers is water. A rinse is used for both positive and
negative resists. This rinse is used to rapidly dilute the developer
chemical to stop the developing action. There are several methods in
which a developer may be applied to resist in order 35 to develop the
latent image. Such methods include, but are not limited to, immersion, 62
3. Thexola0ed/081 27 518D RYSROET D0 GY1E csppapiduokiipeating thn dptigemenal
development. In some embodiments of the present application, wet
photayelisiosaiber thetbess! seenien psetpREgeel: dry (or plasma)
development is used. In such dry processes, a plasma etcher uses
energized ions to chemically dissolve away either exposed or unexposed
portions of the resist layer. In 5 some embodiments of the present
4. Thaspirsasdniré sise mardhardn hreriscrasnbemny dairersPdeangiper intermediate
purpose of the hard bake is to achieve good adhesion of the resist layer to
photgrel@idesiying layer to be patterned. A hard bake may be accomplished
using a convection oven, in-line or manual hot plates, infrared tunneling
ovens moving-belt convection ovens, vacuum ovens and the Iike

eral hakin erature ba |n Oti sare rovid
5. T b A e B T WAKi A TP S s e o more

hot %gllcatlon dependent. Nomlnal hard bake temperatures are from 130C to
photsy @?or irty minutes in a convection oven. After development, an
etching step is used for patterning. A number of etching methods are
available. 15 Wet etching. In one embodiment of the present application,
6. Thhgoftru QT P gla%gtie (’Oﬁ&é&l ?ﬁ?ﬁgc g\glﬂﬂ: %@R%Hﬁf@es ten or more
spec ic tlme ‘hen the structure is ransferr to a rinse station for acid
photB@@&Y@beﬁQd transferred to a station for final rinse and a spin dry step.
Wet spray etching or vapor etching. In some embodiments of the present
20 application, wet spray etching or vapor etching is used for patterning.
Wet spray etching offers several advantages over immersion etching
7. THEGKGIRG therddedidefiniiercaninediframy tbepnachanisabaressuinieéd ity or mors
spray. In vapor etching, the wafer is exposed to etchant vapors such as
photBveligfiowis acid vapors. Plasma etching. In some embodiments of the
present application, plasma etching 25 is used. Plasma etchlng isa
chemical process that uses gases and plasma energy to cause

8. The solar cell unit of claim 1, wherein the plurality of photovoltaic cells comprises one hundred

or more photovoltaic cells.

9. The solar cell unit of claim 1, further comprising a transparent tubular casing that is
circumferentially disposed onto the transparent conductive layer of all or a portion of the

photovoltaic cells in said plurality of photovoltaic cells.

10. The solar cell unit of claim 9, wherein the transparent tubular casing is made of plastic or glass.
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the chemical reaction. Plasma etching is performed using a plasma

etcher. Physically, a- plasma etcher comprises a chamber, vacuum

system, gas supply, and a power supply. The structure to be etched is

loaded into the chamber and the pressure inside is reduced by the

vacuum system. After the vacuum is established, the chamber is filled with

the 30 reactive gas. For the etching of silicon dioxide, for example, the gas

is usually CF4 that is mixed with oxygen. A power supply creates a radio

frequency (RF) field through electrodes in the chamber. The field

energizes the gas mixture to a plasma state. In the energized state, the
11. THeonie cettaniisofasin Coivhrsrin she BAvEIHSHLItURKAY GRIHIE “OBRpSticHigninosilicate

that are removed from the system by the vacuum system. 63 WO ,
glassppesiERE7E PE TS0 61t BN A REERITSNF BF Besi g Rt Aeamic,

may be used to perform etching, in accordance with various embodiments
siticagsy e plicar Rl g pRGR B SIRT UM L RS BE| PGP ISP Ri &L, [Tuoride glass,

_barrel etchers, plasma planar systems, electron cyclotron resonance '

flint %léﬁ%c‘érs‘fml"rﬂjﬁjcfé??éity'reflected electron sources, helicon wave sources,

inductively-coupled plasma 5 sources, and transformer coupled plasma

sources. lon beam etching. Another type of etcher that may be used to

erform the etchg%? .of %%aceri accordanc t\}/l\{:ifiﬁa\r/acg%s g&%e%ts% So;i ﬁ}gthane
12. Tg?esé’é?ﬁc BiERoHIIon BREH etening Uhiike Chemical plasma syatems.
ion beam etching is a sical process..The strugture to he etched i e
POl SO ARG & Lo DRl Ceps AR G SHEE & polyamide, o o
of (i)?é%%duced into the chamber. Upon entering the chamber, the argon is
POIYS Jécted to a stream of high-energy electrons from a set of cathode
(-)-anode (+) electrodes. The electrons ionize the argon atoms to a
high-energy state with a positive charge. The wafers are held on a

13 TIELRIVE M aroups giﬁxod:‘?'%Fh%?@ﬁ?ﬁﬁ@&ﬁ&?&éﬁ%@&aé@é%&h%%ré&the

argon atoms travel to the wafer holder they accelerate, picking up energy.

, ashd f o
po;@éwMQE%ﬁéwmﬂ%gméMQ%@W,@Eﬂ%@ angkBlastEva),

amounts from the wafer” surface. No chemical reaction takes place

perIRGRVARR NG SFARBHOTPB RN H s WadRE-IMRiE Ry A0 1BRIEFEKIeRMMRbpylene (PP),

(etching)’is highly directional (anisotropic), resulting in good definition in

polySMAlAReRINas R e I el hinigcratianipy e BT EENE6Aah halloride

be used to perform the 20 etching is a reactive ion etcher. A reactive ion

(PVEIhestysiemdaeanbires pl@smeFgtching and ion beam etching principles.

The systems are similar in construction to the plasma systems but have a
capability of ion milling. The combination brings the benefits of

14. The solar cell assembly of claim 9, a luminal or an exterior surface of said transparent tubular

casing is coated with a fluorescent material.
15. The solar cell unit of claim 1, wherein the substrate comprises plastic, metal or glass.

16. The solar cell unit of claim 1, wherein the substrate comprises a urethane polymer, an acrylic

polymer, a fluoropolymer, polybenzamidazole, polymide, polytetrafluoroethylene,
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chemical plasma etching along with the benefits of directional ion milling.

See, Van Zant, Microchip Fabrication, Fourth Edition, McGraw-Hill, New

York, 2000, pp. 256-270, 25 hereby incorporated herein by reference, for

more information on etching techniques and etching equipment that can

be used in accordance with the present application. Residual layer

removal. The result of the etching process described above is the

~ formation of grooves (e.g., grooves 292, 294, 296, and 298 of Figure 2).

polyethrigiherietoasiaahimss 19t ?-na\?éa—lms&dp?ee%@ﬂaakxﬁyag%wgmﬁ%ﬂg

in order to yield the 30 patterned structure. In some embodiments, the,.
polystyEans @&Wﬁﬁﬁeﬂ%ﬁhﬁ%@tr@%&%&erﬁuBﬂlé’%tglf%@ﬂaé‘)‘?y P Ltine-styrene,

combination, such as HZS04-Crz03, attacking the resist  but not the
poly GRS BB s B s OGP GE TP e etlse aceace
_ .. aorganic solvent stri pers%ie.%., %E?enolic organic strippers and
rigid QBWePr‘ﬁé‘ﬁ‘iiﬁ%ds“Wﬁé’gé&F AH Rk ATe strippers (with or without oxidants).

In some embodiments of the present 35 application, a dry plasma process

is applied to remove a resist. In such embodiments, the 64 WO

2008/051275 PCT/US2007/006915 patterned solar cell unijt ' e
17 T 9 B P 16 SR T P e Pt L a2 FACE Sorosilcate

glass,g%%r@g)gc tq 3 hl%%rr]rr?a{]nei{i /ssgr%%bl\{mi&gr 'ﬂ#ﬁf%%@

'9. gtﬁ@%ifﬁ:ﬁ@fused silica glass, soda
hetst gases that are removed frohT the c%amlb’er by the vacuum &

lime g?gsrypu@g?%{ﬁ”@ﬁ?{%&%&ﬁ%ﬂ?&s %@%Q¥1%§r9 y@é’s‘gb@é@%henolic, flint
requency, or uftraviolét-ozone 5 sources. More information on
lass phogorg%@é) Qic processes that can be used to pattern - photovoltaic units

Bas8, 2 s found in Madou, Fundamentals of Microfabrication, Second
Edition, CRC Press, Boca Raton, Florida, 2002, pp. 2-65; and Van Zant,
Microchip Fabrication, Fourth Edition, McGraw-Hill, New York, 2000,

18. TRAgh Al whighdshesehy , weerparatedbiraiaransaiiaisin it iie Aot shape.
Such methods include the use of a 10 positive photoresist rather than a
negative photoresist as well as extreme ultraviolet lithography, x-ray
lithography, charged-particle-beam lithography, scanning probe

19. Ththeasaphy usp i ithaaraphynarshtiiesndimensianalijhegrapihia mthbdgassed
5.8 EXEMPLARY DIMENSIONS 15 As illustrated in Figure 2K, a solar cell

throug QfasBsiength | that is great compared to the width of its cross-section.
In some embodiments, the solar cell unit 270 has a length | between 10
millimeters (mm) and 100,000 mm and a width d between 3mm and
10,000 mm. In some embodiments, a solar cell unit has a length |

20. ThetwrenelQmino tuiaih, 000wheeiardid fuittisdibetwgamiy gam arfbivoo0
mm. In some embodiments, a solar cell unit 270

21. The solér cell unit of claim 1, wherein the substrate comprises a rigid solid rod.

22 The solar cell unit of claim 1, wherein the back-electrode of a photovoltaic cell in said plurality
of photovoltaic cells is made of aluminum, molybdenum, tungsten, vanadium, rhodium, niobium,
chromium, tantalum, titanium, steel, nickel, platinum, silver, gold, an alloy thereof, or any

combination thereof.
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20 has a length 1 between 40 mm and 15000 mm and a width d between
10 mm and 50 mm. In some embodiments, a solar cell unit 270 may be
elongated as illustrated in Figure 2K. As illustrated in Figure 2K, an
elongated solar cell unit 270 is one that is characterized by having a
longitudinal dimension 1 and a width dimension d. In some embodiments -
of an elongated solar cell unit 270, the longitudinal dimension | exceeds
the 25 width dimension d by at least a factor of 4, at least a factor of 5, or
at least a factor of 6. In some embodiments, the longitudinal dimension 1

SR T T LT T P—

embaodiments, the width.d (e.q., diameter) of the solar cell unjt 270 is 5 ..

of PO o LA £0 MIRGILHG D A M IbAS BB ped

.. mjllimeters or more, 500 3Q millimeters.qr mare, 1000 millimeters qr .
X R o G R B R B o R Sl B AR S s S, fope zine

. cell units. 270 may be made in varioys dh ri tacke 4
o0 RS T S BIOVOIEA BT 700 a5 et Ruleinrhay Bl filed ovide 2

.so-called thick-film I C : - n-film:
o R o SO AR A B B .«

cond ctﬁgﬁg}%@egg&ﬁgﬁpﬁg%@ferences cited herein are incorporated

erel rence In their entirety and for all purposes to the same
extent as if each individual publication or patent or patent application was
specifically and individually indicated to be incorporated by reference in 5

24, Tie entirety;forall RuipasesyHManymaditicaticnsanmyaiations otbittaic cell in said

application can be made without departing from its spirit and scope, as

pluraffil BRARMANIQINoseskilled imtheoprhcTibe, Shasiipuapibadimentsace junction, a
described herein are offered by way of example only, and the application

buriel® 18R Iviles ap-hydheiteresohiieappented claims, along with the
full 10 scope of equivalents to which such claims are entitled. 66
CLAIMS: 1. A solar cell unit comprising: (A) a substrate having a first end
and a second end, wherein the substrate is either (i) hollowed cylindrical
25. Tshaped el(iiha vfjitkialid vodreindhe transparent conductive layer of a photovoltaic cell in
said plurality of photovoltaic cells comprises carbon nanotubes, tin oxide, fleorine doped tin oxide,

indium-tin oxide (ITOY), doped zine oxide, aluminum doped zinc oxide, gallium doped zinc oxide,

boron dope zinc oxide indium-zinc oxide or any combination thereof or any combination thereof.

26. The solar cell unit of claim 1, wherein said semiconductor junction of a photovoltaic cell in said
plurality of photovoltaic cells comprises an absorber layer and a junction partner layer, wherein said

junction partner layer is circumferentially deposed on said absorber layer.

27. The solar cell unit of claim 26, wherein said absorber layer comprises copper-indium-gallium-

diselenide and said junction partner layer comprises In;Ses, InzS;, ZnS, ZnSe, CdlnS, CdZnS,
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(B) a plurality of photovoltaic cells linearly arranged on said substrate, the
plurality of photovoltaic cells comprising a first photovoltaic cell and a
second photovoltaic cell, each photovoltaic cell in said plurality of
photovoltaic cells comprising: a back-electrode circumferentially disposed
on said substrate; a semiconductor junction layer circumferentially
disposed on said back-electrode; and a transparent conductive layer

circymferentj Il(jgs osed,o i sem'coné: ctor junction, wherein the
Znlnodeen Bél?gﬁx oﬁ)’{ Cl%@ Fa%é@ o?trkgé’ﬂor% S g\‘/]o faic cell in said plurality of

photovoltaic cells is in serial electrical communication with the
back-electrode of the second photovoltaic cell in said plurality of
hotovaltaic cells. 2! hesolancell i halimutsnherein Sald BIuIANY 6o
28, TIP splar cell unitof claim 1, wheréin al il %u plifotavoltaic cells
p otovoitaic cells comprises: a first terminal photovoltaic cell at the first

furthef 08 OfI%SaéQa%ulg%&s%%%@é@&?&&@@ﬁ@gﬁpﬁg \oliaf 6lLahieaa58Pslnction of the

en said substrate; and at least one intermediate photovoltaic cell

%‘Qﬁ%%@i?%‘a {UsLigrainalRboiye E@fﬁﬁ&q\@qg}/é‘%@ tﬁ@%@@%{m%&v@l@§disposed

hotopg . ] )
P ce'l,whereln the transparent conductive layer of each intermediate

on saiRRQiqupkaic. egllin said at least one intermediate photovoltaic cell is in
serial electrical communication with the back-electrode of an adjacent
photovoltaic cell in said plurality of photovoltaic cells. 67 3. The solar cell
unit of claim 2, wherein the adjacent photovoltaic cell is the first terminal
29. TRhQInvelaighelnibe Secanddartunatmhatqyvaliaiemptisds hendopad cethsparent
unit of claim 2, wherein the adjacent photovoltaic cell is another
oxideintermediate photovoltaic cell. 5. The solar cell unit of claim 1, wherein
the plurality of photovoltaic cells comprises three or more photovoltaic
cells. 6. The solar cell unit of claim 1, wherein the plurality of photovoltaic
cells comprises ten or more photovoltaic cells. 7. The solar cell unit of
30. Théaiotal cether@inftbieipl 2% lihotplbtontiiaic dejis comprisesfiftyred mosexide.
photovoltaic cells. 8. The solar cell unit of claim 1, wherein the plurality of
photovoltaic cells comprises one hundred or more photovoltaic cells. 9.
The solar cell unit of claim 1, further comprising a transparent tubular ‘
- 31. Thasiie thak isitoodaite tefitiis axpprsas b ipeleen shtrsmissrdtienvally disposed
layer of all or a portion of the photovoltaic cells in said plurality of i
onto fhadrensslesteiciptuctive layer o all or a portion of the photovoltaic cells in said plurality of

photovoltaic cells; and a transparent tubular casing that is circumferentially disposed on said filler

layer.

32. The solar cell unit of claim 31, wherein the f{iller layer comprises ethylene vinyl acetate (EVA),
silicone, silicone gel, epoxy, polydimethyl siloxane (PDMS), RTV silicone rubber, polyvinyl
butyral (PVB), thermoplastic polyurethane (TPU), a polycarbonate, an acrylic, a fluoropolymer, or a

urethane.

33. The solar cell assembly of claim 31, wherein said filler layer is coated with a fluorescent

72



10. The solar cell unit of claim 9, wherein the:transparent tubular casing is
made of plastic or glass. 68 11. The solar cell unit of claim 9, wherein the
transparent tubular casing comprises aluminosilicate glass, borosilicate
glass, dichroic glass, germanium/semiconductor glass, glass ceramic
silicate/fused silica glass, soda lime glass, quartz glass,
chalcogenide/sulphide glass, fluoride glass, flint glass, or cereated glass.
12. The solar cell unit of claim 9, wherein the transparent tubular casing
matert‘"%mpris.es a urethane 7 polymer, an acrylic polymer, a fluoropolymer, a
silicone, a silicone gel, an epoxy, a polyamide, or a polyolefin. 13. The-
solar cell unit of claim 9, wherein the transparent tubular casing comprises

34, T&%tpeth I % Jat i’f uoroafg(%lg(?;r}/ ud(;g(]) ?:ta l Sll%é%%%l %?dt is c\frcumfercntially
lyeth PEX |
et ey

piuralg1 Loer rRE?y V]pg}nc C QRQ | mmﬂﬁ&? gﬁ?% & \é%@ %&ti@&éﬂiﬂfe‘?&ibd ty disposed on

aim an exterior surface of said transparen
lar coated with a fluorescent material. 15. The solar cell unit
said &%%#é%ﬁ%%%%{?i%%m the substrate comprises plastic, metal or glass. 16.
The solar cell unit of claim 1, wherein the substrate comprises a urethane
polymer, an acrylic polymer, a fluoropolymer, polybenzamidazole,
35, TROWRidepelytetatiuemethyiens. B9 RelyetbasptnareiQRfprises clear silicone, SiN,
polyamide-imide, glass-based phenolic, polystyrene, cross-linked
Si0NQlyRtYrene, nolyesias pehicrHronatgerolyethylene, polyethylene,
) acrylonitrile-butadiene-styrene, polytetrafluoro-ethylene,
polymethacrylate, nylon 6,6, cellulose acetate butyrate, cellulose acetate,
rigid vinyl, plasticized vinyl, or polypropylene. 17. The solar cell unit of
36. Takd1ak calhergin tbrisubsiratereonmfiiseseimminasiidatecoi@sbon said water resistant
borosilicate glass, dichroic glass, germanium/semiconductor glass, glass
layerceramic, silicate/fused silica glass, soda lime glass, quartz glass,
chalcogenide/sulphide glass, fluoride glass, a glass-based phenolic, flint
glass, or cereated glass. 18. The solar cell unit of claim 1, wherein the
substrate is tubular hollowed cylindrical shape. 19. The solar cell unit of
37. Tokainiat@eilbeiedd ¢chénsabsthtesis torfigoresdass nhetief| tidapnsagstvated zine sulfide
through said substrate. 20. The solar cell unit of claim 19, wherein said
(ZnSfiio, i izer-svsitertediniogevlfide K& A 2 ZiT e I Semcadm i i flgi A nS:Cds),

wherein the substrate comprises a rigid solid rod.
strontium aluminate activated by europium (SrAlO.sub.3:Eu), strontium titanium activated by

praseodymium and aluminum (SiTiO3:Pr, Al), calcium sulfide with strontium sulfide with bismuth
((Ca,S1)S:Bi), copper and magnesium activated zinc sulfide (ZnS:Cu,Mg), quantum dots of CdSe, a
stilbene, trans-1,2-diphenylethylene, or (E)~1,2-diphenyiethene, umbelliferone (7-hydroxycoumarin,

or any combination thereof,

38. The solar cell unit of claim 1, further comprising: a transparent tubuiar casing that is

circumferentially disposed onto the transparent conductive layer of all or a portion of the
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22. The solar cell unit of claim 1, wherein the back-electrode of a
photovoltaic cell in said plurality of photovoltaic cells is made of
aluminum, molybdenum, tungsten, vanadium, rhodium, niobium,
chromium, tantalum, titanium, steel, nickel, platinum, silver, gold, an alloy
thereof, or any combination thereof. 70 23. The solar cell unit of claim 1,
wherein the back-electrode of a photovoltaic cell in said plurality of
photovoltaic cells is made of indium tin oxide, titanium nitride, tin oxide,
photoygBgisedisiesaihp ity 6 pReoTRkdsicrSafd AL AR HERed ¥ntoakite,
. gallium doped zinc oxide, boron dope zinc oxide indium-zinc oxide, a
Cifcﬁﬁf@f%éﬁl@é’rbéﬁnﬂ%?a&fﬂF@ddéﬁ?ﬂé?aéeafébh‘i‘ﬂé!%% black-filled oxide, a
carbon black-carbon black-filled oxide, a superconductive carbon '
black-filled oxide, an epoxy, a conductive glass, or a conductive plastic.
24. The solar cell unit aof claim 1, wherein the semiconductor juncti fa..
39, T BT SR SHh0 DI o BAOBOOTE TR E A REea e Silicone
i homo'.uncti.onta h tero'unctior&éa het]eroface ijélengggp, a buried
mtratﬁo%ﬁbﬁgﬁ%%fﬁi}u RBEH Gr & tANGERMinEtion. 25. The solar cell unit
of claim 1, wherein the transparent conductive layer of a photovoltaic cell
in said plurality of photovoltaic cells comprises carbon nanotubes, tin
s0. TSR, TURNING doREA N QiR BTN, anide R dostpina gde.
aluminum doped zinc oXide, galliunt dopé&d zinc oxide, boron dope zinc
circu O)felsgﬁ?n NAVM-ZING PXIde | %%Xs@?m @%%&%rﬁ%ﬂgfﬁﬁy&@gmﬂai%the
Iﬁ}]ereof 6. The solar cell unit of claim 1, whereiri said semiconductor
phordYAEAIGARN HRARIBHAILAG 68 b SRIchaRLiILY Of photovoltaie cells
comprises an absorber layer and a junction partner layer, wherein said
junction partner layer is circumferentially deposed on said absorber layer.
27. The solar cell unit of claim 26, wherein said absorber layer comprises
41, THORREIRMIM-gallivm- Adiseienide @pd SaldiliaciR RAENINBYI8Es MgF,, silicone
comprises In2Se3, In2S3, ZnS, ZnSe, CdInS, CdZnS, 71 ZnIin2Se4,
nitra€NeaX Mg BieGd S BaRmE Qi dZ Q2 sBidapedidnxra8. The solar cell unit
of claim 1, wherein a photovoltaic cell in said plurality of photovoltaic cells
further comprises an intrinsic layer circumferentially disposed on the
semiconductor junction of the photovoltaic cell and wherein the :
42. Tikasspareneandutiive layereadithelphatoyitadcsorl isldispesederon caitineters and
the intrinsic layer. 29. The solar cell unit of claim 28, wherein the intrinsic
300 dayehemprises an undoped transparent oxide. 30. The solar cell unit of
claim 28, wherein the intrinsic layer comprises undoped zinc oxide. 31.
The solar cell unit of claim 1, further comprising: a filler layer that is

circumferentially disposed
43. The solar cell unit of claim 1, wherein a length of said solar cell is between 2 centimeters and 30

centimeters.

44, The solar cell unit of claim 1, wherein a length of said solar cell is between 30 centimeters and

300 centimeters,

45. A solar cell assembly comprising a plurality of solar cell units, each solar cell unit in the
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onto the transparent conductive layer of all or a portion of the photovoltaid
cells in said plurality of photovoltaic cells; and a transparent tubular
casing that is circumferentially disposed on said filler layer. 32. The solar
cell unit of claim 31, wherein the filler layer comprises ethylene vinyl
acetate (EVA), silicone, silicone gel, epoxy, polydimethyl siloxane
(PDMS), RTV silicone rubber, polyvinyl butyral (PVB), thermoplastic
polyurethane (TPU), a polycarbonate, an acrylic, a flupropolymer, or a
plurslipethaler od! wies Serpe ea?§’§I§FHEﬂ3PB¥®éﬁ¥@3%‘;MH’é?Q i fillhgagasoler cell
is coated with a fluorescent 72 material. 34. The solar cell ynit of claim 1,
units et PEERSHShte & RelteiiBsstARangRt thapnagptimieiaMnyaid solar cell
disposed onto the transparent conductive layer of all or a portion of the
tovoltaic cells in said plurality of photovoltaic cells; and a transparent
tubular casing that is circumferentially disposed on said water resistant
layer. 35. The solar cell unit of claim 34, wherein the water resistant layer
comprises clear silicone, SiN, SIOXNY, SiOX, or A1203, where x and y
46. A e el aPSBRIMIEBEIEP LRl unit of claim 34, wherein a fluorescent
material.is (ﬁoate n saig water regigt nt Iﬂyer. 37. Th(ﬁ SO

[l unit . .
as%l’uw B QSR S aroe unit i the & \L/lg&fel d‘,rr 8%0[1@'%%1%&5 having

s, €20
R At copper-a Zinc su

the stét% 1%:6((; c@&% l:s\é?é_é%:c’étlilvgt%%do% ic gisu{fid ?e’h? s@‘g%)(é{fg %ﬁ?iflg%aﬁ%gmg‘f@ of solar cells

LW
n strontium animinate act y europium

o AR AL AP SRS, s i
| Bi i ivated zinc sulfid
array%@%%%Q%@E%@Qs%%%ﬂ%%@?%@agneS'Um activated zinc sulfide

g), quantum CdSe, a stilbene,

gﬁpﬁgﬂ;&gyfg@gﬂgﬂg&@ wiedinhepy atene, LRRelfien @ or in the

tr -
(7% ydroxycoumarin, or any combination thereof. 38. The solar cell unit of

plurafit3 67 thedHIED R ARQPBRY IR 1BER A RNASRARI th DAL 88 tNRY Ighd second solar cell unit
circumferentially disposed onto the transparent conductive layer of all or a
in saidiieNiaf dpeioh3 RhO YR taitGRlls n-saldatitaliyeé phatonolaie eals from the
and an antireflective coating circumferentially disposed on said
respelf@RSPABAL FohubasGasiTRcal. chtetheledealbormitnf Gainnd8emheingard solar cell.
antireflective coating comprises MgF2, silicone nitrate, titanium nitrate,
silicon monoxide, or.silicone oxide nitrite. 40. The solar cell unit of claim 1,
- further comprising: an antireflective coating that is
47. The solar cell assembly of claim 46, further comprising: (C) a transparent electrically insulating

asse.

substrate that covers all or a portion of said first face of said planar array.

48. The solar cell assembly of claim 47, further comprising: (D) a transparent insulating covering
disposed on said second face of said planar array, thereby encasing said plurality of elongated solar
cells between said transparent insulating covering and said transparent electrically insulating

substrate.

49, The solar cell assembly of claim 48, wherein said transparent insulating covering and said
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circumferentially disposed onto the transparent conductive layer of all or a
portion of the photovoltaic cells in said plurality of photovoltaic cells. 41.
The solar cell unit of claim 40, wherein the antireflective coating comprises
MgF2, silicone nitrate, titanium nitrate, silicon monoxide, or silicone oxide
nitrite. 42. The solar cell unit of claim 1, wherein a length of said solar cell
is between 2 centimeters and 300 centimeters. 43. The solar cell unit of
claim 1, wherein a length of said solar cell is between 2 centimeters and -
transiggedpsipftiRgsuletraty are SRIKEIIRESTST Blatictiaiherein a length of said
solar cell is between 30 centimeters and 300 centimeters. 45. A solar cell
assembly comprising a plurality of solar cell units, each solar cell unit in

the 74 plurality of solar cell units having the structure, of the solar cell unj
50. Ty k2] RO S CB uP ST SR SRy SOl S B 2V A
... arranged in coplanar rows.to form said so mhbly. 46. A solar, . .
R e e SO SR s
it in_the, plurality of solar cell uni ing _the structure of the solar cell .
eGP T RRSHE A CHP BT GG B SLFATLF o SBr R ymer. o 3

are geometrically arranged in a parallel or a near parallel manner thereby
ureth?&%ing a planar array having a first face and a second face; and (B) a

plurality of internal reflectors, wherein each respective internal reflector in

the plurality of internal reflectors is configured between a corresponding

’ 51. Tﬂ%sé 3 rdcgﬁ %9&%%%!%@ %?Alﬁi%, i&lﬁ?@n‘ﬁﬁ@ﬁ%’%@@ﬁ%@é@'%IQ_PH&IS is configured

sucﬁt at a portionof the solar light reflected from'the respective internal
to red SUEHRL lﬁﬁ%‘ﬁ{%ﬁ@%&ﬁ&%ﬁe&ﬁl?ﬁ%‘ﬂéy%é'ﬁ%x%ecﬁe 5k690931Edid second face
solar cell. 47. The solar cell assembly of claim 46, further comprising: (C)
of saft BREPaKENT electrically insulating substrate that covers all or a portion of
said first face of said planar array. 48. The solar cell assembly of claim 47,
further comprising: (D) a transparent insulating covering disposed on said
second face of said planar array, thereby encasing said plurality of
52, TelongatedipRlamee)ls hehivees, Taithtianspateihkinsulatiog oftedngugiched to reflect
said transparent electrically insulating substrate. 49. The solar cell
sunlighskimebhe ofl wlding 48soldrerginusasd transparent insulating covering and
said 75 transparent insulating substrate are bonded together by a
sealant. :

53. The solar cell assembly of claim 52, wherein the albedo surface has an albedo that exceeds 80%.

54. The solar cel assembly of claim 46, wherein a first solar cell unit and a second solar cell unit in

the plurality of solar cell units is electrically arranged in series.

55. The solar cell assembly of claim 46, wherein a first solar cell unit and a second solar cell unit in

the plurality of solar cell units is electrically arranged in parallel.

56. A solar cell assembly comprising:
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50. The solar cell assembly of claim 49, wherein said sealant is ethylene
vinyl acetate (EVA), silicone, silicone gel, epoxy, polydimethyl siloxane
(PDMS), RTV silicone rubber, polyvinyl butyral (PVB), thermoplastic
polyurethane (TPU), a polycarbonate, an acrylic, a fluoropolymer, or a
urethane. 51. The solar cell assembly of claim 46, wherein said plurality of
elongated solar cells is configured to receive direct light from the direction
of said first face and from the direction of said second face of s id‘glan r

arkhy e3urely SRAIHAPL LIS SRPDPURTEU ST NEF B RGSglT cell units having

albedo surface positioned to,reflect sunlight jnto the plurality. of solar ce
the SRR T D N GESRATBh) oF BT 39t GRERIB SR EHagotar cels
.. has an albedq that exci?eds 80% élgﬁ.a'l;]réersol%ﬁigfall ggsg%b%gf %airpn46, lanar
units GiE SROMATRAY L BILTEEN UHiPARa B Seond sofar cell dnitin the plurality-of ©
olar ceI%uni is el ctricalll%1 %ggg_nged in series. 55. The solar cell

arra AVI IS CE an: Seco R .
Y sser%f')lly o% daim , Whereln a’first solar cell unit and a second solar cell

unit,in. the plurali | | units i ically in patallel eS8 first £
A ot Sy sl R Gy fist face
of saiﬁg:}ﬂ{n% it in ghe plurality of solar cell units having the structure of the

solar cell uniit of claim 1, wherein solar cell units in said plurality of solar

cells) LRISAreHEpmelicaly ArApIRth R RaralieleraaeaRAebianar array,

manner thereby forming a planar array having a first face and a second
therefRCictBha ANSRAKER SfedHsAlY Wsstialing uhetateithabopress alkokfing covering
portion of said first face of said planar array; and (C) a transparent

and sHiIS\WatinGcaverpgidisp esadansaitssaeand face of said planar array,
thereby encasing said plurality of elongated solar cells between said

transparent insulating covering and said transparent electrically insulating
substrate. 57. The solar cell assembly of claim 56, wherein said

57. Thasspawtinsuiadtingretiarify ehdrsaidaitansparent imsulating substratad said
are bonded together by a sealant. 58. The solar cell assembly of claim 57,

transidnereinsshitingealsntis ethplenkedingtteeisye @EMAY, silicone, silicone gel,
epoxy, polydimethyl siloxane (PDMS), RTV silicone rubber, polyvinyl
butyral (PVB), thermoplastic polyurethane (TPU), a polycarbonate, an
acrylic, a fluoropolymer, or a urethane. 59. The solar cell unit of claim 1,

58. Tiwheokincaltraasepdipf chmudutiveryay $aid shlorvs Hivleet sl pitiesitEVA),
of photovoltaic cells is coated with a fluorescent material.

silicone, silicone gel, epoxy, polydimethyl siloxane (PDMS), RTV silicone rubber, polyvinyl

butyral (PVB), thermoplastic polyurethane (TPU), a poltycarbonate, an acrylic, a fluoropolymer, or a

urethane.

59. The solar cell unit of claim 1, wherein a transparent conductive layer in a photovoltaic cell in a

plurality of photovoltaic cells is coated with a fluorescent material.

60. The solar cell unit of claim 59, wherein the fluorescent material is copper-activated zinc sulfide

(ZnS:Cu), silver-activated zinc sulfide (ZnS:Ag), zinc sulfide, cadmium sulfide (ZnS:CdS),
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60. The solar cell unit of claim 59, wherein the fluorescent material is
copper-activated zinc sulfide (ZnS:Cu), silver-activated zinc sulfide
(ZnS:AQ), zinc sulfide, cadmium sulfide (ZnS:CdS), 77 strontium
aluminate activated by europium (SrAlO3:Eu), strontium titanium activated
by praseodymium and aluminum (SrTiO3 Pr, Al), calcium sulfide with
strontium sulfide with bismuth ((Ca,Sr)S:Bi), copper and magnesium

R e S TS

strontiy héne, ‘imbeliferone

e s A AR S el S S i

PR B SR e
portlon ld sub a flr onduc nc R

stilbeng, L{a0 mh%na ggs%h Q‘Zj;?; S% hel &F]e%tro d%%ég}éggc)ﬁ% hydroxycoumarin,

or an }ggnsg <§ %ga%ugtlve layer cwcumferentlally disposed on said first

uctorJunctlon and (C) a second photovoltaic cell comprising: a
second back-electrode circumferentially disposed on a second portion of
said substrate; a second semiconductor junction layer circumferentially

) & d back-electrode; and a second transparent
6. Aégnductg/@qay%g%?rcﬁ%iferentially disposed on said second

th Kg%o&%%ﬁ% nctionuwhemindithadiss nhoiaxetais heldrsAadiageaiqi) a rigid

econd photovoltalc cell; 78 (ii) the first transparent conductive layer
solid &n serial electrical communication with the second back-electrode; (iii)
the’ first transparent conductive layer is electrically isolated from the

q@?qdfltg Q@gﬁ&&q&ﬂ%&ﬂgﬁgr and (iv) the first back-electrode is
electrically isolated from the second back-electrode. 62. A method
comprisipg;-Rassingiacilaie throwg erstkIsidigosddarein first portion of said substrate;

a first semiconductor junction layer circumferentially disposed on said first back~
electrode; and

a first transparent conductive layer circumferentially disposed on said first
semiconductor junction; and

{C) a second photovoltaic cell comprising:

a second back-electrode circumferentially disposed on a second portion of said
substrate;

a second semiconductor junction layer circumferentially disposed on said second
back-electrode; and

a second transparent conductive layer circumferentially disposed on said second
semiconductor junction; wherein

(i} the first photovoltaic cell is adjacent to the second photovoltaic cell;
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(A) said substrate has a first end and a second end, wherein the substrate
is hollowed cylindrical shaped; and (B) a plurality of photovoltaic cells are
linearly arranged on said substrate, the plurality of photovoltaic cells
comprising a first photovoltaic cell and a second photovoltaic cell, each
photovoltaic cell in said plurality of photovoltaic cells comprising: a
back-electrode circumferentially disposed on said substrate; a
semiconductor junction layer circumferentially disposed on sajd

back-eldéirSusciihtaniparsb apet bRy iy ahelsrivisd srapunication with

disposed on said semiconductor junction, wherein the transparent
the sceeitderaiveltalied®f the first photovoltaic cell in said plurality of
photovoltaic cells is in serial electrical communication with the from th 4
back-eldétndte BsteassRasa PROGUSRAL TR FLFSIIGARL gy rom the secon
photovoltaic cells. 63. The method of claim 62, wherein said fluid is air,
transpETe CORtRSEER BYFetitin. 79

(iv) the first back-electrode is electricaily isolated from the second back-electrode.

62. A method comprising:
passing a fluid through a substrate, wherein
(A) said substrate has a first end and a second end, wherein the substrate is hollowed
cylindrical shaped; and
(B) a plurality of photovoltaic cells are linearly arranged on said substrate, the
phurality of photovoltaic cells comprising a first photovoltaic cell and a second photovoltaic cell,
éach photovoltaic cell in said plurality of photovoltaic cells comprising:
a back-electrode circumferentially disposed on said substrate;
a semiconductor junction layer circumferentially disposed on said back-electrode; and
a transparent conductive layer circumferentially disposed on said semiconductor junction,
wherein the transparent conductive layer of the first photoveltaic cell in said plurality of
photovoltaic cells is in serial electrical communication with the back-electrode of the second

photovoltaic cell in said plurality of photovoltaic cells.

3. The method of claim 62, wherein said fluid is air, water, nitrogen, or helium.
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