MONOLITHIC INTEGRATION OF NONPLANAR SOLAR CELLS CROSS REFERENCE TO
RELATED APPLICATION  This application claims priority to U.S. Patent Application No. ‘
111378,835 entitled "Monolithic Integration of Cylindrical Solar Cells," filed on March 18, 2006, which
is hereby incorporated by reference herein in its entirety. I. FIELD  This application relates to solar

cell assemblies for converting solar energy into electrical energy and more particularly to improved
solar cell assemblies. ¥ B k%ﬁ%ﬁ%%hgg}gpgeﬁﬁlrﬁﬁg“@%ﬁgﬁ\% igﬁgﬁsas separate physical

entities with light gathering surface areas on the order of 4-6 cm2 or larger. For this reason, it is
standard practice for powerensserERppIRTonR ID AT AR bEHT IO flat array on a supporting
substrate or panel so that their light gathering surfaces provide an approximation of a single large light

gathering surface. Al SAPRISWAR K EEN RLUIPGENeT 2t BEBARPLEHEINM YRt S SBIES the required
voltage and/or ¢usesittsreakzanihyf Dittrddnhddtrteths telsoMietdfapin. alseries and/or parallel

matrix. A c%yg,ﬁm#oqggg Atsolarcellsticiugiissshown 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 gapFi&itérial to absorb light are typically configured as

"thick-film" solar cells %%pau e a thick film oré_he absorber layer is required to absaorb a sufficient
? I?ﬁﬁﬁﬁ?&égg%ﬂ%é e % ghrgef%‘fr%einttﬁpicalIy configured

amount of light. Solar and gap Matenal 1o ansorb

as "thin-film" sotiacttbeheenaséronppertitiliiajeinurerrd didectslangfdissmaterial is needed to absorb a
sufficient amount of light :

2. BACKGROUND

Solar cells are typically fabricated as separate physical entities with light gathering
surface areas on the order of 4-6 cm® or larger. For this reason, it is standard practice for
power generating applications to mount the cells in a flat array on a supporting substrate
or panel so that their light gathering surfaces provide an approximation of a single large
Hght gathering surface. Also, since each cell itself generates only a smail amount of
power, the required voltage and/or current is realized by interconnecting the cells of the
areay in a series and/or peraliel matrix.

A conventional prior art solar cell structire 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 celis. 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 fop of Figure 1 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 laver (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 Jayer. The back electrical contact
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The arrows at the top of Figure 1 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 semicondugior, absorberlayesThe, hack elpciiialaqpiagt.t4upakes ohmic contact
with the absorber layer 106. In_ many but not all cases, the absorbeg?lﬁyer 106 is |ga}1 -type

semiconductor. *TREPEHEETHAP 9@ 56 T PRI Lo L BHARS AR ST SRS 8578 is the
semiconductor phsetidighpditrésythadstogetkariwithitive jseriiogadurtbeiasotsewityke 106, completes
the formation of,g, R dHOGIHReA:Pri MRS R CAMBIRAHMDSr AhiHnGHiaRfonnd: in solar cells. In p-n
junction based solar cells, when '%he s?micton%uct ra EﬁPra(rsr Iqur 10§ﬁiosn%£é&y£ doped material, the
junction partner 18R 'ShRAYHE BpEd Rateral CoAvErser, wher the semiconductor absorber layer
106 is an n-type-diopermistentztotdaciordiohep Hmic PA08 istap 4nse wepad. hateifariGenerally, the
junction partner,;10&43 rauch Hhinpesihandhenplisoskatlayard 6. horaxmmplasiieome instances, the
e ot et 108 iSO gR. oL aARA B a TG RRRT 1B IWDGIOR Baattotte Moy

transparent to solar radiation. The function partner 1 so known as the window layer, since it lets

the light pass d&ifF R tHEcdBESBaREyetcfdomuch fipaetire raAherRBreEsIA CdiP the absorber layer
106 and the wingamplayesdfSicandse trdcetfoonuthe shhessahnkandaCiormtaterial but have different

carrier types (dqpanfs) %@f&{c&a{g%@mﬁ@}r@ﬂﬁ@adgbggqﬂomgwsdmgvv@h@mg@omeir distinct p-type
nw

and n-type properties. In thin-film solar cells ich copp r-ir%Hi%rg;g%zialli m-dg{scefﬂenide (CIGS) is the
absorber layer TBETH LSSt SRS R HEHOR b A P T I AR ST high efficiency
cells. Other materafs:tiatcH®.be used for the junction partner 108 include, but are not limited to,

Sn02, ZnO, ZrO2, andydapseh 4Rk fitm bkl 1 i thesouptanelpatiodansvhicycaogpletes the

functioning cell. Th co%ntlgr electrode 110 ia u§ed to d aw gurrent.away from the junction since the
. . S Made Tom ne same sCmsoniyeton materx&li_' u% ave GLIeT amﬁr tﬁﬁ)ﬂs
junction partner‘ffﬁ iS generally too resis Ve 1o Serve this function. As such, the counter electrode 110

should be highlyidsorritietiderapaieraprisaraimedighe: Prevedisriter asetisdelititr ol iR fact be a
comb-like structuenfypagiapptintes ondlayerld8smathrkihapptonming gdiseratelayer. The counter

electrode 110 is %gﬁlz‘b{hg tﬁ?}%&%@%8&{?%&%(?%%%%%&9%@%&%@99%@@0 oxide (e.g.,

aluminum dopeé zinc oxide), Indium-tin-oxi ), tin oxide (Sn02), or indium-zinc oxide. However,

even when a TOBUREP ReBrilerrenchilis BREHBHROHR P4 Rypiediy ittt o ¥hventional solar
cells to draw off tidriehtdsiheeatheoT@@eHas $00:nfuthiskistahdetd Lfficiently perfolia this function in

larger solar cells. The ngtworkil i4 sharens the.disiencs:shacoe.cariessimaust mave in the TOO layer

in order to reach the metal Ocd%rltﬁ}clts égﬁrtek%redumqg res%stlv%llosses. The %etal ql%s bars, also termed

o : i
grid lines, can b& A& BFRM fedsBiably conductive metal stch as. for example, Slver, steel or

aluminum. In thevdesightos gsecrdiviorkedisive thspe Stérangi o trate Sefthrtovaien YRTERE? grid lines that
are more e|eCtriQQU)élﬁﬂI'&CBéQﬂgﬂ}mdhducﬁve and transparent to light. The counter efectrode 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 (¢.g., aluminum doped zinc oxide}, indium-tin-oxide
(FT0), tin oxide (Sn0»), or indium-zine 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
larger 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 reasonably conductive metal
such as, for example, silver, stee! 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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block more light, and thin grid lines that are less electrically conductive but block less light. The metal
bars are preferably configured in a comb-like arrangement to permit light rays through layer 110. The
bus bar network layer 114 and the layer 110, combined, act as a single metallurgical unit, functionally
interfacing with a first ohmic contact to form a current collection circuit. In United States Patent No.

6,548,751 to Sugrdrup eigh hgiahy IRGaIRQUAIeALALISIRIANGE DerGinR 13 gl @ combined silver
bus bar network.and1 indium-tin-oxi é\ayer function as a single, transparent ITO?A layer.  Layer
112 is an antirefigtivescatimgTi st eafrahrraiengrire a Ao Mo rEreRiFal yPTHdEHe cell.
Depending on thgdmiengcavese of the welbattanghit be:oBposidett divectoprthéddpaeonductor as

illustrated in Fighre 4 aliematively ofafditionaly.dheanivelieciive.caniing. L1 e made be deposited on

a separate cover glass that overlays_the top electrode 110, ldeally, the antireflective coating reduces

t overla ! 10, Ideally,
the reflection of tREE&RIT RS HEEr DB EURRIHS LPLARaPragion iR WRIERBHSo 8RR ic absorption
occurs, and at thessamedimecincraadesithe irefidctiprn rtfénothives pacderbrbgidimdo reduce heating.

United States Patgih NURRE1E0haR4 19 Agvilera-glAntetelyineorporated by reference herein in
its entirety, descnbesggg;eﬁ ntatlve.a%t%ggl(ae%%g %ggg%ggalt@g are.known int q,art. Solar cells

. 15 any antire. . Fan aninfaun o) Cj:xtra
typically produce only a’small voltage. For exam silicon’based solar cells produce a voltage of

about 0.6 volts {ight PrUEe sdlaPeptisiageoriisiabairdctsdinhserib sl s¥ PapPsIfePR®ider to achieve greater
voltages. Whengeonesied io-ser@sivaiages.ef ndivdeal cellsaddiogethietondiyeseurrent remains the

same. Thus, solgkeals AUNgee i selles. G e Smanl ot Suan ey digauah such cells

compared to analogous solar célls arranged ereby improving efficieéncy. As illustrated in

Figure 1, the ariahg&rieds 'of sbistiveiie mteelrsdreartstmneridte rlisy M fshft&s 116. In general,
an interconnect &ttnplaces dire firsipeleetregenct whiehgblzindealirinblectticabecommunrcation with the

counter-electrodg. of An:aiining. Selar8eltion in fS Ated2RAERAC R HKSHalRd in Figure 1,
conventional solar cells are tz?plcall in theéof}gp of a]gilate structu e._AIthougi&guch cells are highly
o)

efficient when they St8 CRM TSR RFEFlanar Sofar BRI KA Péﬁ&%&ﬁ"é?ﬂ&ﬁéncy because it is harder to
make the semicofiderstdrefiim itranfietn teecibrrotonshnteicrestiilecetiscorfifgpiaRertheiinore, the
occurrence of pighales, ard;similar flaws increase in larger planar solar cells. These features can

cause shunts across e, ngtion, Accardingly, wial s, pecdsg. in Jhe artaue inpjoved solar cell
deS|gns. Discussion or citation o re erenée ﬁereln Wlﬁ notrbe C nstruednas an admission that

such reference igtistarradrene yresesf ehsslitatons () APy rea PN STmIRReEd in

series or parailel in order to achieve greater voltages. When comnected in series, voltages
of individual cells add together while current respains the same. Thus, solar cells
arranged in series reduce the amount of current flow through such cells, compared to
analogous solar cells arranged in parallel, thereby improving efficiency. As illustrated in
Figure 1, the arrangement of solfar cells in series is accomplished using interconnects 116.
In general, an interconnect 116 places the first electrode of one solar cell in elecirical
communication with the counter-electrode of an adjoining solar cell.

As noted above and as illustrated in Figure I, 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, Accordingly, what are needed in the art are
unproved solar cell designs.

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

that such reference i prior art to the present application.
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According to an aspect, there is provided a solar cell unit comprising: (A) a substrate having a first end
and a second end, wherein the substrate has at least one rigid nonplanar surface; and (B) a plurality of

photovoltaic cells linearly disposed gn (e pidegsi®agigifiagnplanar surface, the plurality of
photovoltaic cells comprising a first photovoltaic cell and a second photovoltaic cell, wherein the first

photovoltaic Ce"Ancéatggtttrat'tt{sgéomﬂt?y@tt%&@t@ assge%t@pu% @fetmltyﬂg sajesdpdhgsecond
photovoltaic cell sal%gnlérallt phgt Italcﬁcel ) ne em| od imel tof the resent application
provides a%’l%? ?é st uﬁeremt ¥: Sl%sfs i TIF e'? Gtovo Beaﬁs e Substrate has

3 Eiie compnsmg asu
a first endhtPa sebyatheAl PP tﬁlﬁlﬁﬁnéflﬁt‘?é‘tb’v@i@‘?éeéeﬂ% tb\?ni’éneﬁ?b ?ﬁ?eﬁgl‘y‘) SFEYEE on the
substrateswtnmpriseslarfilisy phioiovoltdicicaltiimdomnsetond phetpholtaiclionl | cehehdphotsoattaic cell in
the pluraliiycefehgtovaltaimeells cenmprises (@ albackerlectadeynirsumistehtimiyidispasrdon the
substrate, {ji)eq etetﬁ%mwt@ﬁgt% iHoetiondavet.chenedeientia éﬁttt%maﬁepbﬁa&betg@%@ectrode
and, (iii) a trans rent ﬁon uctfv %%er cirey mfeEen ially dlsi:]éose IF the eemtconductor Junctlon The

TESC ication SOLar
transparent con Uuctive ayer of the first g phOtOVOIingIC CEIIS is in serial

aic cellir p?ura ty
electrical CORMEARGEGT Y tferBlerodrisfal &%é@%ﬁ&ﬁﬁﬁoﬁf%ﬁ%ﬁé‘% if PR Sitfhality of
photovoltaie céltslitn sihetenvsdiaientichars bsadvaiseiaider(Hheubbirishegpersiens @ fisstigid solid
rod shapetotovoliaisasike e hogdimen s doeqlaicalig)l of plbtokoltaidicellsciomphisel(ijaditfirst teiininal
photovoltgie,celliatthefirsigndafthe &B%Sé[@é&@di:i)cﬁc%%ﬁ@f&gtiﬁrm&%bmwﬁ@@é%&ﬁtb%ﬁﬁe second

oo o ARSI, P ReR e SIGHAE A0 GURUAIE 5F hReRAEnRB AT hig mina

photovoltaic cell’and the seco ém hotovoltaic cell. tran ent \e}on ductive layer of each

intermediéitd BH&WH@%c@@ﬂWﬁ’tﬁe B Fe IEP BRI e(af’gf’é hStoVS IS CHEHS Y BRI Blectrical
communidtidraninaseti sderivtderes 9é bt Srstrljacsntipnetdibiiae beniny teioratgioidnotovoltaic
cells. In stmsemnbddimententhemddiacentfhhixdacktaiccooldsfitle fiestid whinatqtaotosibitaiicecell or the
second tesmingl RhatRualaicCallis NS eme: emtlimpanimdbeadiaceRiphqiPUltaie wefds @nother
intermedigy e );%%g)\é?gq, %gﬁ% Jp some embodiments, the pIurallty of photovoltalc cells comprises three

or more p otovoltaic ce Is, teé} or mo&e pho qvoltaflc c(etgsoittlafltg onmore rtlts%t oltaic ceIIs 9f one
hundred or morepRBSVETRICESHS: e RN e b RIS ANaIG S & 1 SREFelit fubTalHA casmg made of

plastic or@lﬁ@golﬁﬂél @nﬁt‘é}?érﬁ?&lI?né|§|56}§eﬁ}‘Bﬁfﬁ%@tr%tﬁ%‘f9§F’eﬁf%&%& HEW@Q%%FB? ah'8F a portion of
the photoxaitaiteodlls ihethebpharaliyddiipotovs|taic isaltsethasophetemivodirnid ttwhe ttenissarent
tubular casingnePpABISER.A)UBNIRASIlicAtecghagshdasrasilicair. glassrAighreit glassgenmaniim /
Sem'CO”déé%iP{ngéﬁﬁéétgﬂé‘ﬁﬁo%@@t&cé!f'ﬁél‘iﬁef ettleegt silica Qlansise Atmetet@%ttqg@ﬁtgegnss
chalcogeride L yipiide dless, luaride glaps, Int dlass, oncercales] g, g silbggments, he
transparenf’?urbu ar cas%ﬁl?:acompnses a urethane %? Fo"an acryil MEF. & fluo opolymer, a

silicone, #SMUACKRE, e pBhaPae SO ARRE B ﬁmW@fﬁ’twﬁ‘tvé’é‘ﬁt‘é ‘?th%@ﬁtfgﬁttémtﬁléwtlransparent
tubular cagingvetaisprises piotyaerstitytemaihalcpirisedipid v, poRpamrathydisioariae(RIDWS), ethylene
vinyl acetgiei(kMA): periluorantkoxyrilieoloe atbarv{fiAdIhylnsparasshlidkechpplyethytane (PEX),
polypropy, ‘ﬁ%\(ﬁﬂa pg!yeét}%!%@ %@%%@%ﬁ&%t(ﬁﬁe@ @Qwetseélynfeemlera@t@P{tﬁE) polyvinyl
chloride ( VC()I, ne quor de&Pé{ n)lore h(nmvo 1e. Cernlbodlments the substrate comprises
plastic, metal or C}Sﬁass n some embo ments the s trate compris urethane pgﬁa)émer an acrylic

polymer, a fluor ofi?ﬁt%rerﬁlé‘i’f}ﬁ@?ﬁénﬁdgi’éﬁ%arﬁlgl " SERAS A &é%u?ﬁ&% Or 8455, 18
po|yetheremnketeﬁeﬂpjoqw@wqueegtmmwweﬁem Lyesty o8 dh et crastinaked Pslystyrene,
polyester ppolyeidriionate, :pokyeihwidine opplyethylene cabrylbnitritebertédd ibnenstythenegnsparent
polytetrafhugrosethyviene, @geattlﬁﬁﬁmtemeyéma&&rsﬁﬁbttesgz@@etatgr&utgtﬁe wealidiose acetate,

igid vinyl plasticized inl, ar0lvaraRy ﬁ%a@fsﬁme% SRhodents s, eyhaliale sorprises

alum|n05| categass oro te ass gﬁé% ?%f germaniu (gsenﬂnconduc Iass glass

ceramic, SHUSRETHSEEFEN 5 §S Wi SYlrantZ g aa;ses arCOgeOI’Il?géel}] Iﬁeae glass,
fluoride giSs HRISEDALBHBEAHINE, ARMRIISES, %r*@éﬁ@élﬁedﬂ@m%r an  acrylic Polymer a

fluoropolymer, a silicone, a silicone gel, an epoxy, a polyamide, or a polyolefin. In some

embodiments, the transparent tubular casing
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In some embodiments, the substrate is tubular shaped. In some embodiments a fluid, such as air,
nitrogen, water, or helium, is passed through the substrate. In some embodiments, the substrate
comprises a solid rod. In some embodiments, the back-electrode of a photovoltaic cell in the
plurality of phaiaupiaicpesiseiByinrdaeflak i PNNM) PalybdemimsitagsteDMNadiwRe: rhodium,
niobium, chromium t r{tagé.m titanjum, steel, nickel, plati , Silver, gold, an alloy thereof, or any
combination theréo c%% me )épﬁ3 o frcr;laeﬁﬁ?s{?t 6 Og%rl%e g#ro)dréy{c?fl aéfﬁ% (l%/%ﬁaic cell in the plurality of

photovoltaic c@ﬂ&@ﬁ#ﬁ@@&‘&hGﬁlmfﬂﬁy&@m@mtaﬁimﬁﬂmmmﬁ%@y%dﬂﬁﬁ(ﬁoped tin oxide, doped

zinc oxide, alupsinumtiepashzine axite, galumytaneciziny oXide,darpmdereghzing oxide indium-zinc
oxide, a metalgg%gﬂn black-filled oxide, a graphite-carbon black-filled oxide, a carbon black-carbon
black-filled oxide, @ superconductive carbon black-filled oxide, an epoxy, a conductive glass, or a
conductive plastic. I stmegnhedineidiraepstalvecoupmitsiAsEtomiactiairet doplatrovoltaic cell in the

plurality of phatpuyeiaic-eelis cornprisesRNemaiactinno8-RetaroineionrReteroface junction, a
buried homojuHction,}a -i-n ju ction,fPr et]tan?em %un%tion.#p some Iembodiments, the transparent
conductive Iayelrmé 2 phctoVoltaic Eai it eépﬁ ?ﬁ%ﬂy% %ﬁ% Ovoftait c&iis comprises carbon nanotubes,
tin oxide, fluoriprdydbprethtihetnid @olraivdr-tindoxitks (RS} thoped zinly Wxide, ahasmilnieidoped zinc

oxide, gallium gapeg-zing.axide, Rereprdenred.zingiRidde ndiumizincaxideeiany combination thereof

or any combin§tion_ thereof. In %(#Ee em&gdimen}s, the semiconductar junction of a photovoltaic

cell in the plurRi SPHIRBISVBIRSIC SIS ESHBNERS &5 SBLErER S B Fhi % SEHES P E K ther layer,
where the jundtivyrgsarteibrldsyerigcmguiniers mialiyidepass doondilie abysoher lyer. In some

em bOdimem&4}3%0%91?8{1@,%4%{6‘4&%%%%&@Qi&iﬁ?ﬁgaﬁﬂa\mg@ﬁ&'@d}@ﬁi@é@gﬁﬁ&iHEHHQ@ partner layer is
INn2Se3,1n2S3, ZnS, ZnSe, CdInS, CdZnS, Znin2Se4, Zn1."Mgx0, CdS, Sn02, ZnO, Zr02, or doped

ZnO. In some EIBTTHEHIE HHEIeRANHPOE BHo RS Fte IR dh g M sdessfifrinsic layer
circumferentiallyndispos edongihe, seshicgndisctariphnktivmofithel ey althdeséalednd the transparent

conductive Iaygﬁé;lgggem%g%ogaggrgﬂhiglgbjéposed on the intrinsic layer. In some embodiments, the
intrinsic layer comprises an undoped transparent oxide such as undoped zinc oxide. In some

embodiments, the sofaF 8 ERRRFTAS: BH BT RSS G L HifcirRgEr h RS EPeaRisiihfally disposed
onto the transpanrénivchndsictireolayeakalbdictiparionseddiecphiotoveltaimeells sadhe plurality of

photovoltaic Ceéh?bc?dﬂﬁe@,%&@ﬁ%ﬁé%h%‘é@ S%ﬂai%.that is circumferentially disposed on the filler

layer. In some embodiments, the filler layer comprises ethylene vinyl acetate (EVA), silicone, silicone
gel, epoxy, polydimefﬁﬁ?]@ﬁmﬁ@%wg‘),W*\?%ﬂ%@ﬁéﬂ%ﬁ%ﬁﬂ%ﬁﬁ%‘b@ﬁﬁ&%b&?%, thermoplastic
polyurethane (FRkbkoiapolytarbanatel Amdantiane fideropolynaeenovasdiath anelidm,some
embodiments, %ﬁg{a&g%{iggitgy%ﬁt}gs thssgeft water rﬁ%ﬁ,ﬁ%mﬂ‘@ ert %Iils ﬁ(i)r‘(;umferentially
disposed onto the transparent conductive layer of all or a’ﬁjortlon of the’[%not’ovoaltai‘c cells in the

plurality of photbiiettars e8licadinenadactansparsntipiimriadnGitiat cendhierentially disposed
on the water registantiidayesl] The-wakenrresigianttayat can Benardeadifartexanaple, clear silicone, SIN,

SiOxley, SiOx, %ﬁ‘tllrznoxg’ltr\llgg (ki er,l?hyo%rlg c'ig%)%g%gls oxide, doped zinc oxide, aluminum doped
zinc oxide, gallium doped zine oxide, boron doped zinc oxide indium-zine oxide, a metal-
carbon biack-filled oxide, a graphite-carbon black-filled oxide, a carbon black-carbon
blaci-filled oxide, a superconductive carbon black-filled oxide, an epoxy, a conductive
glass, or a conductive plastic.

In some embodiments, the semiconductor junction of a photovoltaic cell in the
plurality of photovoltaic cells comprises a homojunction, a heterojunction, a heteroface
junction, 2 buried homojunction, & p-i-n junction, or a tandem junction. In some
embodiments, the transparent conductive layer of a photovoltaic cell 1n the plurality of
photovoltaic cells comprises carbon nanotubes, {in oxide, fluorine doped tin oxide,

mdium-tn oxide (ITO), doped zinc oxide, aluminum doped zinc oxide, gallium doped

>



In some embodiments, the solar cell unit comprises a water resistant layer that is circumferentially
disposed onto the transparent conductive layer of all or a portion of the photovoltaic cells in the
plurality of photovoltaic cells as well as a transparent tubular casing that is circumferentially disposed
on the water rgsistat|ayen iRemecMBoRmentsntheisoRnee uiiidh eleempriags a transparent
tubular casing theht is circhlmf%rentially disposed onto the transparent conductive layer of all or a portion
mbination thereof, . . . . ;
of the photovocl?alc Celfs inthe plurality of photovoltaic cells as well as an antireflective coating
circumferentially disposer embbnraiis farenttobbisiocasiign b sohtoeriipodithents; the antireflective
coating compriaesiMQFghotiicamNiRieoHiARILT RIS SHEPIMPRAXIES pafsilicer OXide nitrite.
In some embodiments, antireflectiv coatin% Egm%rcumaé?réntiallx distgosb?d lc))nt% the }ransparent
conductive lay&Ft i BPE BLPHOR b PSS PRETCVGTEIE Ll SR e PIUFRY O pRStvAitaic cells. In some
embodiments sthis aritidftectivcdatrigdarapd seppkigrilusitebimitiatentitamid faitrate, silicon
monoxide, or Silicem QMiHENYLEs 1,5 BRMEAMbadiments, adenath.ol e salasgel is between 2

centimeters and 300 centimeters, between 2 centimeters and 30 centimeters, or between 30

centimeters and 308 CeARMeErs O CRAGHEr BrRgBafR ﬁ?@?%%?@é@ﬁ?gﬁglication provides a solar
cell assembly gempeising dlpfurhtity ofsoierapetiunits actirsolaeretialimitispdbel phuttality of solar cell

units having the Sryeise. ol ANY-r e SRRk cRll Ui deserited abavenskah diglthe solar cell units in

the plurality of solar cell units are arranged in coplanar rows to form the solar cell assembly. Still

another embotiTHERISPAE b S PIBRAISPHBYIEE, JBRomedmasdinibiy €6 Mpsing (A) a
plurality of sol&yeetbuipiis:seachdokar eelparitin:dide pitralinéfsolancetidmits having the structure of

any of the solar cell Ml&%@@&%ﬁﬁﬁ%&%‘{@soﬂ}_%ﬁm%ﬁ%ﬂ%&&iﬁ%@f&ﬁi fplleciusn]ie solar cell units

in the plurality of solar cells units are geometrically arranged in a parallel or a riear Earallel manner
thereby formirfir e pisrrat iy ispRo e s trasesntrardiebidaseal Bheit REpEtESnternal reflector

in 'th pIuraIityEﬁifo'tﬁterﬂaal d@f&&ﬁﬂﬁ@iﬁrﬂmﬁ@ghedhﬂtwmﬁlgmar(ﬁe)&pmﬂﬁageﬁmm second solar cell
unitn the pluraliy ofgionasle solarcelis Sushnat parion o0 salLlghksiggied from the

respective internal reflector is reflecte the corresponding first and second elongated solar cell. In
some embodirfBfitieytreosyTEree sihHsse B s ompTiearCY sonardpE@nt electrically insulating
substrate that seivekseatyosiaxpastipDMtihelfrsiifase afitie, plananasay:iisome embodiments, the
solar assembly&lggg Of%g%gr 8ng)t{li§§es(@%} transparent gnsu‘,!%tirfg C uerriiggldisgoglgg on the second
face of the planar ar?ay, thereby encasin thé pEfura ity of %rllongatéa solar cells between the transparent
insulating coveriipanditieneaidipdtastiel Srmeallyhsulaigcs aps it A ashisiebodiments, the
transparent inggilating: coveingGAnddhedpnspamn o suatensuhsiiaie.aieebonsdee together by a
sealant. In some embodiments, the sealant.is ethylene.vinyl acetate (EVA), silicone, silicone gel,
epoxy, polydinllatgz"{rf'll(f/}il gﬁof r?lgtfﬁ?gtﬁ%(j?%whgi %%%é%l? ké%%é%?ﬁﬁ%ﬁt%% ?ISQ/B), theinioplastic
polyurethane (TREPRreniyolpdartrsmatsabin asymerentubrépotyrian Be ardretrdsentisome

embodiments, the plialibkehelgsgatesselas selis-iseapligurad:iacieecive, diegt jight from the first
face and the sec face of the planar array. In some embodiments, the solar cell assembly further

comprises an éjfbeaoz"sﬁpf:ar%é ?:)ngs‘ft%%léléﬁ ¥ teflect sunlight into the plurality of 7

In some embodiments, the solar cell unit comprises a water resistant layer that is
circumferentially disposed onto the transparent conduciive layer of all or a portion of the
photovoltaic cells in the plurality of photovoltaic cells as well as a transparent tabular
casing that is circumferentially disposed on the water resistant layer. In some
embodiments, the solar cell unit further comprises a fransparent tubular casing that is
circumferentially disposed onto the transparent conductive layer of all or a portion of the
photovoltaic cells in the plurality of photovoltaic cells as well as an antireflective coating
circurnferentially disposed on the transparent tubular casing. In some embodiments, the
antireflective coating comprises Mgl,, silicon nitrate, titanium nifrate, silicon monoxide,

or silicon oxide nitrite.



solar cell units. In some embodiments, the albedo surface has an albedo that exceeds 80%. In some
embodiments, a first solar cell unit and a second solar cell unit in the plurality of solar cell units is
electrically arrarigedrire serleslonpasalistirefle @it anatingr e oibudifeemtiollthdi gresenirepplication
provides @gg)laargscglggg»sgrggl iYMRERY %?@‘éraé%% c?ﬁ% égﬁﬂtgﬂ_'t ai%ac%gss% gell unitin the
plurality of solar celicunite aving the structure oPany of the solar cell units described above. Solar cell
units in thhﬂtpwgita']lcimf pﬁcsotarlraérﬂsa]}sitshaselgeembmﬂc?liytwth;sg?emiﬂnfh??mﬂeamf near para:clerll
manner thereby forming a.planar.array having a.first fage and a second fage. In thig aspect of the
present acpoﬁﬂggﬁgsn‘,{%ﬁqe%’s%l%?oéle Igr%tseértri?ﬁﬁ}ﬁr Hér%c?érsi%?%%glay%x{%hglbgi?é%otne?é%%ﬁcalIy insulating
substratertindtecovers all or a portion of the first face of the planar array and (ii) a transparent insulating
covering d'Spos‘ﬁgs%%%hem%%%ﬁ&%ﬂifsc% {nt%*}ﬁ gﬁﬂ@@ﬁa&a&g@gg%%e%g sing the plutality,gf elongated
solar cells between the transparent insulafing covering and the transparent electrically insulating
substratecdntsoriese vedimentsy tineteansphiénteinsukiting adverrgnaitididinanspanent insulating
substratesﬁ%?cggggege;ggether by a sealant such as, for example, ethylene vinyl acetate (EVA),
silicone, silicone ge?, epoxy, polydimethyl siloxane (PDMS), RTV silicone rubber, polyvinyl butyral
(PVB), tmermopgﬁmpnm?e?mt@fﬁhb,paepmiyaapﬂi@nhfm Iamddlcylimclddiumkbmgmﬂy, or )a urgthane.
Yet another embodiment gf the present. icat] Vi Q ell unjt.comprising(A) substrates,
(B) a firstcp?ﬁg?t%{s/%]l%a?ﬁ:uer@l%af( %%gggﬁésbﬁa(%%\?gﬁéig%zﬁ%ﬁnlﬁt}% lé}]rl?% }gd?ﬁgorgf%?%}ie substrate is -
EithEr (li) wﬁtglha\sin@pb}d sm(cti:)llaertigidlg}difﬁiﬁ@&[;ﬂf@iﬂsmimhkifhébgh@bovcltmgz‘élﬁtmpriseds a first
ack-electrode gircumferentially disposed on a fir i the. frat irst semicenductor
junction |§§}%F gfgriglﬂlr% 8fé}rﬁﬁ#glgé%%lﬁgﬁe%%%rt%%ifﬁgsstt%%g&%%ﬁ%{c%?g %, a%ﬁé%i}%t tgra{r}wzt%arent conductive
layer circemiderehtimiynaidposed on the first semiconductor junction. The second photovoltaic cell
comprises a second back-elec ré)a%e circumferentially disposed on a second portign of the substrate, a
second semicon%&@?ﬂﬂﬁéﬁ&?% E}eﬁ‘ﬁ(?g;%f’e‘?éﬁﬁﬁ I?@gﬁ%%%%ﬂvﬂﬁéss%é‘aﬁﬂ%' K&’ SO de, and a
second treespERtE CohauBtvE iyl wleurstbraisafydispiscbmta s ropliradiniedigliEtor junction.
P J
The first phbtownitdieviey ibadacenitothesefohd phataetitendteeléstnd dit stttoanspadeiit jconductive
layer is inseriatelaciicataarmpeRication.wihite|pesRochhackRiesiHpde st tesktiansnascent
conductivg, ayeiis.alealisalbaiselaieddiam ihe sesondJiRNSPAIR sandclys e agdhe first

back-electrode,Is electri solated from t con ect{.o €. . tlrlgﬂnother embodiment of
the preseHTApRfE BVARE R8BSR Lo m g PRF & LS bLlee! 5T SH L PrBtovoltaic cell,
(C) a secBiudbhoeldnsiaderieers nsamire sbictaseR) arreteentagy Eehantireand. In some
embodimsrits, dtié wmibstrtite phueititeraf)clobgdéedstrdped:bs @ilch thgicagstiticrodStapodhrTighfirst
photovoltaig celcomprisesrasiiestibadckielasiradr aseumferzotiallydisposedenpofitsh pattion of the

substrate, gfitst SRMIRANANEIALIUPCIRN RYyssccmisiantaly diseosedan Mein hapkglectrode,

and a first tranl_s1 éasr%{?tg caonductive @{gcrtggﬁymfer ntially Cgs ose%zgn the fir fsemlccl).pgrllj%tprjunctlon.

The seconhd photovortajc celt agr%lprlses a5econd pac -fc"elfe% 9&3 FE Gircan gr%ht(l)él?yl?glsl osed on a
second piifidhvitee fifutratenal aBeyndsepmorRREMaHELGY RYaT RienRe it posed on
the secor@ipavikas|Eiradenapal ensusohdingpepareaémuded wecthayecent irntcreitapizeisposed on
the secongraemicapbyciacisingticie Phealhsulativepgatd)selactricidybhsepaiatés thenfipstrent
back-electiodeand thesconsdagicalestiodeand i elactricalhisrpatatendhe first semigonductor
junction and,the secpon s%mlcondu%tor ction. The electr allaz conductive vig.electrically connects
embocﬁme lpS T n{i].zﬁ;lng COVBH&I% gné_ltegle ansparcit msuianng é%l Fa% <

. I I(lSlIl
the first transparen cbndcucﬁ\l}sepayerbwt e’secon ectr In_series. other

embodim8&t ?‘fﬂ%dp%%‘?h?%mﬂlﬁ:éﬁ?}ﬁrﬁroi[}?d%@hﬁsed%"ggﬁ?}ﬁ?ﬁé Fnisrin Bagthdemss e (B) a first
photovoltaistets!, (€Y &)setbrepphoibivenaiceelicrei (rhrdimsietivalosstc {BBMS bndbbdiments, the
substrate difieitirer fibtuoulgrodiraped duinah ridiv Balidkodsiphped. Todyfirsthphotolidtidic cell
comprises @ firshBasteeleciadaSircuriesgptialy- dispesadipima. first porioabibarsubstiate, a first
semicon ﬁ%&%{g%@!&%%x&@%qmais@&@M@p@@%& audhe Bﬁ?ééﬁ’%ﬁtel&?&ﬁqg@’fﬂ?f’i@cférSt
transparent conductive lIgyer circumterentially disposed on the first semiconductqr junction. The
second pﬁBf% t%ﬁ&"é‘éu S?n%tlri % agalé(%ﬁa%bai‘i-%%’&r% Ogﬁ@ﬁm?& Rtfa Wﬁéé&e&%@a second
portion of & SUEREIECA FeabhsdsBHiRSRATEONREsH 5y st ivertstRiNAds¥sed on the
second back-electrode, and a second transparenticonductive layer circumferentially disposed on the
second semiconductor junction. The insulative post (i) electrically separates the first back-electrode
and the second back-electrode and (ii) electrically separates the first semiconductor junction and the
second semiconductor junction. The first transparent conductive layer is in serial electrical
communication with the second back-electrode. The first transparent conductive layer is electrically
isolated from the second transparent conductive layer.



Still another embodiment of the present application provides a solar cell unit comprising a substrate, a
first photovoltaic cell, a second photovoltaic cell, an insulative post, and an electrically conducting via.

In some ggihodiments the sURstratenisaeitbes (M hwaashapadondl)a daideolichregd shaped. The first

Photovoligs cel S omprseRafiistaack sisetarle elifumieraqtiall dishosed Qaip lipt fogfion of the

Ya. ¢ 1 a ni
substrate; a first semiconductor junction layer C|rcumPerenafl|1a ly disposed on e first ba -electrode, a

first transpFahbconinbeticR i apEr sresriticAdiamrdrd Bsedish thedirdeSemiconductor junction and an
electrical conduftilisposbe embadartion of frepfiestitapphaasionaxicd dayersotirecel cosrnthiptovoltaic
cell comprisesrRiageopRback-lestwdelCisumtakanisty dispasechaRapseening qassian fithe
substrate, AcTeRNL, SRTLRANEISr Miclem Ak clgh TRtRiialn AR aniiespaang

back-electrode, and a secon arent conductive layer circumferentially dﬁ osed on the second

semicondBctet RIMEHEY. TheotAb el S HESET SROCHTEARY Seprpaess i HirleBack Yict®Sde and the
second bpalelédbutaoder, tiiyrshsclivoaliyese piastesnis Hestsemicohduaaniliactoprdr@ahe econd
semicondufassjactionihangk-éibneeptilicatiyseparates: thelfirsk tiabsp dtehtcandiiive Igyer and the

second transparent SRRANGHYE IRYBRnNGAIEGHGRIY cRRAVGH VS WiaGlasirinall erangelsdhe electrical
conduit with t esecondh%ﬁ‘lfg lectrode in erlesg . In some embodi enﬁha solardcgall ug%t is provided

comprising PSSR o D R M B SR W HER B 1SAST 'S Portion of the substrate is
rigid and Wenplarmar aTRE SHrRiEbE|cormsRiRe doWphivesla Pmeaisd oMo tslisItarEwests isearly
arranged e iperautbsiralaithepluralityantiphetovoligiccoe s cconepligingyd firsg phibttnaditaitncell and a
Eecindl pE@K@/t R Qﬁﬂ?(ﬁ%hﬂ@@}?ﬁh@%%ﬁ%{g ﬁ%%ﬂﬁi fﬁuté%iﬁg ahahatoveligincallscomp »fliging: () a
ack-electrode circtunferen spased on the substr i ic or | er
circumferen %’iﬁ%d%eprclfsoél ec?r? %gq‘ﬁg?c yeﬁe(s:?% e Sglr,? (alﬁ)egb%ré)r%%%rg’ngggy?%c#\#g% %)fa - '

circumfer@htidily SiLpoRedSHirNg s@lmi(’?’t’é‘ﬂﬂﬁctﬁ?jﬁmﬁ’tm}rﬁ’@ﬁ%"sﬁ%%%or%ﬁ&i\f' YT of the first
photovoltaibtse|l polthempiubalityab i PHBb b skl dsprl variti aske YAl convivgaibanias, with the
back-elec({gggg;pﬁ ﬁ\ﬁ)ﬁgﬁﬂ%@baﬁvﬂé@'&gﬁ@” in the plurality of photovoltaic cells. 4. BRIEF

DESCRIPTION Oft ThiuBRaWINGRa lsiales misicomacisthaslar £alsin ageargance with

T g e e s st clavng
cell. In some embodiments, the substrate is either (i) tubular sﬁaped or (i) a rigid
cylindrical shaped. The first photovoltaic cell comprises a first back-electrode
circumferentially disposed on a first portion of the substrate, a first semiconductor

“junction layer circomferentially disposed on the first back-electrode, and a first
transparent conductive layer circumferentially disposed on the first semiconductor
Jjunction. The second photovoltaic cell comprises a second back-electrode
circumferentially disposed on a second portion of the substrate, a second semiconductor
junction layer circumferentially disposed on the second back-electrode, and a second
transparent conductive layer circumferentially disposed on the second semiconductor
junction. The first photovoltaic cell is adjacent to the second photovoltaic cell, the first
transparent conductive layer is in serial electrical communication with the second back-
electrode, the first transparent conductive layer is electrically isolated from the second
transparent conductive layer, and the first back-electrode is electrically isolated from the
second back-¢lectrode.

Still another embodiment of the present application provides a solar cell unit
comprising (A) a substrate, (B) a first photovoltaic cell, (C) a second photovoltaic cell,
(D) an



Figs. 3A-3H illustrate processing steps for manufacturing a solar cell unit having a substrate using a
first post absorber technique in accordance with the present application. Figs. 4A-4F illustrate
pfOCe_SS'rlﬁ_s%‘iﬁﬂ%f dﬁ?%@(‘(@j g %R%iﬁ%&ﬁﬂ}é@ﬂcﬂ@ﬁ% €}i§.Ub$H3§81ﬁl§i@ﬁl@o§§ﬁ9ﬁl@,p@x‘ét absorber
technique Jg aceordance wih g present spRIGAON: «o1id 198 RSP Hiskaleacesiing steps for
manufacturing a solar cell'unit having RSubstrate (&ih 'a first pongewce tech %ue In accordance

with the presERTapREABR! bagslogmodicineien Sroniatusimg we s riwianardetuRhd’s solar cell
unit havingzssulestaatevsing @cebono jostdevibe techindgudaresitdiy dinpesedtivththprisent
applicatioghck-cfelgrJiis Marese-sestiopatadevopd@pholevalidicealdnacsordagasaithaneembodiment
Of the Prasep! SRAUGRIOR.: jufdds, BB LIRHAIR REMIEARANGHOIHREHRNS Talake bigd In various
photovoltajc cells in various em%oéllments the gesen application.
electrode circumferentially disposed on a second portion of the substrate, a second
semiconductor junction layer circumferentially disposed on the second back-electrode,
and a second transparent conductive layer circumferentially disposed on the second
semiconductor junction. The insulative post (i} electrically separates the first back-
electrode and the second back-electrode and (ii) electrically separates the first
semiconductor junction and the second semiconductor junction. The electrically
conductive via electrically connects the first transparent conductive layer with the second
back-electrode in series.

Still another embodiment of the present application provides a solar cell unit
comprising (A) a substrate, (B) a first photovoltaic cell, (C) a second photovoltaic cell,
and (D) an insulative post. In some embodiments, the substrate is either (i) tubular
shaped or (ii) a rigid solid rod shaped. The first photovoltaic cell comprises a first back-
electrode circumferentially disposed on a first portion of the substrate, a first
semiconductor junction layer circamferentially disposed on the first back-electrode, and a
first transparent conductive layer circumferentially disposed on the first semiconductor
junction. The second photovoltaic cell comprises a second back-electrode
circumferentially disposed on a second portion of the substrate, a second semiconductor
junction layer circumferentially disposed on the second back-electrode, and a second
transparent conductive layer circumferentially disposed on the second semiconductor
junction. The insulative post (i) electrically separates the first back-electrode and the
second back-electrode and (ii) electrically separates the first semiconductor junction and
the second semiconductor junction. The first transparent conductive layer is in serial
electrical communication with the second back-electrode. The first transparent
conductive layer is electrically isolated from the second transparent conductive layer.

Still another embodiment of the present application provides a solar cell unit
comprising a substrate, a first photovoltaic cell, a second photovoltaic cell, an insulative
post, and an electrically conducting via. In some embodiments, the substrate is either (i)
tubular shaped or (it) a rigid solid rod shaped. The first photovoltaic cell comprises a
first back-electrode circumferentially disposed on a first portion of the substrate, a first



Fig. 9 illustrates a solar assembly with internal reflectors in accordance with an embodiment of the
present applicaiton.  Like reference numerals refer to corresponding parts throughout the several
views of the drawings. Dimensions are not drawn to scale. 5. DETAILED DESCRIPTION Disclosed

herein are nopglanaLsalaseel dnitrcomrrisinda B w9t phrtaneliaic-crlisJiReamiarranged on a
substrate in a monolithical itr_lte rated ma ner..a 1$asic trutgtfet F.i%ure t7 illustrates the
cross-sectionaPUTBHBF £R %é‘r"ﬁg%?g/cér R P RRO B SR A ST B 4 ome embodiments, a

solar cell unit worfiprisesaa gheratitl/cofiphviovoitadicrcetier @0l theciityt &rznegent oxide nonplanar substrate
in a monolithigally IAALRE FRABRGEc cel DURRHRLS Q2o SiRsIIAle. 402 SaIMER AR IR, SUbstrate for the

solar cell unit. In some embodiments,&[l or a portion of the substrate 102 is.a nonplanar closed form
shape. For inStSRRSEd 77 & SR RS O SRS BTPBIE 2 S e RS h SRR R SIS RE I 98 a rigid tube or a
rigid solid rod clmsoizrengaiip ddimedts; ti¢ exceng brtbrelefithide suldstatentiOfuisparepisolid or hollowed

cylindrical shapg|B:50me SRRAMHIMARLS BEIURSIAR 1Q6ns R-Higid s fiadR.uRRlastic metal or
glass. In some embodiments, the overall outer shape of the
insulative post (1) electrically separates the first back-electrode and the second back-

electrode, (ii) electrically separates the first semiconductor junction and the second
semiconductor junction, and (iii) electrically separates the first tramsparent conductive
layer and the second transparent conductive layer. The electrically conductive via
electrically connects the electrical conduit with the second back-electrode in series.

In some embodiment, a solar cell unit is provided comprising a substrate having a
first end and a second end, where at least a portion of the substrate is rigid and nonplanar.
The solar cell unit further comprises a plurality of photovoltaic cells linearly arranged on
the substrate, the plurality of photovoltaic cells comprising a first photovoltaic cell and a
second photovoltaic cell, each photovoltaic cell in the plurality of photovoltaic cells
comprising: (i) a back-electrode circumferentially disposed on the substrate, (ii) a
semiconductor junction layer circumferentially disposed on the back-electrode, and (iii) a
transparent conductive layer circumferentially disposed on the semiconductor junction.
The transparent conductive iayer of the first photovoltaic cell in the plurality of
photovoltaic cells is in serial electrical commmmication with the back-electrode of the

second photovoitaic cell in the plurality of photovoltaic cells.

4. BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 Hllustrates interconnected solar cells in accordance with the prior art.

Figs. 2A-2K illustrate processing steps for manufacturing a solar cell unit having a

substrate using a cascade technique in accordance with the present application.

Figs. 3A-3H illustrate processing steps for manufacturing a solar cell unit having a

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

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

10



11 solar cell 270 is the same shape as the substrate 102. In some embodiments, the overall outer
shape of the solar cell 270 is different than the shape of the substrate 102. In some embodiments, the
substrate 102 is nonfibrous.  In some embodiments, substrate 102 is rigid. Rigidity of a material can
be measured ysing.ggyeral different metrics including, but not limited to, Young's modulus. In solid
mechanics, Young's Modulus (E) (also known as the Young Modulus, modulus of elasticity, elastic
modulus or tensile modulus) is a measure of the stiffness of a given material. It is defined as the ratio,
for small strains, of thigsrate-Tb dhangle phbstreas b Stramifiivroms selaxpl intdntally dletermined

from the slope g & sLress: SR e KRR AR IBRRIRIGSES fopRlGied AR asample of the

material. Young's modulus for various materials is given in the following table. Young's modulus
Young's modulus (E) in Material
Figs. 6A-6H illustrate processing steps for manufacturing a solar cell unit having a

substrate using a second post device technique in accordance with the present application.

Fig. 7 is a cross-sectional view of a photovoltaic cell in accordance with an

embodiment of the present application.

Figs. 8 A~ 8D illustrate semiconductor junctions that are used in various

photovoltaic cells in various embodiments of the present application.

Fig. 9 illustrates a solar assembly with internal reflectors in accordance with an

embodiment of the present applicaiton.

Like reference numerals refer to corresponding parts throughout the several views

of the drawings. Dimensions are not drawn to scale.

5. BETAILED DESCRIPTION

Disclosed herein are nonplanar solar cell units comprising a plurality of

photovoltaic cells linearly arranged on a substrate in a monolithically infegrated 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 sofar cell unit comprises a plurality of
photovoltaic celis 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
arigid 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



(E) in GPa Ibflin2 (psi) Rubber (small strain) 0.01-0.1 1,500-15,000

solar cell 270 is the same shape as the substrate 102. In some embodiments, the overall
outer shape of the solar cell 270 is different than the shape of the substrate 102. In some
embodiments, the substrate 102 is nonfibrous.

In some embodiments, substrate 102 is rigid. Rigidity of a material can be
measured using several different metrics including, but not limited to, Young’s modulus.
In solid mechanics, Young's Modulus (E) (also known as the Young Modulus, modulus of
elasticity, elastic modulus or tensile modulus) is a measure of the stiffness of a given
material. It is defined as the ratio, for small strains, of the rate of change of stress with
strain. This can be experimentally determined from the slope of a stress-strain curve
created during tensile tests conducted on a sample of the material. Young's modulus for

various materials is given in the following tabie.

Material Youz;fisn ggf;ﬂus Youngl‘ ; fl;;g:i;;i:ﬁ {E)in
Rubber (small strain) 0.01-0.1 1,500-15,000
Low density polyethylene 6.2 30.000
Polypropylene 1.5-2 217,000-290,000
Polyethylene terephthaiate 2-2.5 290,000-360,000
Polystyrene 3-35 435,000-505,000
Nylon 3.7 250,000-580,000
Aluminum alloy 69 10,000,000
Glass (al! types) 72 10,400,000
Brass and bronze 103-124 17,000,000
Titanivm (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) 1,056-1,200 150,000,000-175,000,000

In some embodiments of the present application, a material (e. g, a substrate 102)
is deemed 1o be rigid when it is made of a material that has 2 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 isa

12



Low density polyethylene 0.2 30,000 Polypropylene 1.5-2 217,000-290,000 Polyethylene terephthalate
2-2.5

constant over a range of strains. Such materials are called linear, and are said to obey
Hooke's law. Thus, in some embodiments, the substrate 102 is made out of a linear
material that obeys Hooke’s law. Examples of linear materials include, but are not
limited to, steel, carbon fiber, and glass. Rubber and soil (except at very low strains) are
non-linear materials.

The present application is not limited to substrates that have rigid cylindrical
shapes or are solid rods. All or a portion of the substrate 102 can be characterized by a
cross-section bounded by any one of a number of shapes other than the circular shaped
depicted in Figure 7. The bounding shape can be any one of circular, ovoid, or any shape
characterized by one or more smooth curved surfaces, or any splice of smooth curved
surfaces. The bounding shape can be an n-gon, where n is 3, 5, or greater than 5. The
bounding shape can also be linear in nature, inciuding triangular, rectangular, pentangular,
hexagonal, or having any number of linear segmented surfaces. Or, the cross-section can
be bounded by any combination of linear surfaces, arcuate surfaces, or curved surfaces.
As described herein, for ease of discussion only, an omnifacial circular cross-section is
ilustrated to represent nonplanar embodiments of the photovoltaic device. However, if
should be noted that any cross-sectional geometry may be used in a photovoltaic device
10 that is nonplanar in practice.

In some embodiments, a first portion of the substrate 102 is characterized by a
first cross-sectional shape and a second portion of the substrate 102 is characterized by a
second cross-sectional shape, where the first and second cross-sectional shapes are the
same or different. In some embodiments, at least ten percent, at least twenty percent, at
least thirty percent, at least forty percent, at least fifty percent, at least sixty percent, at
least seventy percent, at least eighty percent, at least ninety percent or all of the length of
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 fluoropolymer, polybenzamidazole, polymide,
polytetrafinoroethylene, 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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290,000-360,000 Polystyrene 3-3.5 435,000-505,000 Nylon 3-7 290,000-580,000 Aluminum alloy

borosilicate glass, dichroic glass, germanium / semiconductor glass, glass ceramic, silicate
/ fused silica glass, soda lime glass, quariz glass, chalcogenide / sulphide glass, fluoride
glass, a glass-based phenolic, flint glass, or cereated glass.

In some embodiments, the substrate 102 is made of a matertal such as
polybenzamidazole (e.g., Celazole®, available from Boedeker Plastics, Inc., Shiner,
Texas). In some embodiments, the substrate 102 is made of polymide (e.g., DuPont ™
Vespeﬂ@, or DuPont ™ Kapton®, Wilmington, Delaware). In some embodiments, the
substrate 102 is made of polytetrafluoroethyiene (PTFE} or polyetheretherketone (PEEK),
each of which is available from Boedeker Plastics, Inc. In some embodiments, the
substrate 102 is made of polyamide-imide (e.g., Torlon® PAI, Solvay Advanced
Polvmers, Alpharetta, GGeorgia).

In some embodiments, the substrate 102 is made of a glass-based phenolic.
Phenolic laminaies are made by applying heat and pressure to layers of paper, canvas,
linen or glass cloth impregnated with synthetic thermosetiing resins. When heat and
pressure are applied to the layers, a chemical reaction (polymerizatidn) transforms the
separate iayers info a single laminated material with a "set" shape that cannot be softened
again. Therefore, these materials are called "thermosets." A variety of resin types and
cloth materials can be used to manufacture thermoset larninates with a range of
mechanical, thermal, and electrical properties. In some embodiments, the substrate 102 is
a phenoloic laminaie having a NEMA grade of G-3, G-5, G-7, G-9, G-10 or G-11.
Exemplary phenolic laminates are available from Boedeker Plastics, Inc.

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 Mechanical Engineers, ninth edition, 1987,
McGraw-Hill, Inc., 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., National City, California). Rexolite is a thermoset, in particular a
rigid and transhicent plastic produced by cross linking polystyrene with divinylbenzene.

In still other embodiments, the substrate 102 is made of polycarbonate. Such
polvcarbonates 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 subsirate 102 is made of polyethylene. In some
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69 10,000,000 Glass (all types) 10,400,000 Brass and bronze 103-124 17,000,000

embodiments, the substrate 102 is made of low density polyethylene (LDPE), high
density polyethylene (HDPE), or uitra high molecular weight polyethylene (UHMW PE).
Chemical properties of HDPE are described in Marks® Standard Handbook jor
Mechanical Engineers, ninth edition, 1987, McGraw-Hill, Inc., p. 6-173, which is hereby
incorporated by reference herein in its entirety. In some embodiments, the substrate 102
is made of acrylonitrile-butadiene-styrene, polytetrfluoro-ethyiene (Teflon),
polymethacrylate (lucite or plexiglass), nylon 6,6, cellulose acetate butyrate, cellulose
acetate, rigid vinyl, plasticized viny}, or polypropylene. Chemical properties of these
materials are described in Marks’ Standard Handbook for Mechanical Engineers, ninth
edition, 1987, McGraw-Hill, Inc., pp. 6-172 through 6-175, which is hereby incorporated
by reference in its entirety.

Additional exemplary materials that can be used to form the substrate 102 are
found in Modern Plastics Encyclopedia, McGraw-Hill; Reinhold Plastics Applications
Series, Reinhold Roff, Fibres, Plastics and Rubbers, Butterworth; Lee and Neville, Epoxy
Resins, McGraw-Hill; Bilmetyer, Textbook of Polymer Science, Interscience; Schmidt and
Marlies, Principles of high polymer theory and practice, McGraw-Hill; Beadle {ed.),
Plastics, Morgan-Grampiand, Ltd., 2 vols. 1970; Tobolsky and Mark (eds.), Polymer
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, SPI
Handbook of Technology and Engineering of Reinforced Plastics Composites, Van
Nostrand Reinhold, 1573, each of which is hereby incorporated by reference herein in its
entirety.

In some embodiments, a cross-section of the substrate 102 is circumferential and
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 nun. In some
embodiments, a cross-section of the substrate 102 is circumferential and has an outer
diameter of between | 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 1GZ. In some
embodiments, the thickness of the substrate 102 is between (.1 mm and 20 mm, between
0.3 mm and 10 mm, between 0.5 mm and 3 mm, or between | mm and 2 mm. [n some
embodiments, the inner radius is between 1 mm and 100 mm, between 3 mm and 50 mm,

or between 5 mm and 10 mm.
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Titanium (Ti) 105-120 15,000,00047,500,000 Carbon fiber reinforced plastic (unidirectional, along
grain) 150 21,800,000 Wrought iron and steel 190-210

In some embodiments, the substrate 102 has a length (perpendicular to the plane
defined by Figure 7) that is between 5 mm and 10,000 mm, between 50 mm and 5,000
mm, between 100 mm and 3000 mm, or between 500 mm and 1500 mm. Inone
embodiment, the substrate 102 is a hollowed tube having an outer diameter of 15 mm and
a thickness of 1.2 mm, and a length of 1040 mm. Although the substrate 102 is shown as
solid in figure 7, it will be appreciated that in many embodiments, the substrate 102 will
have a holiow core and will adopt a rigid tubular structure such ag that formed by a glass
tube.

Back-electrode 104. A back-electrode 104 is circumferentially disposed on a
substrate 102, Back-electrode 104 serves as the first elecirode in the assembly. In
general, a back-electrode 104 is made out of any material that can support the
photovoltaic current generated by a photovoltaic cell 700 with negligible resistive losses.
I some embodiments, the back-electrode 104 is composed of any conductive material,
such as aluminum, molybdenum, tungsten, vanadium, rhodium, niobium, chromium,
tantalum, titaniem, steel, nickel, platinum, silver, gold, an alloy thereof, or any
combination thereof. In some embodiments, the back-electrode 104 is composed of any
conductive material, such as indium tin oxide, titanium nitride, tin oxide, fluorine doped
tin oxide, doped zinc oxide, aluminum doped zinc oxide, gallinm doped zinc oxide, boron
doped zine oxide indium-zinc oxide, a metal-carbon black-filled oxide, a graphite-carbon
black-filied oxide, a carbon biack-carbon black-filled oxide, a superconductive carbon
black-filled oxide, an epoxy, a conductive glass, or a conductive plastic. As defined
herein, a conductive plastic is one that, through compounding techniques, contains
conductive filiers 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 curreni-carrying paths
through the plastic matrix to support the photovoliaic current generated by a phoiovoliaic
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
filer.

Semiconductor junction 406, A semiconducior junction 406 1s formed around
back-electrode 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 15 a direct band-gap absorber (e, g., crystalline
silicon) or an indirect band-gap absorber (e. 2., amorphous silicon). Such junctions are

described in Chapter 1 of Bube, Phorovoltaic Materials, 1998, Imperial Coillege Press,
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30,000,000 Tungsten (W) 400-410 58,000,000-59,500,000 Silicon carbide (Sic) 450 65,000,000
Tungsten carbide (WC)

London, as well as Lugue and Hegedus, 2003, Handbook of Photovoltaic Science and
Engineering, john Wiley & Sons, Ltd., West Sussex, England, each of which is hereby
incorporated by reference in its entirety. Details of exemplary types of semiconductors
junctions 406 in accordance with the present application are disclosed in Section 5.2,
below. In addition to the exemplary junctions disclosed in Section 5.2, below, junctions
406 can be multijunctions i which light traverses into the core of junction 406 through
multiple junctions that, preferably, have successfully smaller band gaps.

In some embodiments, the semiconductor junction comprises an absorber layer
106 and a junction partner layer 108, wherein the junction partner layer 108 is
circumferentially disposed on the absorber layer 106. In some embodiments, the absorber
layer is copper-indium-gallium-diselenide and junction pariner layer 108 is In;Ses, Iy Ss,
ZnS, ZnSe, CdInS, CdZnS, Znin,Seys, Zn;.. Mg, 0, CdS, SnG,, Zn0, Zr0,, or doped ZnO.
In some embodiments, absorber layer 108 is between 0.5 um and 2.0 ym thick. In some
embodiments a composition ratio of Cu/(In+Ga) in absorber layer 108 is between 0.7 and
0.95. In some embodiments, a composiiion ratio of Ga/{In+Ga) in absorber layer 108 is
between 0.2 and 0.4. In some embodiments, absorber layer 108 comprises CIGS having a
<110> crystallographic orientation, a <112> crystallographic orientation, or CIGS that is
randomly oriented. In some embodiments, semiconductor junction 406 is a so-called thin
fiim semiconductor junction. In some embodiments, semiconductor junction 406 1s a so-
called thick film (e.g., silicon) semiconductor junction.

Optional infrinsic layer 415. Optionally, there is a thin intrinsic layer (i-layer)
415 circumferentially coating the semiconductor junction 406. The i-layer 415 can be
formed using any undoped transparent oxide including, but not limited to, zinc oxide,
metal oxide, or any transparent material that is lighly insulating. In some embodiments,
the i-layer 415 is highly pure zinc oxide.

Transparent conductive lqver 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 laver 110 i1s made of carbon
nanotubes, fin oxide SnO, (with or without fluorine doping), indium-tin oxide (ITO),
doped zinc oxide (¢. g, aluminum doped zinc oxide), indium-zinc oxide, doped zinc
oxide, aluminum doped zinc oxide, galiium doped zinc oxide, boron doped zince oxide, or

any combination thereof. Carbon nanotubes are commercially available, for example
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4 50-65 0 65,000,000-94,000,000 Single Carbon nanotube 1,000+ 145,000,000 Diamond (C)
1,050-1,200 150,000,000-175,000,000

from Eikos (Franklin, Massachusetis) and are described in United States Patent
6,988,923, which is hereby incorporated by reference herein in its entirety. In some
embodiments, the fransparent conductive layer 110 is either p-doped or »- doped. For
example, in embodiments where the outer semiconductor layer of junction 406 is
p-doped, the transparent conductive layer 110 can be p-doped. Likewise, in embodiments
where the outer semiconductor layer of the junction 406 is n-doped, the transparent
conductive layer 110 can be n-doped. In general, the fransparent conductive layer 110 is
preferably made of a material that has very low resistance, suitable optical transmission
properties (e.g., greater than 90%), and a deposition temperature that will not damage
underlying layers of the semiconductor junction 406 and/or the optional i-layer 415, In
some embodiments, the transparent conductive Jayer 110 is an elecirically conductive
polymer materiai such as a conductive polytiophene, a conductive polyaniline, a
conductive polypyrrole, a PSS-doped PEDOT (e.g., Bayrton), or a derivative of any of the
foregoing. In some embodiments, the transparent conductive layer 110 comprises more
than one layer, including a first layer comprising tin oxide SnQy {with or without fluorine
doping), indium—tin oxide (IT0), indium-zine oxide, doped zinc oxide (e. g, aluminum
doped zinc oxide) or a combination thereof and a second layer comprising a conductive
polytiophene, a conductive polyaniline, a conductive polypyrrole, a PSS-doped PEDOT
{(e.g., Bayrton), or a derivative of any of the foregoing. Additional suitable materials that
can be used to form the transparent conductive layer 110 are disclosed in United Siates
Patent publication 2004/0187917A1 to Pichler, which is hereby incorporated by reference
herein in its entirety.

Optional electrode strips 420, In some embodiments in accordance with the
present application, counter-electrode strips or leads 420 are dispesed on transparent
conductive Jayer 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 (cvlindrical axig) 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
oylindrical axis of the solar cell. In some embodiments, the electrode strips 420 are
spaced out at five degree, ten degres, 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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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

embodimentspfcthaseserioanpniicationsomaleriakiads dhasimstate L@2)issggemed to be rigid when

the Young's mocil)ul s for tge material is a _constant.over a ran%e of siérain?. Such materials are called
linear, and ar§SX0 B BBV FIdHRE s 1459 PR L5nie EBERIMBRE S SIS 102 is made out
of a linear matdttah thahobayshiHtokewiansErdnsplies of thadanspratetiasdintiudeydutlfire not limited to,

steel, carbon fipeand glags. Rykhenand seikiaxasnh al-ery t%ﬂﬁ%‘%ﬂ%ﬁ@&:ﬁﬁ?af materials.
The present application is notéimite Ceio 1sB{uz:/é)strates that have rigid c%/ggg ical shapes or are solid rods.

f
All or a portiofi°0f e ¥0b SR REPHI AT HE C REPI VT Y BR5eL AL8EYA bounded by any one of a
number of shapeswtherthdmhthenipeuarcshapadedepicied. ifviaguple, 2J depibedndhigushape can be any

one of circular, ayojdl, 5ABY ShARE SRARACIRIZESE Y ANS AL ALESARALSLNYGS, SyLfaces, or any

splice of smooth curved surfaces. The bounding shape can be an %%)n, where n is 3, 5, or greater

than 5. The bGBRERIE 855 RareaTREr BE mdariredarehd! tndhigme A 8tangular, pentangular,
hexagonal, ordhsuinig ampsidnie ooyl near Segrentadiswiaces! Q) tHBearass-Kectiofn can be bounded

by any combington ot Jgasurases, AEGIALY sifaes, cusiinedeuaces: 4s dasgriped herein, for

ease of discussion only, an omnifacial cirCular cross-section is illustrated to represent nonplanar

embodiments of thi* PR GRRIERR Beticdeqtatrelans 12 st meRtd seadutise SPR<Eross-sectional
geometry maydeusied itk acpiietovalialtdevee sl f dhahis sonplibathifgpradtid.or anln some

embodiments,, 4 {IrsLAGHION 91 G %?&%Qr%%f}gé&_so?Q?Eﬁ%ﬁﬂ@r%&'ﬁbé’c&ﬂ{l%ﬁ%%ﬁéseC“O”a' shape and

a second portion’of the substrate 102 is characterized by & second cross-sectloné?rs%ape, where the
first and secofePERsE¥eisnal shapes are the same or different In some embodiments, at least ten
percent, at least twehityoprreabsdatdeashthiry preaasdt alifeask lartyipereentnat least fifty percent, at

least sixty per ent da.tI St seventy percent, at lea t%iggnémpercent at Ieast;[ inety percent or all of the
it a?f I il i
length of the s ibstrate s cﬁgractecﬁzégdbyet eeei?ﬁst crosscsectiona Oé’ﬁgtbég E%%g)%me embodiments,

the first cross-&Betiphalidhage i prasrat iacycands tirkicliatetbionsy Bae tidheseppdvéibss-sectional

shape has at lgast eRemUatesSTRuse g isRE@LRbadimens the substaie dQ&ismade of a rigid
plastic, metal,nrln etaliallqp{‘ré 8%&}3&3-%“ some embodiments, the substrate 102 is made of a urethane

polymer, an acr?/ ic E|i:)c§lsymer, a ﬁu%?olﬁélymer, polybenzamidazole, polyrnide, polytetrafluoroethylene,
polyetheretherketon&pfionhitierddradel glasembaabioginemlie! holystyrermplicpdss-hked polystyrene,

polyester, polyearaanateiqielyetiensy Rolyetiviane: aelyianitienbutadienesstyrens,
E% cellulose acetate,

plveraiors et BTl e 88, sehioge e i, ellioes acee

aluminosilicatéqagay! butyral (PVB), thermoplastic polyurethane (TPU), a polycarbonate, an acrylic,
a fluoropolymer, and/or a urethaneis coated over transparent conductive layer 110 to seal
out air and, optionally, to provide complementary fitting o a transparent tubular casing
310.

In some embodiments, the filler layer 330 is a Q-type silicone, a siisequioxane, 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 optionai 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 filier layer 330 is a laminate layer such as any

of those disclosed in United States Provisional patent application mumnber fo be
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borosilicate glass, dichroic glass, germanium / semiconductor glass, glass ceramic, silicate / fused
silica glass, soda lime glass, quartz glass, chalcogenide / sulphide glass, fluoride glass, a glass-based
phenolic, flint glass, or cereated glass.  In some embodiments, the substrate 102 is made of a

material such gs:palybe RrFANISRE Al 1609, flarolemAvRiakia fian Fiasiigs, Inc., Shiner,
Texas). In some emb%?}hmen%s, the substrate 102 is made of polymide (e.g., DuPont TM Vespele, or

Y g
DuPont TM Kagftsha iR td Ereta b resmin Ratee aRRERsi EFs tRE SUdStrate“102 is made of
polytetrafluorogtRytdne: (PhREYyOnobyetiad bethdelentoriertRBEKS) piaety Gfrwhichup@xailable from

Boedeker Plaslics, dng. b-same.embodimenisnibs substple 10215 madsfpalyamide-imide (e.g.,

Torlone PAL Solvay Advanced Polymers, Alpharetta, Georgia). In some embodiments, the
substrate 102 EPRPLRBE 1 H8s sk pRaTolfer PHEATRC et sire phgr@ ) 4Bplying heat and
pressure to Iammrmp@pcmmmmeqaﬁr@am Cdbtﬂhimpr@@rﬂat_edlmﬁ;tﬁyﬁﬂtteﬁhyéher_mo_setting
resins. When hagl,andpressufiats aeplied i dhim ey rsoachamigalieaglion (palymerization)

transforms the separate Iaﬁers into a'single laminated material with a "set” shape that cannot be
softened again >P1ersTdie, thastehh daviane 20 chpdiclirigmessersomrapsriaty Brmesin types and cloth
materials can l&lased gl matuifasitethe npasshianm ides o) iharange-of dechainical, thermal, and
electrical propgrties, In some embodiments, the substrate 102 i%. & E)thnol ic laminate having a NEMA
grade of 0-3, O-%, (%7, 6%9 (I)% o?s(%{-yll. Ex%rﬁepﬁ%afn p?llneon(g%l%: I%%mna‘fesisg?gl{g\?gl able from Boedeker

Plastics, Inc. 4i9lscdonssl epteaamane radbndaiditarlishiane srisiatie e Bieamples of

polystyrene inclyeesgenarakipuradsepoiatyf enauaich Bighdmpach gotystyrene@sdetailed in Marks'
Standard Handbook for Mechapical Rroingers. it edtion, 1987, MeGraychiling, p. 6-174, which
is hereby incorporgttedS b§ reterence herein in 1ts entlrety.gfn Stiif other embo Iments, the substrate 102
is made of crogglifnéedt lsemAtyrehe roprerbihione of clossminkabopaystyrbadiisrieskolitee (available
from San Diege:BlastigselinGonNationali GitysGatifarpig)Rexelita isadhanrpasahd)particular a rigid and
translucent plas}ic roguced bg. crgs Iinkﬁi\g? ?I stlylreng Wi di?Y{irfgl‘Penz ne. . tllg still other
embodiments, e SUBsi AR 105 R das égé%grbl natg: ‘stich polycarbonated ¢an’have varying
amounts of glaBstibeenteligstongosndasscadrilions ebsonsrdestoaditstionsite btrBhgth, stiffness,

compressive stigrathy asonalianthadheral axpngionaneficient QfithematerialExemplary
polycarbonates ar%ZeI xgr M anq Ze'“”@gg{j\éﬁ)’VFiCh are availantl)clegrom Boedeker Plastics, Inc. In
At % & PTGl FRE T LISORS SHIBBEEREE, the substrate

. t, a first silicone e £er,
some embodimerts, fhe SabSHAE TR His
102 is made of{oW: dehsitynpésléthyiermmn f DibErivigh demsityipsipettidenes tHIDPE jigidultra high

molecular weight Relyathylene MW, REDSlrmicalpreparfiesetHRPE-alg desered in Marks'
Standard Handbook for e%(%f%%mcal E m,ei}rs, ninth edlﬁwk,s 1987, McGat??lx;/-,Hlll, Inc., p. 6-173, which

is hereby incorpbtated eﬁ’%g[ﬁgﬁgﬁﬁdi RELRLTERT. T SO B BT RS #B%Substrate 102 is
made of acrylohitriesbifiadigrteksiyrandHoh tetifitors-dihsdereribedior)tp diymétbaerylate (lucite or

plexiglass), nylgR:G.8eCceliinss agetat rele, GehHiRse acrigle.higid vyl Blastigiged vinyl, or
polypropylene. Chemical properties Of%#é%é materg?als are desé??fgdgign Marks' Stan%laér% Handbook for

Mechanical EnJiRE/s iR 6t 1R57 M S PARRERIITAE:, BB B 81975, which is
hereby incorposated bjirefe istein dteupritiretj) at least sixty percent, by weight, dimethylvinyi-

terminated dimethyl siloxane; (ii) between ten and thirty percent by weight hydrogen-
terminated dimethyl 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 7 is
between 2 and 20.

Optional rransparent 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 tabular casing 310 is made of plastic or glass. In some
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Additional exemplary materials that can be used to form the substrate 102 are found in Modern
Plastics Encyclopedia, McGraw-Hill; Reinhold Plastics Applications Series, Reinhold Roff, Fibres,
Plastics and Rubbers, Butterworth; Lee and Neville, Epoxy Resins, McGraw-Hill; Bilmetyer, Textbook

of Polymer Scignea;RiarSelencgis26h it ant.Maries Fyincipies &Eﬁ%&w&#\[ﬁg%ﬁ theory and practice,
McGraw-Hill; Beadle (ed.), Plastics, Morgan-Grarnpiand, Ltd., 2 vols. 1970; Tobolsky and Mark (eds.),

Polymer ScierfECHR RFrias SRS Teaarest hRAls ctsiRepListias SLorR firfders Bata Book,
Industrial Pressar&&i‘éntll’kdblda}(emﬂﬁ&g mdimkmﬁ&hmr&;@lhﬂskyf Shook] &bl Metyeds,,.SPl Handbook
of TeChn0'0gys@élﬁaﬁ%{@&%mgPIn%@%&PM&E!%?%9&8-8 mpasIesy ¥anNastangdReinhold, 1973,

each of which is hereby incorporated by reference herein in its entirety _In some embodiments, a
cross-section SPHFRASObSHARE R4S LirtithiadhfiaPaiihes & St s A Hstdh oPBERveen 3 mm and

100 mm, betweerell mproatid Jémmhﬂndneﬁwﬁ@métm aﬁuﬂ:ﬁiﬁn@ml_abeémwfeﬂa.lo mm and 40_ mm, or
between 14 mm a”dp%%{t‘ﬂﬁ‘gk%xﬁ%?&% gm@&%agasmmm&aag&g&gau%vb%n%ggff%so%% IS

circumferential and has an outer diameter of between 1 mm-and 1000 nim In some embodiments,
the substrate HP2F3&SHISERRAIETR ARoRE HmersiHohr Iepstien Brdpediniapesiibecross-section of the
substrate 102 isehasectesizadRy, ao:nReradiusoaafiniggtha-hellnvide: ipitedosiand an outer radius.
The difference Qgetyyﬁ%en the inner radius and the outer radius is the thickness of the substrate 102. In
some embodirﬁents, tﬁ'e thickness of the substrate 102 is between 0.1 mm and 20 mm, between 0.3
mm and 10 mm, beti®semoempagimené-sh s masahidaka Eaving AHNDA% 9 some embodiments, the

inner radius is pehivpenchnmaNh LRI ReINEaBiISIAM, afeheBumMsaiikebyaan:hsm and 10 mm.
In some embodiments, the substrate 102 has a length (perpendicular to the.plane defined by Figure 7)
that s botweel B Ea T 00 e, HISh L S S aG BOG Ak oHRUSERH50 mm and 3000
mm, or betweeh!Bode ginsafierisodarmilint elees.ampsoitiistesiesthéesupsteateodio®igsdhisollowed tube

having an outegdigmetanafidmay ansiathickirassalherhNheand 240nathi @hd040 mm Although the
substrate 102 i shovxin as sol'id in fi% 7, it VYi|| be a}? reci?ted. hat in nlyfembodiments, the

ure 7, a
substrate 102 Wil R&VE S hoifow Esré %ﬁc Wil ad6 5t a rigid WBUAT striturd stth as that formed by a
glass tube. Backizksoteodebd@mepish tickralemirad o102 imsiedhifereadiadiladistiosed on a substrate

102. Back-eleglsade. 1 0d-savesamibefiisheiatieda-nithe assemblymip-genshal, a back-electrode
104 is made out of any m%ter{i%l#ggi cans t the photgvoltaic current generated by a photovoltaic
g '

cell 700 with n&JFETHIEYEIERG B IOV SHBBaRT e AP Ih & DA SBYPEHR®104 is composed of
any conductiveENate pedfisuchiias plinvvnarhymibiybdeviomd reipgsién cxamnéidiadn, rhodium, niobium,
chromium, tantaliumg, HLa0 e SteehoRickel, RIAIRMR. BilveL 96, RR.alRYHRBIeofyQf any combination

thereof. In some embodiments, the back-electrode 104 is composed of any conductive material, such
as indium tin o¥ib& ChBRIRTA SRS SHeBxide o dhrawdnts s e (o sarpirddxide, aluminum
doped zinc oxidejchadl derictepadrzithe potjcke;ration depethzmodiciddlindicindzire oxide, a metal-carbon
black-filled oxidey-a ranhitesceraonRiact:filed.¥ide, A.saronhlagkeprgn black-filled oxide, a

superconductive carbon black-filled oxide, an epoxy, a conductive glass, ora conductive plastic. As
defined hereinPAEARASER S Lt R TRt thY BN LS RE FtaeioR tleetétiftains conductive
fillers Which, inthgrasufimma;uidhﬂimﬁmhducﬁivﬁaprﬁpﬁtbiasﬂxpaﬂwtmmm.cmi@me :eerﬂmﬂﬁmn‘ts, the
conductive plagfics usech it ihe:RigsentapRlisation o aBack alackade Q4 contain fillers that

form sufficient conductive current-carrying 6glaths through the plastic matrix to support the photovoltaic
current generat& sy & photdboltaicedlies 0o mRHHe BB ESISIS folsde d ke é)ﬁﬁ%’t% matrix of the
conduc_tive plaﬁﬂmiimﬁy@ieallydmlﬂmyhgs bubﬁp@ammn&ﬁtmm’m@uae&&x&&ﬁ&&dﬂ&mductive properties
of the filler. Sem'f%%cég{b%ﬂﬁ%ﬁ%,%%Qfaﬁ‘sgﬁgﬁk‘i% Cé%iﬁ%@%%gm Q%é?J?f@a%%%@””d

back-electrode 104 Semiconductor junction 406 Is any photovoltaic homojunction, héterojunction,
heteroface junctiBFRARHBUAYHSTIAIGH: JHSTE Rt BIth G&h Tantat ety @hitbsorber layer
106 that is a diregirtvsnegap dlferbera(e:g., Brysialipe, silicany ensrdineitechbandpgaptabsorber (e.g.,
amorphous sili%%ni. Suchgjgpé:tions are d%%%ibed in gtﬁg&ter 1 of I?ubeangg%g%g%taic Materials, 1998,

. al casin COmprises g ansparcn ar casing layer
Imperial College IBress, P P &y

fransparent 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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London, as well as Lugue and Hegedus, 2003, Handbook of Photovoltaic Science and Engineering,
John Wiley & Sons, Ltd., West Sussex, England, each of which is hereby incorporated by reference in
its entirety. Details of exemplary types of semiconductors junctions 406 in accordance with the present

application argfisionee y385HeR Re2vAeRWsdR3gditioniadhn examplany dwgtions disclosed in

Section 5.2, belqw, junctions 406 can b muItiJunctio s(ln which light traverses into the core of junction

406 through nStSIEEHEAEREAAE BYerEratiy PRiSve SR LA L aller band gaps.  In some
embodiments, the sbrejosnuisidnmjenstioch cenipriseswaniabserisdrfaybys Emnt a junction partner
layer 108, whetgin fhe i&nﬂé%@aﬂﬂﬁtg%(e@y@fé&%&vﬁ}&m@@aﬁgﬂyﬁgﬂwa@@zgﬁtm absorber layer

106. In some embodiments, the absorber layer is copper-indium-gallium-diselenide and junction

partner layer e e e S e %ﬁﬁm@%{o, Cds, Sno2,

Zn0O, Zr02, or woyfeg Znctinisemevembadi thents pabstnde ke dQ8us:be tamenlfySspm and 2.0 pm

thick. In 50mecgm%gé%@Lﬁ@&&u&pgﬁiﬁwM@H@ﬂ&%@@r%@mm&%fﬁﬁ@% is between 0.7
io e

and 0.95. In some embodiments, a composition ratio of Ga/(ln+.Gaz‘3in absorber layer 108 is between

0.2 and 0.4. If*&8l&sHOH e als e RITRH T8 oI fREas e RRimps 2490
crystalIographw;mﬂﬁmmmiaatﬁﬂhﬁwmmm@mtam@@teﬁﬁh@ta&imdbmly o_riented. In
some embOd'%@é&eﬁ?{mﬁ&?9&&%{3‘id&’é}&tiﬂé‘ﬁ%&s%ﬁﬂécég%%{?s%’&iﬁ@ﬁé@rﬂ&ﬂﬂ&%ﬁ&ﬂ{gU”Ct'on- In

some embodiments, semiconductor junction 406 is a so-called thick film (e g silicon) semiconductor
junction.  Optfbay iPRriceh Rt PTHcEyiRs Ry IR TR ISP Fitri s IE e P Rer) 415
circumferentiafhy ¢aatingihrisemwend istemun ticeAlfetthetdayesptteoay badetmied using any
undoped transparent oxide. includin nEt limi 0,.zin ide xide, y transparent
material that islg ﬁl%gﬁﬁ?’lrﬁécujlagtjri{r%g?ﬁqgg%%é%blgmg%r%& %ﬁﬁ%gﬁg?%eé%s %%%yt%&%eg zinc oxide.
Transparent ceithgcavasidyeicknest b thedifaparentrebRt Bt tayae rre maiRumiEEntially disposed
on the semicondusiorfungtion: layess 4okHherabycopaietinputhe:aiguil (As noted above, in some
embodiments, a thind; ayey dhe s clieumereniali,depesethan hesemisandudianiypgtion 406. In
such embodiments, r’énsparent conductive layer O'ls circum e’rentlaliny epose on the i-layer 415.
In some embolhitieAtscepiecransparet sehitictvedegé thprbmssvadéierceipsiirnanotubes, tin oxide
SnOx (y(\j/itgl or éﬂ&i@&ﬂ@sﬂ%ﬁ%ﬁe%ﬁﬂimﬁéﬂﬂ,imﬂﬁﬁxﬁﬁsﬁﬁ@yagg@@iﬂ%@@ﬂ%ﬂﬁ -@at?j&umi gum doped
zinc oxide), indium:zinc oxide, doped.zinc o aluminum do zinc oxi allium doped zinc
oxide, boron d%%gng{%%s i é,ch gﬁﬁ"@o?ﬁ%ﬁ%&i%%ﬁ%ré@? igé{ll%%jﬁ ?Pa}%% lges,:rqélar)éeIcgc?r%mercially
available, for exdrmplendiipm@EiestiiFealakinl Masststinoensyriteulre dewerédinstmited States
Patent 6,988, R2mowihishsisiienghy eerraraiedbynelerence Rekeio ddia ealkelbnld seme _
embodiments, the tr?%ﬁgralgegrt&%nductlve Ii?gfer 110.is %gh%ga?% %9 arn- doped. For example, in

. ontiona T10r opliongtl v encasing. & 1] ent
embodiments V\}here the outer semiconduc or3fayer %ligjunc 10N 6iS p-dope ,I%?{entransparent

conductive layabdiatceane 3éGo-Boper. chikediisalsivumbadimsistanivhess the outer semiconductor layer
of the junction 408 i$:-R:0RNeds4Re LAnsRAFeRELANGMETINEIRYR3130:eaN heRwaRres</n general, the

transparent conductive layer 110 js preferah ade of a material that has very | sistance, suitable
optical transim EAiBH BTGRP SOy RIS S TR EUS that witl mo
damage underiyinty leymestofthichse thicotich propguite 16 4 08 endistatideapptibmdinkiyer 415. In some

embodiments, {ie&ransparRnbCapAMCliva AR JikPisian g e iHcallu-candyetiyepalymer material such
as a conductive polytiophene, a conductive polyaniline, a conductive polypyrrole, a P55-doped PEDOT

(e.g., Bayrton) P EH AN BEL AT S Y5 887G S A S LT F&lisparent
conductive layemidinrenmphisesienaresthampnd layér pinclidipgsdifivst.|ayisequoenisiadptin oxide SnOx
(with or without fluoging, doning).-Rdimetin pdsle. (TVsindinmszingaXidedepgd zinc oxide (e.g.,

aluminum doped zinc oxide) or & combjnatgion_thereof and a second layer comprising a conductive
polytiophene, &edrthiaveiuyaihie Dtomite R B Oy RFES APLE FFSH PEDOT (e.g., Bayrton),
or a derivative of anmfibhe! fmr@gﬁbngvef%dckw&gna_i suitiah@matemmjmmﬁmm_dnémﬁmﬁw form the
transparent copdugtive layer dhfas:discloseddn Uit Siatles Pateptnilication,;2004/0187917AL to

Pichler, which is hereby incorporated by reference herein in its entirety.
efficiency. In some embodiments, there is a both a water resistant layer and an

antireflective coating deposed on the solar cell 402. In some embodiments, a single layer
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Optional electrode strips 420. In some embodiments in accordance with the 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 congductipg mateiahiat ar_%t@@aﬁ%%gépﬁa e angrRyRdeylinglical gxjs) of the

elongated solar cell, In some ‘embodiments, the opfional electrode strips 420 are positioned at spaced
intervals on the" AR SRR EpdEoaBra Rt T4 T B FdHARYR Hitire 7, the electrode
str_ips 420 run s@@maileicﬁmﬁa@:,maﬁﬁedsmddaﬁe‘tﬁmadﬁdmutemmm@agmiémﬁefwad&aimg.the cylindrical
axis of the solgp.cell I same: arubRAmaniS.Ie.Aesifene sifes 40 AR shasaloy at five degree, ten

degree, fifteen degree, twenty degree, thirty degree, forty degree, fifty degree, Sixty degree, ninety
degree or 180°8EGHESMEAFERS BRI arr ceTerds Qb S5 vt R ctileTRy sPPedmpSome
embodiments thbers ioee siagaeleeirotiemsitip:42Q onihe sudrfageiakirRnsprent aaaductive layer 110.
In some emborgquégglts, there is no electrode strip 420 on the surface of the transparent conductive
layer 110. In some embodiments, there is two, three, four, Eve, six, seven, eight, nine, ten, eleven,
twelve, fifteen or mof& @rahiity  siceibrE eiétr B ag ipabepmtattr ankpsrearicpraiEies layer 110, all
running parallelnondieat patalle) phoprahsdowndhadnng-fexdindricalmmds of therselar cell. In some
embodiments electrode strj 20 are evenly.spaced about the circ rence of the transparent
conductive Iay@lr()%fg, g)crcgi(f?r%éplgf B 83&%%%%1 %gﬁr@‘ ?Lé.glvr{ﬁ a %?ﬁ%?ég Hel%b%%?ments, the electrode
strips 420 are fisraverayacedabbtaktesrBuerfashoatoiahe walidpardatwoinductive layer 110. In
some embodimgnis dhe-elastasesiinscd 0 e-0nRM.on anaiiacaial a phatayaltaic cell 700. Elements
102, 104, 406,84% dgptiongpﬁgnrgsleln ogtgji rec7a %Ilectt}ilve%c m ?’se t sgrlar cell ?OZ of Figure 7.
In some embodiMaNts. e Slectrode siips 42D &a ade of CENatiEiS SpB%y tditbttive ink, copper
or an alloy thereedueiitisiziden brsametiopotieaast, théakefviokincaidy’ e rebidesiveamepazanialloy thereof,
gold c|>r atm 3"0»?9993&%@%:% 9931%&31%\;]@;)?&% f?[e?l%@?@%;@ ﬁ%ﬁt‘ﬁ%@esc?nd &éi@faﬁéﬁmgg&iirrer;tsathe[e_
are electrode strips that r 0 ong (cylingrical) axis e solar and these electrode strips
are interconnetite t?})té%‘grl\r}bﬁ Te ??&r/ gﬁaol%ee%{ﬁgé’ggnéﬁ%iﬂ °§08’8Habce°fﬁi%é%}“m‘é Sthinner than, or the
same width asvhieretestrodeystrips HTEHboecspdd! lirrisrishin bietrd adahofthier sesivem iagiffeient electrically
material as the&lRCHAAR; SRS more BRlGRALIUE! 2Y¥eh3R0u IR SAMeRMRAGimeRts of the present

application, as depic}ed in Figure 7, a filler layer 330 of sealant such as ethylene vinyl acetate (EVA),
silicone, silicorf8 87 SH85T P BORRE ! SRR (RIS R P SR RIS BBiyvinyl butyral
(PVB), thelmoplasticdimlyitratihznichl b lespotycarsonbtapanmatoyl 04 filtbegosbimer, and/or a

urethaneis CO@%Qi&YQBU@HME@H%&%ﬁL{ 'Y%'@g@&%@f} psseekoykaltand.apiignally. to provide

complementary fining to a transparent tubular casing 310, In some embodiments, the filler layer
330 is a Q-typ& SMESHE h RiTEEE XA H D PESG RGSTIBr SRFAHE SHEDRR IR, in some

embodiments, efitidhabfitterriayert 330idstinot needed even when one or more electrode strips 420 are

present. Additional siiahle meierialsdorontianalfiierlayer.rimidescibed ngPReRding United States
patent application serial number 11/378,847, attorney docket number 11653-008- 999, entitled

: 378,84
"Elongated Ph8tdVoEH e SRl s i g bighsr PhospiigeseRib B Farth TP hoptisrswifils hereby
incorporated heseipribyaraferen esinuie esitiretyn activinsamaiembodinenisetiag aptional filler layer 330

' a laminate qyge aHA AR ALINRSAIRIAREA I HR] AIRedRrRioRal pRISE! application
u 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 application to enhance light absorption by a photoveltaic cell
700. In some embodiments, the phosphorescent material is directly added to the material
used o 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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determined, filed March 13, 2007, entitled "A Photovoltaic Apparatus Having a Laminate Layer and
Method for Making the Same" bearing attorney docket number 11653-032- 888, which is hereby
incorporated by reference herein in its entirety for such purpose. In some embodiments the filler layer

330 has a viscosity deataotelict O ahachs0ma mRALIMe s, heerlpxes difibas a thermal

coefficient of expansion of greater than 500 x 10-6 / C or greater than 1000 x 10-6 / C. In some
embodiments (fie fiife PrayEresserrardrreu s ety L5k BB R SIRCESAsE embodiments,
the filler layer 33@ronpiiskesbayaveaightessuiheano0ddehaddisiectrcsgeldenzar@iments to form a
dielectric gel; e %, Qf 0t Sili [ transparent silicon oil having a
beginning visc%%%?%l? F;ﬁ(%n%grtée%%a‘%ﬁt%%?ggtrﬁ%gﬁg%%%%%%ggggﬁg%g%ﬁaem&rglg%%ﬁ%%éeqyor components
to form the digtEEEIEYGEFIANAHEBHB 6NN, the Alerayelidayngrantenfilfideefficient of
expansion of graatasinanGRlnsEhbcbfpanddanptisaes hyvieighitdess tbamSa%e aka dielectric gel or
components tQ fg{g}m gmqri]%g%%tri :ngl'f and at least 30% of a transparent silicon oil. In some
embodiments, the filler ayerré 0 is formed from silicon oil mixed with a dielectric gel. In some
embodiments, the silEd&ilfes @epnzatmehvisioere ssolpiar ifbegndeheaislisetric gel is a mixture
of a first silicone-glasterpariand:s srcanhsilicRng glrsiarmec-H aampiembadinsais: the filler layer 330
is formed fror‘rg}(%ti ya%/élsejggpt t&%lg/q%gtg%%gcguat{ée %’JYT8§1"91L§% Y% ~b3/ Weig_ht, a first silicone

nd 25 ﬁ% ec sili fastor ; e%o\?hsn

elastomer, a o, by weight, a second silicone elastorher, wher , an "Z'sum to 100. In some
embodiments,Hel goRyikemsistosariel poalinér ftjow: Rds 47échdtmieeal Igandld to Lagos
(C113)3SiO[SIACHIZINBiCF3934, wers iR anae ohintegerssehogamsushithatihe polymer liquid
has an averagehlg%lk \ﬁisc SE}/ that ftaIJI%in tpe range betw%en 50 cem[is oge and 100,000 centistokes.
In some embodiments. firet Siicone Slastomer comprises At TR sixs Perdeht By fveight,
dimethylvinyl-térmimee ctidied ottaybbilosenbreaid ibie tyve devBikaddr7Upisedditttby Rareig htosilicate. In some
g_m boﬁirpent;s,é,b@;om%@@_asﬂ @ﬂ?@?ﬂ@ﬁmﬁiiﬁg@é’!@@ﬁ;&X,@Eﬁ%ﬁ%&&r&?ﬁ%@y vr:eight,
imethylvinyltermi imethyl siloxane; (ii) between ten and thirty percent by weight
hydrogen-term{r%%%{%fﬁ?‘é{%iﬂd&fé%ﬁ ?r%ﬂé"(my GBS SR BOREERR By G fimethylated
silica. In someieriodimemsraXyisivatwesm80dd e 8iks¥his betwesre2tiand26 e Z is between 2 and
20. Optiongl 4anRsparentubiahsasin g 34 Nenecehediments iakde:ngt have an optional

filler layer 330, tran.sEﬁarent tubular casing 310 is circumferentially disposed on transparent conductive

layer 110. In sBHIE BHBOHMEHIS $REPHERAGES i SerAaRPe%D 4 indPatent tubular casing 310 is
circumferentialtileisposentsrnopfional fifle playem38@/ phiysemeepobiadimeniBdaliPluteiccasing 310 is
made of plasti¢ of.alase: 1) $9188 1@ PAMRNLS,£0196 L% 402, AHGEDGINg RIgRGHY modified for

future packaging as described below, are sealed in transparent tubular casing 310. As shown in Figure
7, transparent SR EESHEPS tHFSOIRIMME R MGSE IR S SR BERcaE2. Methods, such as heat
shrinking, injectioraaysiding, or. Pammﬁeazjih@l,:c@éﬁbems;aﬁb‘é@s@ﬁmstrﬂcmm)s_parent tubular casing
310 such that they,exclidle exvderand mater fam the syatem.aselias piguide,complementary

fitting to the underlying solar cells 402. Potential gedometries of transparent tubular casing can
include cylindrit&PiGAPTSH e P e Ers dHPES SRS A pes veRtial tRRYSA SR S {6 888%han the length,
panel-like, havitgiatoiintedeatgres: bosolikesapamnpotentiat geometsssuittskiarphotvoltaic
generation. __ |0 same AMRoAmanis S JRANFRAGALINOWALASING 340 S made of aluminosilicate
glass, borosilicate glass, dichroic glass, germanium / semiconductor glass; glass ceramic, silicate /
fused silica glass, sofEIRISPRLE T APl SEERRAKEDYE Higd ndbipsmitRayIHeeefsBide glass, flint
glass, or cereatsergldss: presamepitabadirneiis, sHenteanspace nhiubulaspasingigiehissnade of a
urethane polym crylic polymer., a fluoro rner, a silicone, a silicone gel, an epoxy, a
polyamide, or g%rgﬁﬁrg%ﬁ&n&#%%ggﬁ%{g |§%{g‘ﬁ{gfdt né‘?g%ﬁgjﬁlgr%ﬁi %S ﬁfﬁég ecsa‘si’fl}%g 310 is made of a
urethane polyrﬁ@?%ﬁ@é??ﬁ%%&?ﬁ#éﬁ? peslyiestipmeapbadlsearmrNAY sactiieropedymer, silicone,
poly-dimethy! siexage M) silicaneugekepowideiyiapevhayt acaiatedEVA), perfluoroalkoxy

fluorocarbon (PEA n / pol ide . cross:linked polyethylene (PEX),. olefin, polypropylene
(PP), polyethylgﬁ}ég?g%&gﬁ% a?%¥gf§]é%$?i§é%)ﬁr%gfatetra %%I)r/%xg ‘Pé%é’ %ﬁ&%ﬁéﬁgﬁ eIéérrr?'l%%llastic:
copolymer (for@x&ips iE e EpHpohidivissectidrveel $Foim Rivecpioippliestinatio nrofeiifyiexe and
tetrafluoroethylengaideids @NER) MORMARESLRAY eretiara.UIethamer ReVigwL chioridg (PVC),
polyvinylidene fluoride (PVDF), Tygon(r), vinyl, Viton(r), or any combination or variation thereof.
Additional suitable materials for the transparent tubylar casing 310 are disclosed 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
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 tubylar, cagingJavanrand AsRcepsHANIRA SRR GASgIBNRI-RaREALINg on the

exact configuration of the solar cell, the first transparent tubular casing layer is disposed on

transparent cORHERIVBNE)ER 1518 Pt ne- AIEEer 3T B8 (e Sradp I8l Eyer. The second
transparent tubuiareaging davet; ik disposkiliernthe, fitsttsandparentitupiledasing layer. M. some
embodiments seAg. IfAns, %E?B&%&Byﬁﬁ&ag%%r :Cffe1900 REONSIIRS AR QR Gxample, the outer

transparent tubular casing layer has excellent UV shielding progertl_es whereas the inner transparent
tubular casingf @ HASFEEE wer Prdorith epdbiehstiehe el blessirar CHerddd 8 ultiple transparent
tubular casinglaydaesicagpipe used to reduce costs and/or improve the overall properties of the

transparent tubular Isin 10, Flordlexarpcplffn ?Q? Aransp ﬁ%@%i&%bﬂi%&c&%ﬁ%%}’ .may be made of an
icl 5 )

expensive material t at grg\ngglsll)reépgﬂysma operty. By using one or more additional transparent
tubular casingsheyesvalsimieriseas ¥ptAisresgeishvebirah g srais b tra i ciRsmeg Jaiyershay be reduced,
thereby achievisgsadsaviigsmindhaterahtastsally arpihar exarmpledsane ipnspareshtubular casing
layer may have excellent optical.properties (e.9...index of refractio etc.rt{_?FI be very heavy. By using
one or more at (ﬁ%igaﬁ?fl ?r:%%%%%égﬁu Sﬁ?ﬁ&o%%%ﬁ%ﬁa&%?“s,‘%ﬁé" 1;[%?8 r%;’ggoo tl%et&ﬁesga é{?gnsparent
tubular casingthaypbeivialiarecids edéndgtate By fretl the ity i Dpliralion Erpheomriodaisparent tubular
casing 310. wiRptigRRlNRIGIFasIsaBklarekclSomemamiodimeits anaermesgawater resistant
layers are coa{:e over the solar gell 402 to ug(r:ggnent &pﬁed{gmgﬁg{'(r)\tg{)?qle%tgboé V\éalt @gglecules. In some
embodiments, Such waterresisant é%%ljare circumterentia y coate on?oatthe ransparent conductive

layer 110 priostbstieisasitivgiehaapivmarfiidiiaaay I8eranel dviomaiyrekaasihgptie solar cell 402 in

the transparentivbulae Gasing Flar s ne ARHBE Ms-NEPREQEIREEWater resistant layers are
circumferentiaq%/ coafied onto t‘h§ .oglﬁional filgle
i 1 &

] {FTI]a%er 330 prior optionalf%%eTcasin%the solar cell 402 in
the transparent t0BURaY cAsIg" BYED S AL BRI ATSPATR Gl FHRLRE R TAyers are
circumferentiatiytecatén ortdyine lmenspdreniddiyiae basing @10rimed i enddodimahts where a water

resistant layer ig.provided 10 569l mpleculanater LM e sl ¢el 4R%dbahpuldggymentioned that
the optical properties gf the water r%sistant I?yer shoulghr%g‘t interfere with the aﬁezorption of incident

solar radiation!5{FHE S 18 PEERAD 2 TReSBNTE BRI i S TS TR WA B LSS BN 2B  is made of clear
silicone. For exarmpirintisbynéspradsodiane tis;, dhevardteg lesistadtstayet ibngateof kelefype silicone, a
silsequioxane, g ;1Y SIHCQR: Lk A Midype silicon. In some embodiments, the water resistant layer is
made of clear silicone, SiN, Si0,1 13,, SiO, or Al203, where x and y are integers. Optional

antireflective coating?iﬁ@@ﬁﬁ'éng%dﬁqfﬁ%n%%r?%%ﬁ%ﬁlk‘fﬁﬁ?gﬂt&&f%85&%5?5?% circtunferentially
deposed on theesiofais celixt@Ri¢0 mepinidet solaredeibeffivie ncyricnsemecessodinmpntssdhere is a both

a water resistagt layenansham antiefiective spaling:depased amhie selancelhdfZihi,some

embodiments, a single layer serves the dual purpose of a water resistant layer and an anti-reflective
coating. In sonfEUERHERIRERE SHERIRRER e RO SIRERRATL SRS LMtsR AL titanium nitrate,
silicon monoxid&corist ibansdxitlennitidtelylngdeyacembadien its;rtldess i hinene than one layer of

antireflective Cgﬁm&?ﬁlgs geglgmggﬁg%ttsmtgggg)jﬁ e ihan,ane ;gg%ggegggrglective coating and

each layer is made o me material. In some émbodiments, there is more than one layer of
antireflective cBAHfAYBHEEA SRS R G SRACIHRS ERACA4 e r 2 Annular space) between

the overlying layer or structure and the underlying layer or structure. Furthermore, as
uged 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
iength of the underlying laver or structure. However, the present application

contemplates embodiments in which a circumferentially sealing layer or structure does
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Optional fluorescent material. In some embodiments, a fluorescent material (e.g., luminescent
material, phosphorescent material) is coated on a surface of a layer of a photovoltaic cell 700. In some
embodiments, the photovoltaic cell 700 includes a transparent tubular casing 310 and the fluorescent
material is coafgd Qo e L RIPALPHHAGCS BRAGHALIRG AXIRror shdare of the transparent tubular casing
310. In some embodiments, the fluorescent material is coated on the outside surface of the
transparent conductive oxide. In some embodiments, the photovoltaic cell 700 includes a transparent

tubular casing 3L aaghaN-ARISNALAIRHRYGR3 309 tnailaresasntmalariat ik aaaled on the
optional filler layer. In. some ﬁo iments, the photovoltal rli't?e” 700 mclludeﬁ aw?jﬁr resistant layer
éie%i%ﬂ%n 0

and the fluorescent Al oataY %rﬁ‘ﬁ?él%ﬁ e?srgé 2fgtyer ifi & efbadiments, more than
one surface ofusingrroteveliartedhifon kacohtetraiith optinriadfiverés denthaeiahdn some
embodiments t&@@ﬂ%&ﬁm&%@%éﬂ aheorpshius.andiotuliravialatlight pulichsgme semiconductor

junctions 406 of the present application do not use to convert light to elect gcr%/ftgnd the fluorescent

material emits WETHESRROBH ARS8 RGIT Svh eI SLORER: 185 S ERoRrLER B RS me photovoltaic
cells 700 of thesfinesetittapipligatichmwn in Eleonesteatsiomipestent 2 orqgphesphoresestt materials can
absorb light in 4y, blie, Rérysémgrgip&&ﬁws&m Misible bght P RRRRharesaRmaterials, or

phosphors, usually comprise a suitable host material and an activator material. The host materials are

typically oxide&& it gait @Pelrl}fﬁgé‘teﬂéihg@s“oﬁioﬁlﬁﬁrté%"f)ﬁlﬂ&m&éﬁ}hﬁﬂ‘hduﬁliﬁ‘ﬁj&l?@%e aluminum,
silicon, or varidz. raréredrtmanetals chhelantivatdreasebaidde dofbiproiongtiyequhissian time. In
some embodingentz,plhospRIEseRALMAlGHBis At incaRarAler . e syslemsapddnethods of the

present application to enhance light absorption by a photovoltaic cell 700. In some embodiments, the
phosphoresceﬁ?”rﬁgféi’féﬂq%ahi’?@é?w’%ﬂéﬁl%g Qﬁ?ﬁ%‘féﬁﬁ%&&lﬁ‘}ﬁ]&ﬁ%% 8Bfonal transparent
tubular casing 310. IR<ame enfipdinesnis cthephdEphoieseant wmatetal s aremmixed with a binder for
use as ranshaiRPIIIR AR AR R 04l Liangniavele Al he pholovalisis ¢gll 100 as

described abo emplary phosphors include, but are not limited to, copger -activated zinc
sulfide (ZnS:CHyaplaraiver: aboiruekaicrabsfians (rrringyroerbrie iBEiYeI8sshorescent materials
include, but areua@falﬂéﬂlﬁeﬂlgﬁreaﬁc sulfisleand gadiuuonsuléide im&ﬁﬁﬁ&s sthgntiudn aluminate

activated by eyro HHLS%I;IAQ%\C E )foﬁtr%nthurﬂott't dyalc a t%t esz) égoz%gs ﬁlmd aluminum

(SrTiO3:Pr, AI) “Calcitim su h strontium wit blsmu copper and
magnesium actiftéd 29@%6@@@5@9% Zfﬁ‘} B W@%Hﬁﬁw%@wmﬂ%ﬂ%@ for creating

phosphor matezrcbaI&ar@s&ﬂﬁmﬁeﬁhwtofmmamieﬁeﬂﬁatm@@jem@kmbm&m@aeother related
phosphoresc?\/rllbﬂn%e{lals ar% escrl%lg |n Un%ggd%%teslg ten) ggl S, § 6%7 5 7 Butler etal.;
3,031,415 to Morrison St al. NforSon etalju% %Ié R GRS AT 712 to Payne;
3,222,214 to Liyerslefeind3, o5raw kyer %@@%ﬁ@%&%%@ﬂ@ﬂ@ﬂ&l%ﬁﬁréim 966 to Karam etal.,

each of which &%%RM&r&sﬁwpo&a{@@lé@y&ﬁﬁeﬁ@@@s&ﬁgp@}a}m&ﬁwﬁvﬁmemmods for making ZnS:Ag or
related phosphorescent m@ﬁ erials aée described in Unlted tatggs 1135 nt Nos. f%,2093;4%17 to Park er al.,

6,025,675 to fhara etal. 4,804 8850 Talcs Hélfaoneuﬁmrdu%ciogl 0 ﬁ/?a?sudageral 6ach of which is
hereby mcorpo‘!ramewmfmmdyytmm%qﬂfltheéﬁs‘frehpt@éﬁéraﬁl}' 7&@9%@@r§bﬂeféft‘ﬁhe phosphor

increases as t%ﬁ’ﬁﬁx&ﬁ%@ﬁ&%ﬁ&%@@&%%k&@ﬁ%@m%@Q@Qﬂ@gmﬁwauﬂs%mﬁ@ﬁﬁ gkCdSe or similar
phosphorescen terl | can be use ﬁ%% et the s? e effects. See DabeUSJ etalzg&995
[

"Electrolumine $C&HE t@? PSR r VB el SR SRR, fath BRySLs Letters 66(11):
1316-1318; Dabteusiterall mmﬁ(eﬁzﬂwS@or@lBﬁeHc@aanﬁwﬁIM& Byintircaié dovd

Characterization,of 814 RefI62@LEIGLbEHIBEscent NaneGSIAlBoddaRY S.dehgm. B, 101:
9463-9475; Ebenstein et al., 2002, "Fluorescence quantum % ?B%de§eff\‘p§ nanocrystals investigated

by correlated a?%?*ﬁﬂ%é‘é’ﬁﬂ”ﬁﬁﬁ%“ﬁgﬁrf’%}geﬁ% cefice BOBY/ ABSd Physics Letters 80:
4033-4035; andriedgnets. ;:@ﬁ@@pttﬁfhhpeoeaﬁﬂ@h@ry@d@@mm@s@@ﬁmwo@m@mw 61; each of
which is hereby,jgeorpgraiadl v G IRERNCE PRI ISR e H1SARGMRgIITENTS, optical

brighteners are used in the optional fluorescent layers of the present a pllcatlon ptical brighteners
(also known as*BpiReAVRY ?éﬁrtsﬁ?rﬂf %@h?éwﬁéf@r‘é%%bmob‘?%w@ﬁlfnﬁe 1041 D Pl whitening

agents) are dyesdhatiaddsoth Tight in the ultraviolet and violet region of the electromagnetic spectrum,
and re-emit light in the,f 1&%5&9 B0 GOMPRANOAS0GIYAR SHRANSS (B0 actifSaln2-
diphenylethylene or (E)-1, 2-diphenylethene).”Another exemplary optical brightener that can be used in
the optional fluorescent layers of the present applicgtion is umbelliferone (7-hydroxycoumarin), which
also absorbs energy in the UV portion of the spectrum. This



energy is then re-emitted in the blue portion of the visible spectrum. More information on optical
brighteners is in Dean, 1963, Naturally Occurring Oxygen Ring Compounds, Butterworths, London;
Joule and Mills, 2000, Heterocyclic Chemistry, 4th edition, Blackwell Science, Oxford, United Kingdom;
and Barton, 1999, Camrighensive NaiwirbProgustsGhesistny2n6i% Malsanishiand Meth-Cohn
eds., Elsevier, Oxford, United Kingd.o,r)n 19@3 Circumferentially disposed. In the present
application, la§@FeYERSLSnST &78 WHEEeY, § iRt R e FARYRIRP AP BI KM Eilar substrate in
order to form &isolpticelf As usebldwenaing!tHertenn cmmenserertialgiaisposetRi® mot intended to imply
that each such Jaysr of raateria] ispecessatily.depesited qR.apunderlying layaiharthat the shape of
the photovoltaic cell is cylindrical. In fact, the present application teaches methods by which such
some such Iay’é}% can be molded or otherwise formed on an underlying layer. Further, as discussed
above in conjunctioragtthit@gdidt usstankefitterse bétratart @R {cthetisiipdivatedndsuhdertying layers may
have any of segradifferenbRonelang':shaRRn.NsyPUbelose UGG clmicigAlial disposed

means that an overlying layer is disposed on an underlying layer such that there is no space (e.g., no
annular space$tB&BEMEHESVEH R §RIPar £ 8ctAY URdePRA A TadEk ity iR BAGToTE 5% sed herein, the
term cir_cu mfermiauwdi@mgﬁﬁlmaﬂpsﬂahalﬁb @mﬁyiﬂgday@rsm@sms% an @‘.akﬁa}st fifty_perce_nt of
the perimeter QLG ucier g el GUURRIMALE 8RR BRIRI. 6 teun. ielmlgiRnualy disposed

means that an overfi/lng layer is osed along at least half of the length of the underlying layer.
CircumferentiaffyPeesi €8 tp HhstsfesEhbuppreartibrrmsEeRi ¢ clirferertRafeesiettss not intended to
imply that an oygklying: (Ryiekabstuciies S neaessalil yndeposibeimman, Undeslyisig iayer or structure.
In fact, the presen spplicafio saches methods by whish SHEhJayeLs ot slictures (€., the
transparent tulStfar casing 1%3 are molded of otherwise formed on an un eﬁyln layer or structure.
Nevertheless, ﬂ*ﬁ@tteﬂf#iéﬁrc§H§fé‘?éﬁti’ﬁ}[§}es§8?§'@1r§r§§ﬁs%&‘f’aﬁlé&?@ﬂﬂﬂﬁoﬁé?é?%ﬁ%?ructure is disposed

on an underlyigghlauerion sreiiesiah dhatihineis ROVEREE ait MiSPRIWRL Spacekbetween the

overlying layer or structure and the underlying layer or structure. Furthermore, as used herein, the
term circumfereﬂﬁﬁtférlﬁ/nstaéné?énci?cﬁ%eé?wéﬂ %ﬁ%‘%@fh°‘§%}1éf?1/‘yﬁ’ﬁglfa?fé§}t’§e |s%8:§ré}3 %tﬁ _6e full perimeter of the
underlying layéackrelypicdt efitsotithe mealiodysing ckrueninameinshpiferettiatiyesedis an underlying

layer or structwrgzwhendtsiscicsiarierentiallymdisnesed areunshihe, tull permeiesef theiynderlying layer

or structure and alon thte%ﬁ,llldlen%tla of &e nde{;)iig,gbla}{etr(ﬁr sigtlructure. However, the present
application con"'t‘é?ﬁﬁfg‘i%% MSSARENT T WRIER'S cirddm ere?ﬁla%y sealing layer or structure does not

extend along the full RefgtinofeaiiaiAdetlyrryiajetrodsiidonpetesngd invenufaeterie gbavonolithic solar
cells on a subsieates,siRgd CAAGACRIGRARIUR.f badtiRcAAr2tolustaateRIAGRS IRg Steps for
manufacturing a ﬁé)l r celd u%l# 270 using a cascagincg%hnique. Eag{l Llluls(:[r ti%ndin @9 2 shows the
three-dimensiolfSITEIBTTRF HEOHB R BESofeH Q& (it I ANEUE S gES SFrISRUtacture. Below
each three-dim@&nsiomeirtadinapiprofitétis acicitespbnblitignone-dingeresior?dL profike tikthe solar cell unit

270. What is shawn i themng-dipensional piafilisa ¢resscesstionalviewof enghemisphere of the
corresponding solar cell unjt 270. In typical embodimer%ts the %Igé?cellgmii; 270 illystrated in Fig. 2

does not have ZreRSERBACHHATR Y LB ANEDES! YrPifis Stive: HEEhisediR%ents where
substrate 102 igretéitricatly comdugting s tihedsidet natehisic i uattene ntighy. irsippedowithdan insulator

layer so that bagigslectrode.104.0tindividyalheoxp!iais: cal 3000 areielscicatly isgiated from each

other.  Referring to Fa:ig. 2K, solar cell unit 270 comprises a substrate 102 common to a plurality of
h

photovoltaic cefOT0 Hh&asEhiiie Porat serrat et il rd ceur i ent BekE plurality of
photovoltaic celisrifefinare, lireai yiziranded:on dnedubst ratbnt 02 ctsnit ustrat®thén Figure 2K. The

plurality of photoyoltaic, cellss(R0.comptises Adr! And sernd RIRIPYAKAIRGE! £00sfach photovoltaic
cell 700 in the plurality of photovoltaic ] o _
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-biow method heats the material to meliing 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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cells 700 comprises a back-electrode 104 circumferentially disposed on common substrate 102 and a
semiconductor junction 406 circumferentially disposed on the back-electrode 104. In the case of
Figure 2K, the semiconductor junction 406 comprises an absorber layer 106 and a window layer 108.

Each photovolfaic Geil,A0-1 theRlR é(s‘?J&Q@E@Yﬁ%@d&@ﬁé‘ﬁ%@&%iﬂ@ﬁz&%&?ﬂé@%ﬁ transparent

conductive layer 110 C|rcumferentlally isposed on the semicon uctor%unctlon 406. In the case of Fig.

2K, the transpiehteshaeing rageha mslor the Hire 5n oo esatsr0 8% L seitirglectrical
communlcatlomohmhuﬁsenbhdkfﬁé%tmlﬁdnﬁm (8ecaondnphatelolidc celief @Qlin:tlrelpharality of
photovoltaic cg L%Hf&é“ 5 oﬁﬁ%e'ﬁai%&%n%%%g&ﬂﬁ%ﬁa?ﬂ% Vig o8 eiendsdhg.ul

circumference of the solar cell. In some embodiments, each via 280 does not extend the full
circumference®®f HHENRErABAC ANABHIR - SO RSEGtiffere Bdem i sheg i ehels a small
percentage ofithe @yﬁmwan@e@hﬂﬂﬁmlaraﬁeﬂeImlsamehembbment@ﬂsﬁﬂbqnbm@mltalc cell 700
may have one, wo, four Qrmore, ten or more, or on?(]e huraqoqgs DL V'i%ﬁe%% that electrically

Qo 1agr gystems that may beé ug
connect in serles t ansparent c%mguctlve ayer 110 o otovo taic ce 700 with back-electrode

104 of an adja%éﬁ?‘d%f@%&t@rémcfbﬁdfﬁé}&%éﬁ%ﬁ m§ﬁu¥§&dﬁﬁ?@%ﬁ€%lar cell unit 270 will now
be described Iﬁbﬁé@ﬂﬂdﬁ&{l@@wﬁhﬂg& %am@ummefmﬁhbsn@asmj@ﬁn@xmmwmatenals for each

component of S%%} I unlt 270 gv“ db@ G scsqg)ed }I(vgmg mgre com %rehe S|ve gescrlptlon of the
suitable materi or cach ponent ot the solar cel unlt |s provide ection 5.1 above.

Referring to Figethadstises 6@@*‘@@ h‘é&lf@%isth%ﬁlﬁéﬁeé@ volser squblg frrhée DB e back-electrode
104 is circumfg&mﬂailwﬂj&mg%ﬁm&yQﬁ&gﬁmaﬁ@%@%ﬁ@&g &Q@éﬂgﬁ&ﬂ& degosited by a variety
of techniques, | % some. (§ the. techp Qu&s QQQOS%% in Se )% In some
embodiments e Backelectrode 1029 circuriferantia ﬁ diS|5o ose nfﬁ&le substrate 102 by sputtering.
See for exampieycbeationtheGablicdoetovt. GW@EmetSeMMEEMMMQf is
cwcumferentlaf%(??s osed on the substrate 102 hy electron pbeam evaporation. In some embodiments,

the substrate PRA R P AT PR PRtk ith TRy %‘F\a’éﬁgﬁﬁl}ﬂt FREIGR3S possible to
circumferentiaBymiisposelthe bhatkdledtmicke kddPohtesthemsubsirete DR LSingeekectroglating. See, for

example, Section 5,621, helow: Iisome embodimentsyihe sbsiaiesl 0%isnotelegtically conducting

but is wrapped with a metal foil such as a steal foil or a titanium foil. in these embodiments, it is

possible to eleXtrEprE e BHBRmMARIFIRY FF TS ﬁ?éféF?BFFHSlﬁ’bsﬁﬁ%%?ﬂgﬁdeﬁechn|ques
described, for éxamnopies MSectiofh&d G2ds etbavichl stilnotHar emabobliments, théchaokielectrode 104 is

circumferentially, dispased, 0 e SUPSUAG MM IR EIRBN W ereby B@Iﬁﬁ%gzt&f 5lds 362, the

back-electrode 104 is patterned in"order to create grooves 292, Grooves run the full perimeter of

back-electrode iR B PaAPEREART NS LHIREIERTPSH BSR4 it s R &g iBRE Each section
serves as the haskgelgdtredeikO4d i@ corréspandingSptiovdliattosell 700. The bottoms of the grooves

292 expose the und%rléﬂ@g ﬁg?ﬁg%g@é)%gi%%m%ﬁ%p@glmﬁgdm% &c&ygg 282 are scribed using a

laser beam having a wavelen ed by back-electrode 104. Laser scribing provides many
advantages ov&riPaSi6fREH eI SRt E&fﬁ%‘@ Vi B di8e SRS ESm to cut, mark or
drill is preferabigpiasnselas eelbpradisatiarisxpraciseuniash Rpe ecprandicahdnaseicdutiing only creates a

small heat affe@ﬁde ﬁogt?ﬂarogagryﬁﬁecut glgtg%rmoc[go l'![?] cg,olltt%‘e _rpg a%%al g s%&gul%%pce and no

machine wear processing thin films usmg asetr, terms ser CI‘I Ing, etching and ablation
are used inter-tfgiffeably. Laser cutting of metal materials can be divided into two main methods:

vaporization cutting M@eﬂiﬁé&@mﬁ-@DWM%@%M?M&E@Q@&H&Q@R%W@&B rapidly heated to
vaporization te er?t re arlz& moveds ontan Lfl% abc; \6alplor th% melt-an ‘% Imethod heats the
b

% rode Fﬁ rn odfmen g 18,CIrC
material to melti ng emperature while gas Re meit away from & surtate. In some

embodiments, &mpafitad ¢ae Q@]@-elyx@o@ @g@éy fhermal evaporauon 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 er ¢f., January 2005 subcontract report, NREL/SR-520-37284,
“Lab to Large Scale Transition for Non-Vacuum Thin Film CIGS Solar Cells™; Simpson
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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 techniques include the
semiconductors (e.g., cadmium telluride, copper indium gallium diselenide, and silicon), the

transparent conAUeing9eess(8 Intiioinsdopaskiin. QieAnchluminumrdanedinc oxide), and the
metals (e.g., molybdenum and gold), Suc I%si%rﬁ??y tems are all commercjally available and are

chosen based B 5EEE AR ART AN RsHR SoMBIBEMBIURT S8 systems that may be used
to laser scribéNREILSR- FLi- 2668 hoir Raitechtoaeswitd heE R PHAGY tdisies Systitings a Nd:YAG laser
systems, COPRELNAROL 1ASRLENHEMEal RS HGUNELIRSCTAYIL TS, RIS EEAIMBLlgser systems, and

diode-laser-pumped Nd:YAG systems. For details about laser scribing systems and methods, see
Compaan et 4t MT8Y8 e pRIAES IR DS B & By o thin RIFATE\PRYSHIRE  NEtional Renewable
Energy Laborgmmgbémmetemmm}qnm@faﬂmmﬂdqubs@mmbﬂﬁ%a_a@b—_t@aeroﬁ@&m Ruercia et al., 199_5,
Laser patieripa gl aSeearh Selctves pnine ARealion ahekinage U podules,  in

Semiconductor Processing and Characterization with Lasers: Application in Photovoltaics, First
International SHfripEHTHEI8E R 2 P HoEnN AASEIISSIP L 8B0E 8 VaperEBABRAF 6D, "Laser scribing
creates monolithicsthiorfi sadreaysratias erobaec iis: o di36: itdckst 48:h1EGhand dS2iedch of which is
hereby incorper arﬁmeef?&?,%i‘af%'ééﬁigsso?Y@iWakﬁé&Wz%@k%‘éi@ﬁH@s@%e grooves 292 are

a

scribed using mechanical means. For example, a razor blade or other sharp instrument is dragged
over the backBreckBuRe o direr SRMEGEs MiRbIREL GRS 20D A dppdedinbiodinihts the grooves 292
are fouued usinga lithegsaphisrichingymathed: Litbpgraphisieishing metbads arergescribed in Section
5.7, below. igures 2D-2F illustrate.the case in which the.semicond r.junction 406 comprises a
single absorbé’!r‘fl écr’cfﬁsG IaltlnS Igesalﬁ% El\fvnfer? 6\%‘?13%%0;?166&@& c}v?}/%e\llserlfr%ﬁré%g%%ﬁéigﬁﬁon is not so limited.
For example, fishetitsd saifeiha beleslstiods hshvome ioac s heteyspurenD e tiefsrofiee junction, a
buried homojupglieRe@Rricd heioNnabadandamunsinnbsorReieyeingsasFig. 2D, the absorber layer
106 is circumferentially dispased .on back:-electrode 104. ome embodiments, the absorber layer
106 is circumf‘é‘?@‘ﬁﬁg %mc’iaé[?osﬁ 88?8%1 gt BE\}%: gae e'c???SE‘é%iég}ﬁﬁ’ therma e(g%ep?)cr%?ltc%ﬂ.p or example, in
some embodirprsiies, Titd bibsorber Tapyer o 6:id MESiHTaewERs pasiteePesifig 8chniques disclosed in

Beck and Britt, Finakd gghnigalitenar, deavan-2006; NRELRRn220:39118and Detahoy and Chen,
August 2005, "Advanced CIGS Phatoyaltaic. Technology,” subcontract r t: Kapur et al., January
2005 subcontract ?E%Sﬁ? @%@%ﬂ&é’?g@ e,rﬁli% Ofggfg?ate %5ﬁ§nﬁ§%2%gﬁsﬁf%on-Vacuum Thin
Film CIGS Sokbs@estdiySiHipvons eleatromditiab diop 005plshconidartheportvi®rajectory-Oriented and

Fault-Tolerant;Based intelligent-Bracsssgitaoiehipuklexble Gas Ri:Madug.Manufacturing,”
NREL/SR-520-38681; or Ramlg_%ag(fgzn etal., 31' IEEE _hotoi/g)ltaii:s Spei:ialistz Conference and
ERREEN

Exhibition, Lak&B “SaStREY 5275 JE0L SREH B RRTCF I RERHY by

a§/1 Incorporated by
reference hereildmohehtinetbiliksomeetnbodintbntsdh) abEbdyeplayer i 06 isteitcumferentially

deposited on thefackseledtiiade 1040y evsneration HomirtamentRtsOtices Lok expmple, in some

embodiments, absorber layer 106 is CIGS grown on a molybdenyum back-electrode 104 by

evaporation fro SiHREHTAIES feRS UG URR BU5 5P SR ok e R Tt SBaHE ST ocess such as
the one describedhntiRahranthadudtiale:2008e PropertiesofitN2 Sschfficrency 7 Pé6d8/CulnGaSe2

Thin-film SO'arb‘;sA{ﬁtérlﬁgqgr&%@%ﬁ}%ﬂ'&%&ﬁ%ﬁ&ﬁﬁ%ﬁé@@&@ﬁémieaﬂemﬁlér&s%zg_, which is hereby

incorporated by reference herein in its entirety, or variations of the three stage process. In some
embodiments, tHEFaBEFEET agred 108 i< b aRTReURRIR B It BFfto e BEEREAErode 104 using
a single stage @&yagorhtionjysocesspidy tiveistag&mevapdrhtiomprecessdnigomeanspdiments, the

absorber layer 106 js,cieyrigrentally denasiicd ioniosthie hagkelaaiindg 104y soutigring (see, for

example, Section 5.6.11, below). Typically, such sputtering requires a hot substrate 102.
is not delivered by electroplating or sputtering. In such embodiments, the selenium is

delivered to the absorber layer 106 during a low pressure heating stage in the form of an
elemental selemium gas, or hydrogen selenide gas during the low pressure heating stage.
In some embodiments, copper-indium-gallium oxide is circemferentially deposited onto

the back-electrode 104 and then converted to copper-indium-gallium diselenide. In some
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In some embodiments, the absorber layer 106 is circumferentially deposited onto the back-electrode
104 as individual layers of component metals or metal alloys of the absorber layer 106 using
electroplating. For example, consider the case where the absorber layer 106 is

copper-indiumsgaliidiselenide, GIGS) The pdviduekompanent ayers of GIES (.9, copper layer,

indinm-gallium layer, selenium) can be electroplated ayer.bg{1 Iaﬁger onto the back-electrode 104.
Electroplating f& R4EKBE R PP B ERIBIR BT 1f Bied 0l irReih e ARERSBrHIRYRS! {fre lhtidual layers of the
absorber layeratediredm ferantiahideposipedsnio ike hativsleti atedbediustigsputtering.

Regardless of whether the .' ; Igig\ﬁig’uaa}h@yﬁfrﬁsggga h%]agggrggql @X@Or Tiléog:ia é%ecigcumfelréegltially deposited

abgorbe )
tion thereotf, in typical embodiments e.é’. where the active

by sputtering or ef)ect%&actjlr{ , Or a com _ .

layer 106 is cﬂ@@)IBWE&?Z‘@&W@E@W&%%%W@@Fﬁfé%ﬁﬁﬁ@awlaéb%%ﬁ@ac 4k layers are
rapidly heatedtipeiarad ajpid HgeoabREOERSSIEG SieR soothatinedeantmitheaeh iether to form the
absorber layer, 106, In some.embaodiments, the selenium. is,not delivered.by electroplating or
sputtering. In é}éfg:)h %%%ﬂloe ﬁ%"n%‘ﬁﬁg?&%%ﬁﬁ%%l glllh\tlég}é’(f ?Bofgﬁtg a‘ﬁlsn(%rgéehgg?e‘riaf 6 during a low
pressure heatitfpetsge iRweriamyisrarolerete Ses Molniges 2oy dogiterietiesienide gas during the
low pressure heatingrstagiacho spRIeremborimersdesnPReF-0di Brgaliummaidedsosieumferentially
deposited onto the backselaciods, 16 and then converied o copperindym-galium diselenide. In
some embodiMents, a vacuam process is qsed to ep’osﬁ & absotber ayer 106. In some

embodiments,<anoHevtiglndprotied 9w ikeebtorehsposit 1 ubsorbemapbbatiodenesisome
embodiments, geenitsmperatlie RLegessts:tsrdiadepest the ahserbsendayandOf. In still other

embodiments, a high te rature process.is d to deposit the apsorber layer 106. Those of skill in
tho art il apy AR AR LS BARAE SHTE SO Ay A R L RS Hange of other
processes thatiearmbenusetttordaio sitcidebbs erificie prya pit0Be rvbofitis evhitodirgists, the absorber
layer 106 is depagitrgisaingchgruicalvapioderasitiRhEXxemplaly Gheruealivaper deposition
techniques are @%%C”bed below. Fée%réing to If:‘,i S. ??%gmd 2F, the window layer 108 is
circumferentiaflyf dSp ST Sh HRS SH4RASERYBAGE" HEE RS BBARMEHS: te%Wsorber layer 106
is circumferentéaihpdiepasitéld wimi:othk;}abm%bemayepe:plﬁﬁfuslmgrammm?@dtmd@_dsitmn process.
For instance, ig,#ie.casewieie Jnedndaw daverdis isrnuieslayry sueh.as ¢adgium sulfide, the

cadmium and sulfide can each be seﬁ%ir,atel provided in solutions that, when reacted, results in

cadmium sulfidepre&PREAY BRSPSt S tBHTpLSId AR e as window layer
include, but areaebliniited IO@_.ir&dm lmrwtﬁnt_ﬂa,zsmioxiﬁé.,iﬁjr@eimwidm hyde@apsiilfidesothother types of
buffer layers. 1g,505¢ 8M0QdINaNS, FIEMIRI AL UET J08 IR aRidvPeBLilR Jaygr- In some

embodiments, the window layer 108 is sputteéred onto the absorber layér 106. See, for example,
Section 5.6.11°HEHAR 1PLoiRRe s M8 FrABRRE Y IR Wb BW RS s B a0 ELTABGPA¥Ed onto the absorber
layer 106. Seegddarndxabrple, Section 5.6.10, below. In some embodiments, the window layer 108 is

circumferentially depgsited, onic-the absarbar laver, 109, Heing;chemicak Yapondsaesitign. Exemplary

chemical vapor deposition techniques are described below. ~ Referring to Figs. 2G and 2H, the
semiconductoriftthttfo o8 e tadsyerdpieardct §8)% e Patteiheamrioraes td<create grooves the
294. In some embodinenis; thefgpenas:2a4 tandhecfullpermetesoithaigsesmasadiigior junction 406,
thereby breaking (15 semiconueienynetion #0800 diserefe. sections; i, same.cmediments, the
grooves 294 do not run the full perimeter of the semiconductor junction 406. T fadt, In Some
embodiments, E4ct e vetinfyllaanesr e Sheatplradptag eptitre0brifidies Bf wesemiconductor
junction 406. In:sesaeRA esiMenis: eaAck-RREIOY OltalceRUN(AQ sray havawrestwo, three, four or
more, ten o mote, or ne Pndled o more pockels atanaed around the perimelerof the
semiconductor junction 36 msteaé of a given groove 294. In some embodiments. the grooves 294 are
scribed using sPEsBYbEHPE, HAVIRG P RTR RS ARATE-thae1s mssbedisyetheckdnmearddctor junction 406.

In some embodingatsetRRiFEaa\E She Ihddehsakiber et 0a860aAI6AL MeaNGo e @xample, a razor
blade or other gg&rape rri{tgs&rurg%n ig draggseg ggr%rsszmicl%gdua or t%g&@lg‘tii.on él‘gvgvthe(]elr(ﬂ;t)y creating the
grooves 294. In some embodments the grooves Px are formed using a fﬁﬁograﬁ'ﬁlcge ching method.
Lithographic etéhirigabrethestieyabe saseridaeidniSettinnds. 7insetomembod Rastusritig 29®igs. 21, the
transparent congyetiveiavendiPds licinterentially dispesed anthe.semigaadustor junction 406. In
some embodiments, the transparent conductive layer 110 is circumferentially deposited onto the
back-electrode 104 by sputtering. For a descriptionggf sputtering, see Section 5.6.11, below. In some
embodiments, the sputtering is reactive sputtering. For example, in some embodiments, a zinc target
is used in the presence of oxygen gas to produce a transparent conductive layer 110 comprising zinc
oxide. In another reactive sputtering example, an indium tin target is used in the presence of oxygen
gas to produce a transparent conductive layer 110 comprising indium tin oxide. In another reactive
sputtering example, a tin target is used in the presence of oxygen gas to produce a transparent
conductive layer 110 comprising tin oxide. In general, any wide bandgap conductive transparent

material can be used as the transparent conductive layer 110. As used herein, the term "transparent”
maeanc a matarial that iec caonciderad trancecnarant in the wavielenath ranace from abhoiit 200 nanometarce



In some embodiments, the transparent conductive layer 110 is deposited using 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

ranspatent candiYe aSE:kd 05 UBRESIRE NG TG BYBLSRPOSIRD FBEIRlaTy atomic lyer

deposition techniques are described in Section 5.6.17, below. In soine embodiments, the transparent

conductive lay¥1 1o ReSHBCHITERIS e EARTRCA FH BFaEh REoH  RSBMBIaAFERSmical vapor

deposition. techritjueslate desoribeddaet@iods arlédetiing ms%dtiﬁhe.vrm&parem conductive layer 110 is

patterned in order t%@éﬁ%%%@? %ﬂ\é‘%esﬁéﬁ%aﬁé*ﬂ?c%ﬁ%{ﬁ% §%§nﬁ% ﬂ“&:@ﬁ%&%ﬁ@%ﬁr of the transparent
eby b e

conductive layer 110 ther yreaking the transparent conductive layer 110 into discrete sections. The
bottoms of the%%%%“é@&ﬁ@&‘ﬁ%‘%@‘tﬁ@ﬂ%@ﬂﬁgﬁg defries AabedBryBisclis B isome embodiments,
a groove 298 isopaitaraedat anieceah tatat 48l ldepikizedOitoakd @tdio ckotb@ct theback-electrode 104
exposed by the groove 298 to an lectrode. or. other electronic girguitry. In some embodiments, the
grooves 296 ar gg?:r_l € d% %rs?nasgl a%_‘s?élr_"éoé%“%eﬁ% ﬁﬁ%ageﬁ%)&e?é%gth%%%oﬁ 'ishla%)s%erb(_—:'d by the transparent
conductive lay@PACEINIALS Gif & efpbadinieisty s §rowy 5P oeEple Serived tRivgimethanical means.

For example, aifazethRde-0mathgrsbapoinsivdment is shaggeshaves s backrealectiode 104 thereby
creating the gr ves ngqﬁolr%ﬁsmo(r)n% eerﬂlbodi@ee%gé&gesg‘g or\ilgseg% are a;lorlg;ed ysi&gg& !ithographic
etching method. |ﬁ1opgrap‘h|c etéﬁln‘g methods are described in Sectioh b ?‘%e OW. f—zeferring to
Figure 2K, thewplitritt aistrefhattvesepaiinty Pogyscdictersitiadydispbsedldn the transparent
conductive layesndgQiksinghaninafibe depesiionteshniguesidlescrihad abpve L pre.gelected from

Section 5.6 belo%. In some embodiments, the solar cell units 270, are encg ed in a transparent tubular
m VE | ﬁr

casing 310. More GBtaNe 61 oW Slony ARy Sofar Cans Sieh 45 SOkt ¢&F dni Cafbe encased in a

transparent tulbalexigéasi arecriasoribeds ivredgse ndhdyctivted Seatelspattitcap bicatibes serial number

11/378,847, atinragyspeckebMiuilet}16D3-008:290entitled (Hlongated-Rhotayaltaic Cells in Tubular

Casings," filed March hfjch is here%}/ 'ncorp?rat d by reference herein in its entirety. In

8,.2006, w
some embodirﬁg%?léé?to‘ﬁﬁ%%ﬁefﬁ SFARTAFE5E AR SR SRR SRS TR onjunction with Figure
7.  In some emppodinentbouptibh alesiectrod dlstrips 2Graredepbsited on tthsprearsparent conductive
layer 110 USinQ&%&i@ﬁﬂiﬁ%%@%ﬂ?ﬂl@@éiﬂ'ﬁl@s%%g fechnigres ais deseribed in Section 5.6.9,
in

below. Examples of conductive at can be used for such strips include, but are not limited to silver

th
loaded or nickERTEEHEH CoRRHRAIGS Tk PIRPSEIRL KR BO R SRS Us s Wi tibTess Whisotropic
conductive adhiesived canhectgeddaobecnstr Uct thecaptiodaeiectio dersphps4a0dicitgpical

embodiments, guch {aksA1 GRAXIESALEHEHNA LU INQIERELR J@&wmégg&é&%w 420. In some

embodiments, such electrode strips are not present in a solar cell unit 270. In fact, a primary

advantage of tFR T GrRE SBRURRARY BGRB8 &ERHs of the present application is that voltage
across the length of thesalambedinaits2# isunereasatihedaubgof liidsddepantanigphotovoltaic cells

700. Thus, cur(ﬁgy%ﬁiﬁﬁ{@@@}e&&ggﬁgg&ihgdﬁggg%gggeﬁwr&@lj et ReRis qf;individual photovoltaic

cells 700. As a result, in many embodiments, there is no ‘need for optional €lectrode strips 420.  In
some embodiniBHE HrdYvEEeDesongAEiRg SoB P EsTen SeuiRine 48 JReriPated #5%Rjure 2. Rather, in
some embodinfents, islish drcove sabedspiiate chelowapthentubdatilongraxis ofepbsteate 102. The

monolithic integration, syalegy QL AN e A RRIE ARTNATRLMIRIMaLARR.ApS & minimal number of
P P "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 to 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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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 2. 5.1.2

Manufacture of menalithis.selanealls enasubsiiates HeingasfitsLnastahseReriechnique  Figs.

3A-3H illustrate processing stig;rs for manuf_acturir:tg a solar cell unit 270 having a substrate using a first

post absorberEEHH GE T e B RS h FBS BT X AT B A RE P RA B Eigs. 3A and 3B, the
back-electrodecihathng; absordeiiObatansbthebadibg dw taygritbtcandusdepientidlly circumferentially

deposited on i SUhBUAIGAOZRIpLIANGJUR! Raer Qlag slefufid: A& ILSERIRSRR .«

three-dimensiona ular profile of the solar cell unit. Below this three-dimensional profile is a

corresponding BAELEIRSheibk AP prof URtAL SHREcE NGRS YRkt rEdrlg Bretarication. Like the
one dimensioraapfgfitesobidg 2% andsthe: enddimensioral-profilescshofsriadvagus component
panels of Figs,..3-6. the one-dimensi rofile is a cross-sectional view of one half:of the
correspondinzhtsoolgﬁ%efl egﬁgfﬁ)e %gnlgét%%&r% t%e%%?ogc?%gﬁce t??ecw%}?g ovi/ Iaycelr 108 has been
circumferential§/@tsposed, the grooves 302 and 304 are scribed. The bottoms of the grooves 302
expose the substrate ding heratioms ok hitigroves 24 expase; the batiaeldatatsl04. The

grooves 302 ryn e full perimeler.of tessubstiate 107.ereby

fining the phatovaltaic cells 700 as
illustrated. In cor?t?ast??he?e IS ho requirement that the groov %lﬁ rﬁ%h%rfu{fl%%ﬁrﬁeter of the

back-electroddsFoahahabeyaerembstivirdiemBectirpoveasbog Hospiae AP IHECRISpEFiMBter of the
back-electrodesl0ikniach Bsapraeimbadisentsbaach groave I04-omuiexéands a small percentage

of the perimeter of 1 back-slecipde. 104, Ip some emborimepts, cach pholgvaligle cell 700 may

noate
have one, two, t‘hr%e, our or more, ten or more, or one hundred or more pockets arranged around the

perimeter of thasbatkdeseitbrdde cboepifingd futest Haiven gicovbcgdm wiisomebsmbodiments, the grooves
302 and 304 are/sariped using alasenikessp: 19s300ne embagimentanthearaevesal2 and 304 are

scribed using hanical means. In some e iments,.the grogves 302 and 304 are faulted using a
lithographic etﬁﬁﬁd#&’ﬁ‘gﬂ ffﬁ%sgrﬁﬁ%giygfé%?rg;é %’n"é ggal?e ¢ é@é%‘é %a{ége}@fion 5.7, below.
Referring to Figi@&cohuaeithe ity ooirey 302 ¢ravenihodmfolmatonhensiiifichlesdvith iansefectrically

insulating mateiglihereby forming.plecisicaty mswlating posts 310. In some embodiments, the

rooves 302 are filled using screen printing. Exemplary screen .
g in somegem od(iame?lts, optzgongl e?ectrr)o e%tn'ps 4%0 are deposited on the

transparent conductive layer 110 using ink jet printing. Exemplary ink jet printing
techniques are described in Section 5.6.9, below. Examples of conductive ink that can be
used for such strips inciude, but are not limited to silver loaded or nickel loaded
conductive ink. In some embodiments epoxies as well as antsotropic conductive
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, 264, and 296 are not coneentric 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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printing techniques are disclosed in Section 5.6.19, below. In some embodiments, the grooves 302 are
filled using ink jet printing. Exemplary ink jet printing techniques are disclosed in Section 5.6.9, below.
In some embodiments, the grooves 302 are filled by inserting a powder into the grooves and then

fusing the powghwith & lpserRavnoid siitablewayslenginARniatingROs3AE iany type of

electrically insulating material. Referring to Fig. 3E, the transparent conductive layer 110 is

circumferentiatl§ HRBHERET Ao tHeE Y FO S oS RARRe T BRRF HRE TS AR ISRV FRaterial. Material
for the transpavéigcofideactivesslembke il sdhecgio 6Ve &1 3DAmkmerelrestraeferring to Fig. 3F, this
material is scrined ot ofthergraeves 304 so that a more electrically conducting material can be
deposited into the grooves thereby forming electrically conductive vias 312 as illustrated in Fig. 3G.
The use of highly electrically conductive material for vias 312 allows the vias to have very narrow

linewidths and stilslie, gGGIMEmEOR I AINANIBRP LSRR SHILARIDR I E RGGFaMIconductor

junction 406 area loss. In some embodime@tssd BQ? %E%OV%%%A' are filled using screen printing.
Exemplary screen printing techniques are ysc’iose i SECtion 5.6.19, below. In some embodiments,
the grooves 304 aretfitied ArSiHdLivHeie BpTeaHEE ESRHPBARTACE W iy tebMAitt®s are disclosed in
Section 5.6.9, heleyw dbsamea:anghqdinestabdhiteg ieavas Sddaaua dilied Wiyhinsasiisgia powder into the
grooves 304 apd,inen fusing Ine RawerAith, fJase. baving.a sylisple yrayelenaty Referring to Fig. SH,
the grooves 314°are Scribed int6 the %ransparent’ conauctive oxide layer thereby exposing underlying
the window layés Hingow ey rdi8 s sgau i helrasarsntin g darpitb o tisieubenge7bl that are
monolithically jmggsatedisushithahihefrangrarent senduative-layei-donel @pghaianoltaic cell 700 on

the substrate % és slgrric%lﬂly ?%%%%gﬁ)tg%%oﬂg‘e%ﬂ;ax&kﬁl%a roggk}(y (C)f an %91' acent photovoltaic cell 700
but the two pho ovc_)sl?alc_ cells are otherwise elec rlcaﬁfy isolafed Trom each other. In some

embodiments, redgpeesies3uohis 04 thgrels tallamt 3dP cbieeride ddahugthare dilerly. @< Rather, in

some embodirggRisicueh-arRaesiare siitnied dovmihp.aigieshdang)axis.of the substrate 102.
As discussed in conlllunctlorkv%gt% Fig rplGrZé g;xg_ﬁresent g[fvenglon in not limited fo .s%bgrates 102 that

. 4] ent £15 103 A IREILSION. Ofle 18 a gross-seclional view o
have a circular CroS858eIGH. AnfFof the tro5s-S8EHONET Shapel feferénced above with respect to

Figure 7 can benebddatimakestiendotasdalis270tiathe manner illustrated in conjunction with Figure 3.
5.1.3 Manufacture okmapglithigigotar g&!@m&%r@%g URIRG BesecanehRaskapgorber technique

Figs. 4A-4F illustrate processing. steps, for manufactu a solar cell unit having a substrate using a
second post aBEBPERY [Eéec?ﬁ?fﬁvﬁggiﬁ%%égpééiﬁ%%%ﬁﬁ{'tﬁggpbr%%%’ﬁ? °§818|%8%‘6eﬁ #ﬁ%xgﬂf?strate 102 is solid
cylindrical shapeduwsttdWed by lindrivab ShapgadvRefErngp to BigeckhalatdddBlthdzack-electrode

104, the absorbgrJQ8oang, the mindaw laysrd o8 e saasentally Lircupisrentalydisposed on the
substrate 102 prior_to the first gatternlg%ﬁs%tets. Fig. 4A illustrates the three-dimensional tubular profile
n

of the solar ceffiif BEI WL thiB&Y RS0 BRF RO E TS B BPRER O RHHY Bhe-dimensional
profile of the sdlépestheimit2%6 aciheestade 16f fdbricatemboikethie, dnexdineniédalnptofiles of Figs. 2

and 3 and the gpe;fimepsianalyafiles Shaus RO s Mg Qb FISUHS R &GS 26, the _
one-dimensional profile is a cross-sectional view of one half of the corresponding solar cell unit 270.
groove 304 only extends a smali percentage of the perimeter of the back-electrode 104,

In some embodiments, each photovoltaic cell 700 may have one, two, three, four or more,
ien 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 filied with
an electrically 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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Referring to Fig. 4C, once the window layer 108 has been deposited, the grooves 402 and 404 are
scribed. The bottoms of the grooves 402 expose the substrate 102. The bottoms of the grooves 404
expose the back-electrode 104. The grooves 402 run the full perimeter of the substrate 102 thereby

defining the pRatpyglaitelks £00iaSolldSH AR ARRThNEI SR 1niRAHIEmER! that the grooves

404 run the full perimeter of the back-electrode 104, In some embodiments, the grooves 404 do not
run the full peSFRRYEY VR e BlrdasnecRb e PN FAemARSoRTd SRIBSAMARTSAGH such groove 404
only extends alsthabdiereertagesdsf, hipeiingeier oaflibdhack-tleptiode AD4Ardrfilehte embodiments,

each photovol@&&%lagp%%égﬁét h%eg%gest\%%, %H%Beﬁsﬁp&%m{%ﬁ?&gg&glo Ly one hundred or

more pockets arrange the perimeter of back-electrode 104 instead of a given groove 404. In
some embodiffEARE TRl siaiaeneat 418 SN EPn sl fpsiisely iBadsrng et embodiments,
the grooves 402 andkéR4iagacskighs] tisinghipaehanicalothedns: N sonsecentbediaiants, the grooves
402 and 404 are fowl‘gdﬂus' 0.2 Iithg% Rhic gtch' g&ne{ﬁod, Lit ogra hic etching. methods are
oaared m R e R e,
they are filled WifasPatetEREI ISR A GO HE SR BPRIBEP fo ey En efeenecalRjantllating posts
410. In some ambedimeMscibel@ieeyes 403a5e filles hginehseraenjpinibghduxamplary screen
printing technigues. are disclosed in. Section 5.6.19, below. In some.embodiments, the grooves 402 are
filled using inkgjlg{%gra?n%?ﬁg.eé%orsr%fglr%r&ejaoﬁ}ﬁﬁg%a Orﬁalﬁ Sare C@épsyc 0se |Ir‘|vyeswé%stion 5.6.9, below.

In some embothifrsritiisaednbige 3@ othapscfiiddabiy itiserinal e psiriae martisbiorseves 402 and then

fusing the powsn witha fasareHRE dsuialie Wavelenothy dine.groeves 40 arke filled with any type of
electrically insulating material. . Referring,to Fig. 4E, the transparent conductive layer 110 is
Ciroumferontol FRSORe St I B o 08 M e FH LR SrPHRSL b haterial, Material
for the ransparehediontiaciivakoyes filtsay ddlvd spgeiscRefaminiipto FlgnaRntheagranipdsz 14 are scribed

into the transpargnissengdugtivedayer shifbthesabyinesingdhe ndarying, window layer 108. The
grooves 414 are necessary form the [()ﬁotov?ltaic cells 700 that are monalit icagy integrated such
that the transpiFe I SRAECH0E AP LK BRE PO BB A A B T SUbetr e 102 is serially

0
connected to thectierckelebtiode [hG4nuf arbedjaountiphotoweitald eslkiiedhuttetyo photovoltaic cells

700 are Otherviéi@s@cl%}%%iﬁﬁﬁfd'&@%@d %@@R&%&%ﬁ@pw&%ﬁ@ﬁ;s@%‘&%gﬁ%ﬂﬁﬁb@e grooves 402,
404, and 414 are not congentric as illustrated in Figure 4. Rather, in some embodiments, such grooves

are spiraled dOVEMIREIRUFCREIOA) 2Xi ﬁfﬂ%‘@ﬁB%fr%siW§ﬁ°&@cﬁ%83?ﬂtconjunction with
Figure 7, the presbutiieventtdaym thethitedstoctheiststr dtesia@trathife dheiprodaescross-section.

Any of the crosszsactianal SHapRIfeIiERacH.2Pay e iR raSReCL IRk ﬁn%?é@d%cﬂsed to make the

photovoltaic cells 270 in the manner illustrated in conjunction with Fi%ure 4. 5.1.4 Manufacture of
monolithic sold e BREAELRRIHE AT PoStdRbpiggoltaic 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 302, 304, and 314 are not concentric as
iltustrated in Fig. 3. 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 substrates 102 that have a circular cross-section.
Any of the cross-sectiomal 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
absorber technique

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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technique Figs. 5A-5D illustrate processing steps for manufacturing a solar cell unit having a
substrate 102 using a first post device technique in accordance with the present application. Referring
to Figs. 5A and 5B, the back-electrode 104, the absorber 106, and the window layer 108 and the
transparent copayciive layer i .are (?5?:9‘ﬁ&ﬁﬁ'@}ll}ﬁ&ﬂ%‘%B%%%%@@J&‘{&k%@%?ﬁ&dﬁ&f@ﬁaﬁéﬁ?Stfate 102 prior

to the first patterning step. Fig. 5A illustrates the three-dimensional tubular profile of the solar cell unit.
Below this thrd&ZaiHere s Batith iBfikess gt Pnthnaberiect it mabiarirete of the solar cell
unit 270 at theigeiraspensing siagecatfatfieatian. die e endimensienal profis is acrss-sectional
view of one halt of e cerrespondind S0Iar GEbHNIAT0 0n REFHINAI. F1d, 0By g the transparent
conductive Iay%rlllo as been deposited, the grooves 502 and 504 are scri eé.“"ﬁ]e ottoms of the
grooves 502 e%pbsectis Sitfsteatdnepionpdhsitp et the Gresheningsusposastrezback-electrode
104. The grooyesik(G? #ndhaediprimeienhpithe sohstaieok02 thamehbydafiriagpiotovoltaic cells
700 as illustrated..In centrast, there is no reguirement that the .grooves 504 run the full perimeter of the
pack electrodd LU B B e B P PR crer o the
back-electrod ' E0%s if Fags, IrP sbprfaefbeieTahpsoashegrowvieaoaadigresiendlat emall percentage
of the perimetekofothafagiLleetragadP47dn some embodiments, each photovoltaic cell 700 may
have one, two, three f?ur.ortn‘(uigre, n or more, or one htfgglged or more to(gl%gts arranged around the
perimeter of the bac = Rledtro égl6  Mstea ‘g?aoé}i’vaéyr?rgroov&és E%%. ebme ehtodiments, the
grooves 502 afiéf 3od4dterscitiedl udimgbatiense plibamodresdieameischiirruinteiaiggrbsves 502 and 504

are scribed usingRRCRARICAILNEANS IR20MEe RMbadimantsthengooves ai%-andoHd are formed

using a lithographic etching method, Lithographic etching methods a scribed in Section 5.7,
o, TR I A B S e B8 BB DL Ao D) A e ith an
electrically insigatingasteria herabyformniitgt the sleoticdiyrinduddtil geposts506ein some

embodiments, gh& grQaYes 1202 Ar&filesh Hsing.SEreR L RIINENG F e RIA S 8GR REUALing techniques
elow. In some embodiments, the grooves 502 are filled using ink jet

are disclosed in Set&tion%&% b
printing. ExemBlar TR EEHIANG teChRUBSUPe TREHBEE neEEcHoh Y, VAIBW 1n some
embodiments, ¢kengsacued bO2:-ardiliEthdyeinsertingtee poviddednidsthetgiosves and then fusing the

power with a laserhaving a.skiiakiewavelanedh Lhe.aroaveapop.aediled wish ayJype of
electrically insulating material. Further referring to Fig. 5C, electrically conducting material is
circumferentiaMPEisPREE SRt f RS %%Qgg%mﬁgmd’ﬁ@&ﬁ%%ﬂ?f&%ﬁ]&%?% vias 508. The

use of hi_ghly_el@@ti*ﬁsaﬁy Mmimmwmgﬁebmmhﬁﬁ&&a&hmm@vm todvéideareery narrow
feature linewidfys,and il hasleety e, s adyaRiAoaRus ReRaUse dDRBS D RlCe the

semiconductor junction 406 area loss. In some embodiments, the grooves 504 are filled by screen
printing. Exempig Besaict mangy e fabydiegiscibssnineettisn 4% 15, Betsd. In some
embodiments, ikiaggr tichogmfid «are i lediusin g ihkgebptrtihithghxehoptary dakcigdeprinting techniques
are disclosed igegﬁaoqig)ﬁ’ 8:8,9, below. In some embodiments, the grooves 504 are filled by inserting a
powder into the grooves and then fusing the power with a laser having a suitable wavelength.

Referring to Fig. 5D, 3eo8¢&051a 1 serisdbriftertve Yahapabert Conatichcearsyiied Mtithereby
exposing the undeeingiwineawilayesnds hehe olamisbd4lisrespssanatpdeunsphotayvoltaic cells 700

that are monolitgicall%bigée g e%s ch thsago@e fransparent conductive layer 110 of ane photovoltaic
coll 700 o the S LT TR o e pap s e AR S, e s

photovoltaic celf et tvEHievsliaiccans 700 aksiothevisatalritaryiisttated from each

other. Also, elegliicat somghifiie Dispeseld ienppemtions:efdhe-fitst (rapspale plaainauctive layer 110 as
illustrated in Figgg? D.In iome g@@q)d'ﬁmen S, grr}l%gr%oges 502, 504 and4gg4 a r&q;[ concentric as

. . oged Ctich eI0W. fn odiments, the erdoves € . :
illustrated in Figure 5 Ra er, In ' some embo |mentr§, suc groovgs are splrgfe down the cylindrical

(long) axis of tHesatibs & aavdg2ato 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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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

Figure 5. 5-1-%M%E@&RE&@&J@@IQP&PE&@%&@'@@rR%Fb@ﬁrﬁfgai@?ig!.Si?Qﬂ?e %ﬁﬁ%%@@?t de\_/ice
technique  Figs. g)A-6H illustrate procesam% steps for manutacturing r cell unit having a

( a so
substrate usirf§a SLE0 IO FARPREYSEARIGHS IRYSEELHASHRY RiRTTHE BF APplication. Referring
to Figs. 6A andit®ythgddtk-dbectodesi 64 trrnalssarbar LO6, tenchtierelindoidgyerntOs are

sequentiall ciieBfgieitalysispase d.endiebaitaiR A SR o e figbpaflerning step. Fig, 6A

illustrates the three-dimensional tubular profile of the solar cell unit. Below this three-dimensional

tubular profile BRPEIRISSBAGY hethifahdmiaspiafiegrgsed sidbcarkimeespeedlthis stage of
fabrication. The aneiieienepisicraltprafiie 180 erdssvaegimmaliviewshf diteahaltieftre corresponding solar
cell unit 270. e}ecﬁ@!ﬁﬂf&y‘ﬂa@d@&n@gch%%‘?.the window layer 108 has been circumferentially disposed,
the grooves 602 are scribed. The bottoms of the grooves 602 expose the substrate 102. The grooves
602 run the full periffet@poTHRadinet-dbs 209V &Rl eiliflf BOTSYBPSRYEKIAS 700 as illustrated. In
some embodintiesisetiie Hrevestizaie saitetosingi)ectiapicalseandrdindsaime ttenbodiments the

602 are. ing.ali ' hi hod.. Lit hi | thod
doseribed in SChon D T B B O e (R o2 BOVTAUG boen formed.

they are filled thitAresnblBceréaniir pRiIEGSE HidteMbrtrerdBy R traretsefiedsriHeMating posts
610. In some enmbediments,HiedgrosvpssedZaiediles ¢isifigresret m PiLNG chxeaglary screen

printing technigyes, g disclased I Se61on 50,42, helowIn some embodiments, (e grooves 602 are
filled using ink jet printing. \L:DxempTary InK Jet printing techniques are disclosed in §eétion 5.6.9, below.
In some embodiments, the grooves 602 are filled by inserting a powder into the groove and then fusing

the power with %!E%%&i‘n%‘égégi;?e% LaDIeHRYVEIRRI: THG.BI0E%802 215 Jlled with.any type of
electrically insulating material. .
technigue

Figs. 5A-5D illustrate processing steps for manufacturing a solar cell unit having a
substrate 102 using a first post device technigue in accordance with the present
application. Referring to Figs. SA and 5B, the back-electrode 104, the absorber 106, and
the window layer 108 and the transparent conductive layer 110 are sequentially
circumferentially disposed on the substrate 102 prior to the frst patterning step. Fig. 5A
ilugtrates the three-dimensional tubular profile of the solar cell unit. Below this
three-dimensional tubular profile is a corresponding one-dimensional profile of the solar
cell unit 270 at the corresponding stage of fabrication. The cne-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-electrode 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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Referring to Fig. 61), the grooves 604 are scribed. The bottoms of the grooves 604 expose the
back-electrode 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-electrode.104. Inla%sjg %% e embodime%g§,1%ach such(%rh%%vgS 4 0”%%6‘3%91 a small

de . b i .
percentage of ﬂ%trﬁe?lmeter of the back-glectrode 104. Th some embo |?r%cr’ﬁs, each photovoltaic cell

700 may have ¥WAaravesibedreinge lpserhetote neprsr embpdingtusn ihgrnayetS8? medpaiekets arranged

around the permstenafihebask-eleckade, Lohdnsiead:efa Jiven Bk ¥e604 sta seme embodiments,
the grooves 604 are scribed using a laser beam, scribed using mechanical. means, g are formed using
a thographic SRS B ETHG EEE BERbig i DURARS e 08 ST 14 CERUr R . below
Referring to Fig. 8@ trdnspearent conductive layer 110 is circumferentially deposited after the

grooves 602 have bega.filledyvith a0 ingulativesnatesialnMatedakiondhadcansparent.genductive layer
fills grooves 604. However, referring to Fig. 6F, this material is scribed out of the grooves 604 so that a
more electricaft} %%E%Wﬂ%%ﬁéﬂ%ﬁ%&%%@%@iﬁ?o%ﬁ%’ﬁ? 3\}%%1%@%%@?%:%1&6 the electrically
conductive viaso8it2mboifiustratdut grdeigs 602 FadlilsbushhigprynainctngaBrgoplductiveematerial for vias

612 allows the yjgs,iohavgnerv-naRudnewidis ansstlihe effestivembbifisAdyantageous because
it helps to reduce the semiconductor junction 406 area loss. In some embodiments, the grooves 604

are filled using®ERYEEr P RAY SESE SIS AT SEFERE pRERIAS RIG R I irE 'BrERIBNSd5h Section 5.6.19,
below. In someliechisatiimtententhé.y odwes 16 0dnarenfitleiitsinglinkietvpsitiihge BXehbplary ink jet

printing techniques;are diSHOSGE R I8RHRD AL RnReI0W 4B bedimenis, the grooves 604 are

filled by inserting a powder into groove 604 and then fusing the power with a laser having a suitable
wavelength. SSRGS ERy. B8 20 gis0ve Bt e wibens M i arspArdrtEsRd uctive layer 110
thereby exposingtttiatleFlyihe thfeviadoRidajy@r108ichlie grdovend Mbdginigeessary in this embodiment to

form photovoltaigseles.pAa hatedmanaltlisall Diearalsd sushihaldhedieasparant conductive ayer

110 of one photovoltaic cell’700 on the substrate 102 is serially connected to the back-electrode 104 of
an adjacent phtsvftaitieefcrdd gy tietisalrotsisitncesrialfpohs sistREd e eitttrically isolated
from each otheralnsgmeremhodimentsethegtdhyasiGOR He @& :ald. 6lsaradvatagroentric as

ilustrated in Figure, & Rather, in:sorge embodiments, such Aogyep,are spifaled down the cylindrical
(long) axis of the Substrate 102, As discussed in conjunction with Figure 7,
embodiments, the grooves 504 are filled by screen printing. Exemplary screen printing

techniques are disclosed in Section 5.6.19, below. In some embodiments, the grooves 504
are filled using inl jet printing. Exemplary ink jet printing technigues are disclosed in
Section 5.6.9, below. In some embodiments, the grooves 504 are filled by inserting a
powder into the grooves and then fusing the power with a laser having a suitable
wavelength.

Referring to Fig. 5D, a groove 514 15 scribed into the fransparent 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 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. Also, electrical
conduit is disposed on portions of the first fransparent 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
evlindrical (long) axis of the substrate 102.

As discussed in conjunction with Figure 7, the present invention in not limited to
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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 Figure 6. 5.2 Exemplary

semiconductogLnglions, - AEIHING 8GR BAc AN mpalmeRtsIhe,seigaRductor junction

406 is a heterojunction between an absorber layer 106, disposed on back-elec 104, and a

junction partn&rEESRSFA BV E b SERr et R s JorBEba 3R 1 BBk Ths ROt junction partner
108 layers ardrcospasedinhdiffer entspmicondutidisueith different band gaps and electron affinities
such that the junction partner layer 106 has a larger band gap than the absorber layer 108. In some
embodiments, the absorber layer 106 is p-doped and the junction partner layer 108 is n-doped. In such

embodiments, thestiansRatal eRANGHMAIVRE LAR QLSRRI st sdeRed. JRhaliaative
embodiments, the absorber layer 106 is n-dopg‘céhang the transparent conductive layer 110 is p-doped.

In such embodiments, the transparent conductive fayer 110 is ptdoped. In some embodiments, the
semiconductors listddgh %ﬁ’é{é&ﬁ‘

iR BESEHRIBE SERMih ABHERS ERCE A SELNBhMVIRRR | Dekker Inc.,
1996, Appendixdrdicihis:hereldpincadrpos ateithigys afecendenhenein i iisentisphjicaienused to form the

semconductoplineian 198, 8tuld Wil MaeHUGnA GR W GHONG A ER.R.0RRS, Nt
diselenide and other ypematerials
layer 108 are sequentially circumferentially disposed on the substrate 102 prior to the first
patterning step. Fig. 6A illustrates the three-dimensional tubular profile of the solar cell
unit. Below this three~dimensional tubular profile is a corresponding one-dimensional
profiie of the solar cell unit 270 at this 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. 6C, once the window layer 108 has been circumferentially
disposed, the grooves 602 are seribed. The bottoms of the grooves 602 expose the
substrate 102. The grooves 602 run the full perimeter of the substrate 102 thereby
defining photovoltaic cells 700 as ilinstrated. In some embodiments, the grooves 602 are
scribed using mechanical means. In some embodiments the grooves 602 are formed using
a lithographic etching method. Lithographic efching methods are described in Section
5.7, below.

Referring to Fig. 6D, once the grooves 602 have been formed, 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 disclosed 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 5.6.9, below. In some embodiments, the grooves 602 are filied by
inserting a powder into the groove and then fusing the power with a laser having a
suitabie waveiength. The grooves 602 are filled with any type of electrically insulating
material.

Referring to Fig. 6D, the grooves 604 are scribed. The bottoms of the grooves 604
expose the back-electrode 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-electrede 104. In fact, in some embodiments, each such

groove 604 only extends a small percentage of the perimeter of the back-elecirode 104,
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Continuing to refer to Figure 8A, in some embodiments, the absorber layer 106 is a group I-111-VI2
compound such as copper indium di-selenide (CulnSe2; also known as CIS). In some embodiments,
the absorber layer 106 is a group I-1lI-VI2ternary compound selected from the group consisting of
CdGeAs2, Znenaag Liuliler. AdTER CHISED FHGRTERACRASH0SIRS: fginSe2 AgGaTe2
CulnS2, CdSiAs2, ZnSnP2, CdGePZ, ZnSnAs2, CuGaSe2, AnGaSe?2, A InNS2, ZnGeP2, ZnSiAs2,
ZnSiP2, CdSiB2 %bPeEEagy Bm%?rtﬁ’@rﬁli%@%%gﬁdtw&%ﬁ@rp ?fd%ﬁﬁﬁund is known to exist.
In some embaditkenrtsidhel jdriation pastpeslayesvi@B4s Ed&iaﬁ;@m&&ma&&g&ﬁmﬁsln one
embodiment, he ahsorRer &?ﬁé@%’ra%érg?e%y&%b%é%ﬁﬂfn&h&éﬁ{& 'x%@a%é‘% Qe 1 138 ds, n-type CdS,

ZnS, ZnSe, or CdZnS Such semiconductor junctions 206 are escr apter 6 of Bube,
Photovoltaic Niktegrapsicrsding mpaem Bomerettyssdinegnebri e Crsrsibret Enyetiesrborated by

reference in itgftirety.  In some embodiments, the absorber layer 106 is

copper-indium-galll |sel npl %% aﬁqa}lssalggnq%l etwg also %Ncqrg Gu(l % )Se2. In some
embodiments, the a sorrf)e% aye 6 is copper- indium- ga Um- dlselenl E( and the junction

partner layer ygostelgfertharrorises G ierizieen fﬂl%m@éﬁiﬁﬁi&?ﬁ’t’éﬁ%’smﬂ% éﬁ%‘@?ﬁbﬁayer 106 is

p-type CIGS and &a@smﬁtmmawaﬁyﬁnﬂ@adse@fiwefféel&;ezﬁae&m% 1k GEZRS. Such
semiconductoérd nal?s”?cr‘%l?e ?OQ%SCJ}QGV% n&SJghthgr 13 of Hangcgﬁok of Pchotovoltanf Science and
Engineering, %%nzi_uque and egedﬁs? ds

Wile %rr@lgi est ussexuﬁgngﬁ'ﬂlndﬁi Chapter 12,
which is herelpirieciiporied drbythre teperrealiprehy &g thaeksirieabrivodinianatsatélager 106 is

between 0.5 pmugid-d @ Bl é@iclrh&rhwﬂ&gﬂ@@ﬁmmgsc&h@l@maﬁﬂfﬂmmh@m@u/(ln+Ga) in layer

106 is between O 7 and 0.95. In some emb dimenis, pasition ratio of Ga/(] n+Ga) in layer 106
is between 0. 2aj an g‘ivﬁﬂs Ec,oo}?ﬁ‘ée gﬁ%“&meﬁf?‘?ﬁ%ﬁ?@%ﬁi ?&%Séérrs a5 Zthi 1i5%i %é)"?gtaﬁographlc

orientation. In besavecemboslinretsetie CIESMysorberdias & ateiosrybtafimgraphic orientation. In
some embodir&ﬁﬁ&aﬁﬁ&@k@é@mw i%e@mthé%i@&i%ﬂné@ - Remisandustopdumgtions based on

amorphous silicon or stalli ilicon mbodiments, referring to Fi 8B, the
cemiconuctol TRIEA A0 S RSE AR bR TG S AFERS TS an Wi type
heterojunctionadiliekarmglekirisomenenibodipkentisk thertayer3diiomprisdssSeB2 (Sh), the layer 512
comprises undgRechamarpbeus silican AN dRe1aY Rk O.5ormphisesHA tJ oRgeiamorphous silicon.

powder into groove 604 and then fusing the power with a laser having a suitable
wavelength.

Referring to Fig. 6H, a groove 614 is scribed into the transparent conductive layer
110 thereby exposing undertying the window layer 108. The groove 614 is necessary in
this embodiment 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 serially connected to the back-electrode 104 of an adjacent photovoltaic cell 700 but the
two photovoitaic cells 700 are otherwise electricaliy 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 substraie 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 1o Figure 7 can be used to

make the photovoltaic cells 270 in the manner illustrated in conjunction with Figure 6.
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In some embodiments, the semiconductor junction 406 is a p-i-n type junction. For example, in some
embodiments, the layer 514 is p+ doped amorphous silicon, the layer 512 is undoped amorphous
silicon, and the layer 510 is n+ amorphous silicon. Such semiconductor junctions 406 are described in

Chapter 3 of Bube, Photovoltaic Materials:998ximnesiablicasmbress, London, which is hereby
incorporated by reference herein in its entirety. . In some empodjments of the %esent application,

the semiconductor jOREHGH FOERBAS ! QRO AR SR ER S PR RERINHY i Figure 8B, in one
example in adeondamctowitbtsechze atbatitmeys] thallaypeebdObslagkdupgedPFolpdrystalline silicon, the

layer 512 is dﬁﬁ@%%ﬁg%@{l@gﬁgéjg&g ahedbsslayenataissn-eaned.RRlyrysialline silicon. Such
e

semiconductdr junctions are described in Green, Silicon Solar Cells: Advanced Principles & Practice,

Centre for PhBRSHSRAR BaIRE LIPS rOfarAE A IR I EREHY SRR S il &y 8ARY, 1995; and
Bube, PhotovgitaienNVeteniads; {ES88; dnap driathe pltegenPressy lapndon hppa BizGGawhgeh is hereby
incorporated by {e{RIRRGEASLEI k1 BHERpoailkACTR SUBRdINERIPIIpaAIEREN application

the semiconductor junctions 406 based uponp-tﬁge microcrystalline Si:H and microcrystalline Si:C:H in

an amorphoud'SiHeismprtrEAye a8 seiarse ticorrrRbsr R IRe HREIER ribed in Bube,
Photovoltaic Matérigiks; 1998 | inpe kG llegeibies SinlOnthatyppnittitiéyant-thasdterences cited

therein, which js ety IGOIROLARE Dy LGIEIeNGR NSRS PRGN 13,spme embodiments, of

the present application, the semiconductor junction 406 is’a tandem junction. Tandem junctions are
described in, frRedipsple tkiFrararnaesduciyy e it Ricams) dargetmredstafidem junction solar
cells for spacenapglicatienscrARtaspacaRNIRIgBHONIE SoysiemscMagazindpziory/olume 4, Issue 11,
Nov. 1989 Pagge(s);23 -32;.De 005, "Qptimization,of a-SiGe ed tripl ndem and
single-junctiorig%((‘) %alr%%e S %1%%%%{51%%%%’2%"‘&3%3rﬁ‘%?e %:ngf)?% %Eé:j%tyn%tr%é%%gqgreat%rd of the
Thirty-first IEEEIB-mI%d, 20059 &) d8enicrsdeion ivaceraf02000, Amorphous silicon based
tandem junction thin-film technology: a manufacturing perspective,” Photovoltaic Specialists
Conference, 2000, Conference Record of the Twenty-Eighth IEEE 15-22 Sept. 2000 Page(s):1433
-1436; Hart, 198824 gk dHr trmisidrivoltgtonidmsefaym etitist rdiupcisdenifedifs " Photovoltaic
Specialists Conference, 1988, Confererniter RpedrtibViheatevehtieth IEEE 26-30 Sept. 1988

Page(s): 764 -765 vaidnkiin 838k &g R Y Gadslcuinses drndamdunstiprsalar cells,”
Photovoltaic Spemahsif, %?nference 1988., Confergnce Reﬁ:or_ omeﬁSTv_v ntieth IEEE 26-30 Sept.
1988 Page(s) 487 61 ?1‘?%%&%%?&@@%?“@?@%%3&“@ GaAS EHESH ENAYET 821 and module

technology," PHStoVolteis: Spbeidhsids Corderehod 219885 Gartferericdél Riéderthof the Twentieth IEEE

26-30 Sept. 1988 Ragelskd38 ! 3890 SRR I CHERR,, High speelfic ROWE.nTe,, _
(AlGaAs)GaAs/CulnSe2 tandem junction solar cells for sg}?ce a§pll ations," Ener%% Conversion

Engineering CoMfentaC1 580 Ee e ‘65 BrdeBatigeeoftite SHImts ‘é‘éi-’e%}" 7 Aug. 1989
Page(s):779 - C84<Pol 2:Seach OtédsiehAisbeiebydhtorpofaiedinpirefe el Hetsifvinzits entirety. 5.2.3
Semiconductog jincligpsihasad oR.gallium,amenide.anth s ima G massals
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 ntype 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.
In some embodiments, the absorber layer 106 is copper-indium-gallivm-diselenide
(CIGS). Such a layer is also known as Cu(InGa)Se;. In some embodiments, the absorber
laver 106 is copper-indivm-gatlinm-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 Handbook of Photovoliaic
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In some embodiments, the semiconductor junctions 406 are based upon gallium arsenide (GaAs) or
other IlI-V materials such as InP, AlSb, and CdTe. GaAs is a direct-band gap material having a band
gap of 1.43 eV and can absorb 97% of AML1 radiation in a thickness of about two microns. Suitable

pe IV juncons. gt cansepie s s misandeaLiunGlons A1A41dhe praseqianplcation are

described in Chapter 4 of Bube, Photovoltaic Materials, 1998, Imperial Coliege Press, London, which
is hereby inco%a%@%@r@é%ew@%m%wmﬁ@&by refelfoThS YR o &%Btbodiments, the
semiconductogrjibediinemdObdsag=hybiiE kawwesationsalal Tellsuthiadastedsibsdiieatqnically stacked
multijunction ag gelg iggd bQ/.G irsh R éLQf%,%,.thQNI E&Phggp é)ltﬁlig Specialist Conference,
IEEE Publishinge, lele_zé/ Yo?ﬁ,r6%07054,_% ﬁllqcﬂ\ﬁé‘?sﬂﬁeyegy iné:qr%or?a?ed bay}lrefgr'enceoﬁfegrein in its entirety, a
GaAs/CulriSe2rsiimers e raimratitenfed ebrgidingoibicaAS Pt b caItddd a
ZnCdS/CulnSazsthis hsttaimeal desptbassbytanhen et alysttarisEERhaiavpltaic Specialist
Conference, IEEE Publishin e r 280, and Kim et 20th.IEEE Photoyoltaic Specialist
Conference, IEEE SBE |siﬁ}?1rgé %%gl Or@Es%b?fgs]a%g of W%:%%aspﬁgr%%ef} %&%ﬁft‘é‘% by reference
herein in its erfitbefiGiHethayiHd shimberemedeanpéanedare described in Bube, Photovoltaic
Materials, 1998, Imperial College Press, London, pp. 131-132, which is hereby incorporated by

reference herein in its entirety. 5.2.4 Semiconductor junctions based on cadmium telluride and other
type 11-VI matefiats Semigpaggpnionhrégin baed mienermbowdilicer pimalonysedingailisased upon 11-VI
compounds that canihecpiepatediieeiiek:iies nolypare B ehp-dype datboAcaondingly, in some

embodiments, (efef1ng, 0. EIIE. B, SSCRduglar INRon. 4065, B stsgjunction in which

layers 520 and 540 are any combination set forth in the fol owing table or allo s thereof Layer

520Layer 540 For example, in some embodiments, the layer 514 comprises SnQO.(Sb}, the layer 512
comprises undoped amorphous silicon, and the layer 510 comprises n+ doped amorphous
silicon.

In some embodiments, the semiconductor junction 406 is a p-i-» type junction.
For example, in some embodiments, the layer 514 is p” doped amorphous silicon, the
layer 512 is undoped amorphous silicon, and the layer 510 is #" amorphous silicon. Such
semiconductor junctions 406 are described in Chapter 3 of Bube, Photovoltaic Materials,
1998, Imperial College Press, London, which is hereby incorporated by reference herein
ir Hs entirety.

In some embodiments of the present application, the semiconductor junction 406
is based upen thin-film polyerystaliine. 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 junciions are described in Green, Silicon Solar Cells:
Advanced Principles & Practice, Centre for Photovoltaic Devices and Systems,
University of New South Wales, Svdney, 1995; and Bube, Photovoltaic Materials, 1998,
Imperiai College Press, London, pp. 57-66, which is hereby incorporated by reference
herein in its entirety,

In some embodiments of the present application, the semiconductor junctions 406
baged upon p-type microcrystalline Si:H and microcrystalline Si:C:H in an amorphous
Si:H solar cell are used. Such semiconductor junctions are described in Bube,
Photovoltaic Marerials, 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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n-CdSep-CdTe n-ZnCdSp-CdTe n-ZnSSep-CdTe p-ZnTen-CdSe n-CdSp-CdTe n-CdSp-ZnTe
p-ZnTen-CdTe n-ZnSep-CdTe

In some embodiments, of the present application, the semiconductor junction 406
is a tandem junction. Tandem junctions are described in, for example, Kim et al., 1989,
“Lightweight (AlGaAs)GaAs/CulnSe2 tandem junction solar cells for space
applications,” Aerospace and Electronic Systems Magazine, IEEE Volume 4, Issue 11,
Nov. 1989 Page(s):23 — 32; Deng, 2003, “Optimization of a-SiGe based triple, tandem
and single~junction solar cells Photovoltaic Specialists Conference, 2005 Conference
Record of the Thirty-first IEEE 3-7 Jan. 2005 Page(s):1365 — 1370; Arva et al., 2000,
Amorphous silicon based tanders junction thin-fiim technology: a manufacturing
perspective,” Photovoltaic Specialists Conference, 2000, Conference Record of the
Twenty-Eighth IEEE 15-22 Sept. 2000 Page(s):1433 — 1436; Hart, 1988, “High altitude
current-voltage measurement of GaAs/Ge solar cells,” Photovoltaic Specialists
Conference, 1988, Conference Record of the Twentieth IEEE 26-30 Sept. 1988
Page(s):764 - 765 vol.1; Kim, 1988, “High efficiency GaAs/CulnSe? tandem junction
solar cells,” Photovoltaic Specialists Conference, 1988., Conference Record of the
Twentieth IEEE 26-30 Sept. 1988 Page(s):457 - 461 vol.1; Mitchell, 1988, “Single and
tandem junction CuinSeZ cell and module technology,” Photoveltaic Speciatists
Conference, 1988, Conference Record of the Twentieth IEEE 26-30 Sept. 1988
Page(s):1384 - 1389 vol.2; and Kim, 1989, “High specific power
(AlGaAs)GaAs/CulnSel tandem junction solar ceils for space applications,” Energv
Conversion Engineering Conference, 1989, IECEC-89, Proceedings of the 24™
Intersociety 6-11 Aug. 1989 Page(s):779 - 784 vol.2, each of which is hereby

incorporated by reference herein in ifs enfirety.

5.2.3 Semiconductor junctions based on gallium arsenide and other type I1I-V
materials

In some embodiments, the semiconductor junctions 406 are based upon gallium
arsenide {(GaAs) or other -V materials such as InP, AlSh, and CdTe. GaAsisa
direct-band gap material having a band gap of 1.43 eV and can absorb 97% of AM1
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, Phofovoltaic Materials, 1998, Imperial College Press, Londoz, which is hereby
incorporated by reference herein in its entirety.

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

multifunciion solar cell such as a GaAs/Si mechanically stacked multijunction as
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n-ZnSep-ZnTe n-ZnSp-CdTe n-ZnSp-ZnTe Methods for manufacturing the semiconductor junctions
406 that are based upon II-VI compounds are described in Chapter 4 of Bube, Photovoltaic Materials,
1998, Imperial College Press, London, which is hereby incorporated by reference herein in its entirety.

5:2.5 SemicongusiglnBlons AAsel Ny SIS BIlRsi.. bl e coRguslor ctions 406 that

are made from thin film semiconductor films are preferred, the application is not so limited. In some
embodlmentsPﬂ?@%l%ﬁ%ﬁ%@jJﬁétﬂ%}ﬂ’é@%‘?@mw&ﬁ Eif SHEdh or example,
referring to Flgﬂﬁﬁz‘&[_)} M somesnbosliments dinanst taicor duciet:igpcH ah AOhiadmptiges a layer of

p-type crystalllnﬁ\ dcof égsq,@rhq @Xeﬁﬁo%ty&edgg tgtll% %ngg]g; 290 nilgs%ygiembodiments

Methods for mantzﬁlacturlng crysta ine silicon semiconduct r junctions 410 are described in Chapter 2

of Bube, PhotéVeleaisiratessinlis 198 ivrseaitCombigane 888, Yorkebr? Stafthii&he@ @by incorporated
by reference hefeinin ta.entirely spedisihetnembodipreriablishing, New York, p. 1487, each

of which is hereby incorporated by reference herein in its entirety. Other hybrid
multifunction solar cells are described in Bube, Photovoliaic Materials, 1998, Imperial
College Press, London, pp. 131-132, which is hereby incorporated by reference herein in

its entirety.

5.2.4 Semiconductor jumetions based on cadmiwm telluride and other type II-VI
materials

In some embodiments, the semiconducior junctions 406 are based wpon 1I-VI
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 a p-n
heterojunction in which layers 520 and 540 are any combination set forth in the following

table or alloys thereof.

Layer 520 Layer 540
m-CdSe p-CdTe
n-ZnCdS p-CdTe
n-ZnSSe p-CdTe
p-ZnTe n-CdSe
n-Cds p-CdTe
n-CdS p-ZnTe
p-ZnTe n-CdTe
n-Znde p-CdTe
n-ZnSe p-ZnTe
n-ZnS p-CdTe
n-Zn3 p-InTe

Methods for manufacturing the semiconductor junciions 406 that are based upon II-VI
compounds are described in Chapter 4 of Bube, Phorovolraic Marerials, 1998, Imperial

College Press, London, which is hereby incorporated by reference herein in its entirety.
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The solar cell units 270 of the present application may be arranged in solar cell assemblies. In such
solar cell assemblies, the solar cell units 270 are arranged in coplanar rows to form a plane having a
first face and a second face. This is advantageous because such surface can collect light through
either of their two faces. In some embodiments, there is spacing between the individual solar cell units
270 in the solar cell assembly. In some embodiments of the present application, these solar cell
assemblies are arranged i reTeieaRRUSFi iBATHERT Wskhrehcstarlliae silistind the solar cell assembly
have some amount afiglbedsicANeHD isaineass e-ohreliectitityn afia sifacgendaiy. It is the ratio of
electromagne(s tadjation (EMadiafion)fellecied io.(he amount lnGident eqpdt This fraction s
usually expresseds 35§ percentag From zero to one hundred In some embo Iments, surfaces in the
vicinity of the semRiFTEiNdYsERTBiestOf frebsredartrappliehinenlirerplep sraarle RBrAS°have a high
albedo by paintipgssohistiiacasadielective white salos: raneembaginvantsyether materials that

have a high albedo can he used. For.example, the albedo of some.materials around such solar cells
appronch or e EEk CAR SRy STl SO B RpIS B g7 7. Solar Energy 19

525, which is Iereisinipeierpérindd foymefaferioenh ereimlimitsibrmireapiddoiveive justiidates having any
amount of albede & GesdHtkIaICRIR L 0BG S ¥R, ROFGER UL IPRLE 190YERty-RETcaNt LI more) are
within the scope of the pres nthags)glic%tion. In or%eedebmb dimerht, the.solar cells assemblies of the
present applic 1oft 5P arrar gced1 N TOWS S0OVE & gré@ee Iseﬁlﬁ%lc%r?l\?vr%lr% ?H%r%t}(avel 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 éshﬁgeglbedgﬁaurface. More description of albedo surfaces

that can be used in conjunction with the presen %ﬁﬁ'llcaffgﬁngsre disclosed in United States Patent

Application Serial Nurabetiar £ 181523 0\wiiehois et apnjisater perabsgmineadareniss ¢rein in its entirety.

5.4 Static concgpisies In slehsaRsidatedsolrE GRYS.LEQdmayide asse mbleddnta-bifagial arrays. In

some embodiment§ §tatic oncentrator, %r used to im rgve tl}gig)erf rm%nceo the solar cell
. fHWS 6 ormflg anF aving a 3 a{:ean a SeCo Ce. 15 agivaiy 1S DECaLse .
assemblies of the present application. The static concentrator can be form rom any static

concentrator niatdriaridarewerlisthiekirticonsh aigisforidheinipieizeesirhpiempropmdinisatst or molded

aluminum sheefcRrfefRebiRAMROMUIIAAREARY LGE E)ihecollediar £aae used with the solar
cells 270 of the resent%%)lication. For more. information on (Céfacs%%g collectors,éﬁee Pereira and
?I. 11_ i ’ 1 m

Gordon, 1989, JoUrAal & %’%roii%wé%?f%ﬁ%?ﬁlé{@ﬁﬁﬁ’, f’fl.sfscp’lﬁr ich izgﬂlé”Feby c“l‘ncorporated
by reference hevédntiive ksventimesty.in whdiditidrab static! Conedntraiosdrabcmvdwmsed with the present

application aregisclogeslHd) emnateri el Akash20 Qs adINasRkRe L L nternational Photovoltaic
Science and Engineering Canference, Sapporq Ja%’%}%ﬁ’%?_%& Uematsu et al., 1998,

Proceedings of I SEESHRE W SH¢B SaERp a%e%%w&]ﬁg’fﬁ?&’)%‘r; 1, Vienna,
Austria, pp. 15708-1873;uwdrabisaicedet alpek@88gPinoeadingsof itmeiBeconeb®torld Conference on

Photovoltaic SejasSRRIGY, GRONETSIAR WIRRPar AUSIAPP.4 22623k Eames etal., 1998,

Proceedings of the Second World Conference on Photovoltaic Solar Energy Conversion, Vienna

Austria, pp. 2288255H8" BaRGRReER 118 IS ALRIATE Y O SHPSERE PHBI Bltaic Specialists
Conference, ppeflf68: 102 ceind Raradacetrallinktds] oRroceedinigdafthe 4Bi¢h BIG-Rhatovoltaic Solar

Energy Conferenge. iS85 978. caat.el whishisbeiEtuiggarereisduielaienes herein in it

entirety. More details of such concentrators are found in Uematsu et al. 1, Solar Energy
Materials & Sof3FERRSH A IRHEA LN é?%f?rm%o%eﬁ%%fﬂ)@t@?%%’ &°solar Cell 67,
441-448, each fifyvkiithis hetepiningorpeidte etfyeretdrenadrer eyt STentiiety satcitional static

concentrators tﬂ%ﬁ&f&?%ﬁﬁ%‘éi&&@% epé[_?ﬁ&g%gld;ggllli{: eté%&grﬁ‘?ﬁ%%%%gf qﬂ J;@Qggggk of Photovoltaic

Science and Engineering, 2003, Luque and edus .), Wiley & Sons, West Sussex, England,

Chapter 12, wHigH & RERSSS) At Bifor ke aoBbr i FeeHernlicring dharsEBoSiRa i reflector

embodiments solar cells assemblies of the present application are arranged in rows above a grave!
surface, where the gravel has been painted white in order to mmprove the reflective
properties of the gravel. In general, any Lambertian or diffuse refiector surface can be
used to provide a high albedo surface. More description of albedo surfaces that can be

used in conjunction with the present application are disclosed in Unitfed States Patent
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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 into the solar cell
assembly 900. As illustrate in Figure 9, solar cell units 270 and an internal reflector 1404 are

bled int al tir i ' 900 h
cssembied e g relng AaLes Sjoun Sl LIS 200 sl el asssmly 500 can e

counter-electrqopé:’s Z: { llustrated in Figure 9, solar cell'asse
cell units 270. PHERAES limit to the number of solar cell units 270 in this plurality (e.g.,10 or more,
100 or more, 1000 or more, 10,000 or more, between 5,000 and one million solar cells 402, etc.). In
some embodiments, solar cell assembly 900 comprises a plurality of internal reflectors 1404. There is
no limit to the number of internal reflectoré4 2B 45 $eREBIF Mty (e.g., 10 or more, 100 or more, 1000 or
more, 10,000 or morgnbgivaed madR i1y oneybilicerefletion bdbdsleteays. In Wfithin solar cell

assembly 900-JE ISR JEheCIRtE AR HDJRRAISG 2!AR0LRNASRANEIRD SplAL el units 270. In
h low substrate core. Such a substrate is

some embodiments, internal reflectors 1404 have a ho
advantageous RS AE B HEERIRSEIE reths SELiHORERREAIE srrhaferaihiéenads o make such
devices, therebyiRweiiagmeastsalnispmeeiihadimenis; thefintemmnldaflecise, MOty a plastic casing
with a layer of highly reflective material (e.q., Rolish lumi lumjin ilver, nickel, steel,
etc.) dep%sitedgg?ﬁpfﬁén Bfg%%i%/l%né%ﬁ%m .S %egs’grgnrg%ﬁ# ro% m%%?g%%k?f%gmﬁﬁggggﬁor %404 Is a single
piece made outdfepslishebratshiritiihearimits’al of thsimsreisrdicdienl Fefd ¥ some embodiments,
the internal reflaeiand#a4is @POeialopiastic aastegiariaddddrs] ayereshalnnesalfoil tape.

Exemplary metal foil tapes include, but are not limited to, 3M.aluminum foil tape 425, 3M aluminum foil
tape 7 30 AR AR T st Pl R e Cose P TS RBE TRy, A intern

reflector 1404 éarsaabpsta broad range of designs, only one of which is illustrated in Figure 9. Central
to the design of reflectgesiid4favpshipnseme ambadimenisaiithe presenianplicatien is the desire to
reflect direct light that enters into both Sj of sc%]ar cell as bly 900 (i. ide 920 and side 940).

In general, the C?lesﬁig’(sz 8?13 fﬁf’)’ tsoufethae}' ‘pirslégsgz?; 03(.36% %ﬁfi%ﬂ%rz%}é%ﬁ%% Ifél g%??r%@eta}%ﬂection of light into
adjacent elongétéshsoiad Eellis«@zs DirdotlightShmpenterstone 8ide’s8:doimatseitadsahtBly 900 (e.g.,

Siﬁe 920,|at;lov%m%eelﬁ@%h@ﬁaw%&m@w{ch@%@&Fﬁ%@ﬁ%ﬂ@ﬁ?&%@%ﬁeﬁ@@e@%@i@ﬁmh? iun el
whereas light that enters the othgy side_of the solar cell (e,q.. side 940, be / the plane of the solar ce
assembly drawn fPEGOIHESY W1|1ﬁé@g°6§e¥&?%‘£%é5§‘é’o‘f zbﬁfé’o*gggs& é;?:e;}i.l?ﬁssogontﬁg%r% né?diments, this
surface is LamBéstidi calditivserofmrrimteicfe eflectar. JdnvstshecHimase Aokisiderof e solar cell

assembly faces gsdifferant ight eyimmoment.ths shane.pl wiginabreflestord #idQoiside 920 may be
different than on side 940. Althou‘gh the internal reflggor 14r11%éil‘)§i%illust ateg in Figure 9 as having a

symmetrical fort2 et b SarSEHBN I TRAPE ST RPoss &edts BL Bt tHie internal reflectors 1404
of the present dppicaiian cfanitiBEEPiosuthia Sprfgutefiodcimsome Wafbtditnents, a
cross-sectionalishane of andtespal igflecter: k404 isasiraid. iiSome embodinents.a gross-sectional

shape of an internal reflector 1404 is four-sided and at least one side of the four-sided cross-sectional

shape is linear AP SO SUHHEN T ePE /LRIt Ra I e R e S IR FA I F&Riector 1404 is
four-sided and at leastioraisitle of dhvd fonresidedcroshisdcti dhralasivape/is2parabghic. In some
embodiments, g crosscpealignal share pkanntemnaliefeniar 1404 isdoussidegand at least one side

of the four-sided croSs-sectional shape is concave. In some embodiments, a cross-sectional shape of
an internal refle¥@Fidod RO d+ardtarnshef s siabesmhibyar ety crEeE st ctional shape is
circulgr or gllipt&a&ﬂm&amﬁgmybadﬂﬁﬁm@m@maeﬂhm&@haﬂ& uiealmriilﬁt_eha@ferfeﬁector in the
plurality of tnteriahlelieg'akeyls:[Rulssidosand el /2ask one.pSe A0 Mlzsldepl Coeps; sectional shape

defines a diffuse' Surface on the internal reflector. In some embo iments, a cross-sectional shape of an
internal reflectoF1a5494 Fsgrditiedsanty tit 8aStbnd &S ustEh & 18RS HBPEF dds ¥iEkibnal shape is the
involute of a crags-seaiRnRlsbapeolansolacrall inEndvay.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 sids bisthednurisicecatosissaeiional shape is faceted.  In some

embodiments, the conggtion Mggﬁéﬂ@g&h@g@%ﬁg&%@é@@d @gjigpﬁ?w%l%rgpll unit 270 is
provided by an additional adahg%)r gli%pe. uch an adaptergipiece has surface feafures that are

complementary W6t thsBRse SdFFHE AN Fafreetbrdiesen! A4 e iP SO PR GIRED PPN order to
provide a tight fit between such components. In sonlﬁ 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 upgn the sub t reflection of g.bea of light, Diff r tion originates from
a combination ‘gﬁr’lgﬁé%’%ﬁréﬁgﬁsﬁﬁ?@% ghésééls{rt teeiﬁgﬁ%eg]b?g?&e Ia‘% L:ﬁ@na%g%mitted, and

external scattefiripfigaiererrbtidrrsartanblest e yhjdemating gy e e fieldicall Hisome

embodiments ifyacesHangraWRHRS (I esciivapplicRtioRcthes uriaca afithetefleckardA04 is a
Lambertian reflecting surface rnbertian source.is defined as an.aptical source.that obeys
Lamberts cosirlbzsf)afsiacﬁgfs%ﬁ%%g Qaéé% a%ofarﬁgﬁessifyp gﬁ%%t’ff psfcc)}sro? Fgﬁ%?fst(%ec%ggﬁﬁseng ltlﬁ% angle from
which it is viewedhexsedhdintiglancehnmiie R st aderabty efinetlas muerieetmerprifidles uniform

diffusion of incigepdragiatipnSHeR thatis.radianee (8¢ Hmnanee)kisithesame im allirections from
which it can be measured (e,g., radiance is independent of viewing angle) with th veat that the total
area of the rangf}?? ﬁté’céﬂ% fﬁﬁgaé?etrﬁgﬁ%é% Ca{’r%%rﬁ(éslﬁ ?rlﬁ%ié l??gfii.en% %necamﬁsér%ga(%y diffusing
surface, the int€nsitysobthsitighthemmambativigrisaagiv@ecttirettidnfrbmmanylsnalsdbface component is

proportional to the.coging abihe RogieRkihe porpakadhrsuHaceod g Biohiness (luminance,
radiance) of a Lambertian surface is constant regardless of the angle from which it is viewed.  The

incident light | SEREE d T 4nffektian surface and reflects in different directions. When the intensity of | is
defined as /," , the int®fsitystéaggsliowspobly Péflebteatight ictknidre défimen ems folowilgrin accordance to

Lambert's COSiQ%@ﬁéJ@Wg% TR 966 1:CO%e embodiments, internal reflectors 1404 have a

hollow substrate core. Such a substrate is advantageous in many instances because it
reduces the amount of material needed to make such devices, thereby lowering costs. In
some embodiments, the internal reflector 1404 is a plastic casing with a layer of highly
reflective material {e.g., polished aluminum, aluminum alloy, silver, nickel, steel, efc.)

"deposited on the plastic casing. In some embodiments, the internal reflector 1404 isa
single piece made out of polished aluminum, aluminum alloy, sitver, nickel, steel, efc. In
some embodiments, the mternal reflector 1404 is a metal or plastic casing onto which is
layered a metal foil tape. Exemplary metal foil tapes include, but are not limited to, 3M
aluminum foil tape 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 iliustrated in Figure 9. Central to the design of
reflectors 1404 found in some embodiments of the present application is the desire 10
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 into adjacent elongated solar celis 402. Direct light that enters one side
of solar cell assembly 900 (e.g., side 920, above the plane of the solar cell assembly
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 assembiy drawn in Figure 9)
will have been reflected off of a surface. In some embodiments, this surface 1
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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Number 6,257,73710 Marshall, et al.; United States 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 herein
in their entireties. Advantageously, Lambertian surfaces on reflector 1404 effectively reflect light in all

directions. The reflegﬁ%d?{&@ﬁmggﬁ&t@g oy ds.adirgentsiancshiniis.270 to enhance solar
cell performance. Reflectign on involute ljiqace . In some .empS dimeptlﬁ: in accordance with the

present applicHTSAHCAL R SH AN L A S ST HaC \

8F Sh'aujacert solar cell unit 270.
In some embaeilrrents! 4ivecs dlapeethtmp 270 ds hroot dinded &asuchre gk irativefl&ctomsurface of the

internal reflectgr, 1404 is preferallyhe invplie.etacigiealhs- nuolwespt tirdedxdefined as the path

traced out by a point on a straight line that rolls around a circle. For example, the jnvolute of a circle
can be drawn FREABRSHwHE SrepL B SPARR AL LAY 0 S ol bl g"&ﬁ’\'} ‘S &nd, extend the
string so that iisitargédt dbithdocurudedtithe paintodfsbitachiment. vode\wimwdheestring up, keeping it

always taut. The loaus af PRINSJFas At Ry 62641 16 stiing.i Galled shedaveluig of the original

circle. The original circle is called the evolute of jts involute curve. Although in general a curve has
a unique evoluRE- A< PRIFEENy HaHPMY SRIALE Eo e EPun e T Bt PSR RETE8% D1 initial point. An
involute can albappethoughtotaianyietniefonthblydnal to kHsthedakigehts:tha-giken curve. For a

circle of radius.f. SLAMGIINEL,S SHUANONCANPENIHEMAS ot L.S0SIT &80 LiGRrrespondingly, the
parametric equation of the involute of the circle Is: X, =r (cost + tsint) y, =r (sin t - cos t)
internal reflector 1404 is four-sided; and at least one side of the four-sided crogs-sectional

shape is circular or elliptical. In some embodiments, a cross-sectional shape of an internal
reflector in the plurality of internal reflectors is four-sided and at least one side of the
four-sided cross-sectional 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-gided and at ieast one side of the four-sided cross-sectional
shape is faceted.

Ir 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 & 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 celi 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 reflection of a beam of light. Diffuse reflection originates from a

combination of internal scattering of light, . g., the light is absorbed and then re-emitted,
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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 byreference. Herpinyin, e SRtireH-aRd SoRcayectight reflector devices (United States
Patent Number 4,641,315 to Rose, hereby incorporated by reference herein in its entirety), both utilize

involute surfaces to’@A&HI fightcFate BliSTRE RO iefer dBnAeELfdyS8Y ilustrated in Figure
9, the solar celpiinitse? Ab-aiefgeardtredHytarrénged vatpaiallelforfigaufarallal manner. In some

embodiments; gach,iniemalr&fleains 1404 600Rests [ aRglarGallinisa L QBecause of this, solar

cell units 270 in such embodiments are effectively joined into a single compaosite device. More details
on internal reflEtisrsratcasi BEsgEBaroneigne! i deerrsasidatisnsarEomstdetin United States
Patent No. 1124817 89:adiigiyis Nertewtiincarfoedied ihetein Hyntate nbmgedvidts eiifinety. 5.6 Deposition
~methods T %Jollowgrllt% ung&:%i ns d&s rip(,LeS '1@191 g | fﬁi?ﬂ{g%@ 4 41@19 es,that can be used to
circumferentia1y aié)f)lc())sit .ﬁ%?&éué ﬁ%a({)r}es?s o%%ﬁotovo%aﬁ:@:rel s 700 I%I’? 1s?ar cell UI’?IE'[S 270.5.6.1
Chemical Vap@'Feﬂgﬁ@Sﬁﬁ;@hwhich it can be measured (e. g, radiance is independent of viewing angle)

with the caveat that the totai area of the radiating surface is larger than the area being

measured.

On a perfectly diffusing surface, the intensity of the light emanating in a given
direction from any small surface component is proportional to the cosine of the angle of

the normal to the surface. The brightness {luminance, radiance) of a Lambertian surface

is constant regardiess of the angle from which it is viewed.
The incident light / strikes a Lambertian surface and reflects in different

directions. When the intensity of I is defined as I, , the intensity {eg, I, )yofa

reflected light ¥ can be defined as following in accordance to Lambert’s cosine law:

Iaur (ﬁ) = Ifﬁ (i)gp(gv ‘T) e Qm

cosf

GHl

out

where @(¥,]) = k,cosé,, and k, is related to the surface property. The incident angle is

defined as #,,, and the reflected angle is defined as &,,,. Using the vector dot product
formula, the intensity of the reflected light can also be written as:

Ly =k, (D o7,
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 2n 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 luminous flux.
Though this is an ideal, many real surfaces approach it. For example, 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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In some embodiments, one or more layers of photovoltaic cells 700 are deposited by chemical vapor
deposition. In chemical vapor deposition (CVD), the constituents of a vapor phase, often diluted with
an inert carrier gas, react at a hot surface (typically higher than 300C) to deposit a solid film Generally,
CEemibcal vapr?ru@%%wié@wwm%ﬁ@wm mt@&%ig?@teﬁmﬁ%épeth@mtmt&uch gs heatifng the
chamber or the wafer. For more information on al vay sition, devices used to perform
chemical vapB%l@ 6&@&??&&%%&@@?%&%& rt%é gr%?'m chemical vapor
deposition of sitiopn:atitditercfeenvidrEarit Mﬁ@mgmp%abdwﬂmﬁﬁtbnmw sifeGsraw-Hill, New

York, 2000, pg, 363393610 dadav Eundamentalsatiisrofabrionion seceRskEdiion, 2002, pp
144-154, CRC Press, each of which js er'ﬁ# mcorporate n‘f‘(ykref ence herein in its entirety. 5.6.2

Reduced pre<iisfE@diapmisidansarainodh SR CARGr more layers of
photovoltaic cells 70@fanecdaemomwwmwducéd qmtessmbechhenmalamdnnd@wnblﬂmn (RPCVD).

RPCVD is typj 999%@5& aasmségv,vf IO EANHALEMPRIAIETIN Hefa896Af(RR0C - 600C). The

low pressure used in results in a large diffusion coefficient, which leads to growth of a layer

that is limited B/ tHé fate B’f%’ﬂ?‘fﬁ&%’?@&&‘i‘éﬁm F AR R BRI DA SRS the substrate. In
RPCVD, reactants:tamiypitaiyiidisechuittfoutodildio i iRBCHD mmzwbaésmeﬁemnéd for example, in a

horizontal ey iGh RN/ SAFIAL iRl RLGIRE CHGINIAAL YBRCLALARRHEne wlft SOMe

embodiments, one or more layers of photovoltaic cells 700 are deposited r‘pélow pressure chemical

vapor deposnﬁ‘iHS@%\l/B‘)“G]‘evéW fRrBte et ey e vpo astlora Ry AR sy arEHREY At below 1 Pa.

steps. First, attach a string to a point on a curve. Second, extend the string so that it is

tangent to the curve at the point of attachment. Third, wind the string up, keeping it
always taut. The locus of points traced out by the end of the string is cailed the involuie
of the original circle. The original circle is called the evolute of its involute curve.

Although in general a curve has a unique evohute, it has infinitely many involutes
corresponding to different choices of initial point. An involute can also be thought of as
any curve orthogonal to all the tangents to a given curve. For a circle of radius 7, at any
time 7, its equation can be written as:

X = pcost
y=rsint’
Correspondingly, the parametric equation of the involute of the circle is:
x; = r{cost +1sinf)
¥y, =r(sint —rcost)
Evolute and involute are reciprocal functions. The evolute of an involute of acircleis a
circle,

Involute surfaces have been implemented in numerous patents to optimize hight
reflections. For example, a flash lamp reflector (United States Patent Number 4,641,315
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 utilize involute surfaces o enhance light reflection
efficiency.

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

internal reflector 1404 conmnects to two solar cell units 270. Because of this, solar cell
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5.6.4 Atmospheric chemical vapor deposition  In some embodiments, one or more layers of
photovoltaic cells 700 are deposited by atmospheric to slightly reduced pressure chemical vapor
deposition. Atmospheric pressure to slightly reduced pressure CVD (APCVD) is used, for example, to

grow APCVD is a relatjvely simplistic process, that has.the advantage of praducing layers at high
deposition rateB ki I YEHPEPRG RS B H OO B8 B Pttt ERRATLEA SHEr

v ;
chémical vapor
deposition  IMserkéadnobadimehts]atreschararebiayersrofighotoveitbipmsigconGare deposited by

plasma enhanged, (plasmaassigiedrahamical varordeRasiionRE M REGMsysiems feature a

parallel plate chamber operated at a low pressure (e.g., 2-5 Ton) and low temperature (300C - 400C).
A radio-frequeRESETRER G itk discharge, or other 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, horizontal vertical
flow PECVD, barrel radiant-heated PECVD, and harizontal-tube PECVD. In some embodiments,
remote plasma CVD (RPCVD) is used. Rérﬁ&‘?%ﬁﬁ%&‘%‘?fﬁsis described, for example, in United
States Patent No. 6,458 fpllswmSaherdiaths debitheisfisrélsy) esaordrstnbpeeferenedherein in its

entirety. 5.6.6 ANQAIZaHAMferetlHOHESR RGIBEN By Q0B PG IRy S8 abDRPigMPlaIC cells 700 are
deposited by anadization. Anodization is an oxidation process performed in an electrolytic cell. The

material to be ARGHFLd (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 insoluble layer (e.g., an

oxide) results. If the primary QxidiFiRgAIRPbisWALEr, the resulting oxides generally are porous,
whereas organic electrolytes lead to very dense oxides providing excellent Eassivation. See, for

example, Madou etalt 1982 pmapE RBHET BGE 19595 phrleingl ey ML %KY incorporated
by reference héxetheiniitsd entirelypoSiford. SokigehiddpositionpetimiUED | ntsormeembiisdiments, one or
more layers of UAEOPBQ{I&YQHQ{C&E@& &9{9 A Shert carrier gas, react at a hot surface (typically higher

than 300°C) to deposit-a solid film. Generally, chemical vapor deposition reactions

require the addition of energy to the system, such as heating the chamber or the wafer.

For more information on chemical vapor deposition, devices used to perform chemical

vapor deposition, and process conditions that may be used to perform chemical vapor

deposition of silicon ritride, see Van Zant, Microchip Fabrication, Fourth Edition,

McGraw-Hill, New York, 2000, pp. 363-393; and Madou, Fundamentals of

Microfabrication, Second Edition, 2002, pp. 144-154, CRC Press, each of which is hereby

incorporated by reference herein in its entirety.

5.6.2 Reduced pressure chemical vapor depesition

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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deposited by a sol-gel process. In a sol-gel process solid particles, chemical precursors, in a colloidal
suspension in a liquid (a sol) forms a gelatinous network (a gel). Upon removal of the solvent by
heating a glass or ceramic layer 104. Both sol and gel formation are low-temperature processes. For
sol formation, .an appropriate chemical precursor is dissolved in a liquid, for example

on, d e B . .’ mple.
: tetraethylsnoxgr@ﬁ% 5%’r1{n\}\ffataer.§r[h“é sofis then brought to its gel-point, that is, the point in the
phase diagram where the sol abruptly changes from a viscous liquid to a gelatinous, polymerized

network. In the gel sigtg the sosierakismhapegie dpaitibgr or a lens) or applied onto a substrate by
spinning, dipping, or_spraying. In the case of TEQS, a silica gel.is.forme hydrolysis and
condensation using I}’%y%?%&%%’ﬁ%“élg?&sa%n e ca Eé%fsﬁrfﬁr%%gﬁi sclr?teelrglr?gga ééﬁfﬁé}ﬁgﬁres between

200C to 600Chyatisephestiestightintodacgthrssard ditmenetynvmacsilidtm didbiigersre. 8 Plasma spraying
Lechni?ues PHasSRES g@p@qmﬁﬁgspf@gggr@cm@mm?; of.the Rﬁ@i@}ﬂﬁtﬁi% @Qtl)Ls 700 a(;e deposited

y a plasma spraying.process. With plasma spraying, almaost an terial can be coated on many
types of substfaéptggx%fsa%?ﬂﬁné'ﬁllya?m@F%l%pﬂi%:ﬁ%%&&@bsoﬁs]ﬁ%dﬁ ar%%%/ﬁg%% ﬁé?ﬁ@%lsﬁygr?ggv microns to 100
microns in diahigteepasididranspertddvirempsatice (5 &itbs#¥#fE:)In plasma spraying, a high-intensity
plasma arc is operated between a sticktype cathode and a nozzle-shaped water-cooled anode.
Plasma gas, pneumatically fed along the cathode, is heated by the arc to plasma temperatures,
leaving the anode noZ et smanbirseftirab TR M AitRe S Ai%on and mixtures of argon with other
noble (He) or molecltargased(ditRntddheOR mete. Joqes friaguwentitarsed! {00pasivaspedying Fine

powder suspepdgiin, 6aies gAss Misqlar e HasmalskTpEe (1o padidles are accelerated
and heated. The plasma jet may reach temperatures of 20,000 K and velocmegﬁ%pt 1000 ms-1. The

temperature oPYFETSAFIE SAale RAs Rt O RAE B AS M Y TRIaSre: and elling time in the
plasma gas is Merysherttddh@eloiweris0rizce tedipérature andishd gl dudasidiarpravearicthe spray particles
from being vaneyiaadin{be gas RigRma hspanisies i e RiRsMaassmaaaegative charge, owing

to the different thermal velocities of electrons and ions. As the molten particles splatter with high
velocities ontotBrsuBRatEcd i dprBEdrRot B i roPRrarttoratsr £0% d&h &84y, typically
forming a good-Aapadhedtii tiecsuhsitaterRiasnasraying. dquipmenbisiavailablesftom Sulzer Metco
(Winterthur Switzerl e_info ' n rayi ple, Madou,
Fundamentalspo%sﬁ??:(?ogfgkﬁr%gyogé ms%sggggglfi%llﬁ%}?g%%%ﬁ??d]%i%@%%?&‘cé%nﬁggé which is hereby
incorporated bV?é?él%ﬁé‘éﬁ?@FéiHQrﬁi@%mﬁéQﬁa@.6(9‘?111‘15611’@%bsri‘ﬁ’ﬁ?@ neqppYERkPEmbodiments, one or
more layers of thedbotemaitaicicaltas#00 are deposited by ink-jet printing. Ink-jet printing is based on
the same principles of commercial ink-jet printing. The ink-jet nozzle is connected to a reservoir filled
with the chemical solution and placed above a computer-controlled x-y stage. The target object is
placed on the x-y stage and, under computer control, liquid drops (e.g., 50 microns in diameter) are
expelled through the 519z Zdq @tex@avell-defined place on the object. Different nozzles may print
different spots in parglel.in one embediment,of e, application. &, ubble/t il diops as small as a
few picoliters, is use o 'form aqayer of a photovo faic celf %S.tin another embo ment, a thermal ink
jet (Hewlett Pabkanedipusier Atoodztiforiial i idsbentpy fensh rarfayaeopaprietsobiiaicctell 700. In a

thermal ink jet, yesisiers:peesysashta-dapidiy.heatatiuin leyarefdiguic ilodd\sypanbeated vapor

explosion vaporizes a tiny fraction of ink tq.form an expanding,bubble that ejects a drop of ink from
the ink cartridg%o%%t%e[ﬁg}gsu sc?r% e?ﬁgﬂsﬁﬁf%eﬁg ?nenﬁ] Sgic(}ﬁg@ﬁtorﬁht %n%%s‘ree?ﬁtg%p!ication, a
piezoelectric inkgjdedtean iisuskld foeitkgetpirtdagenlpiciobtartrerinkxjdizmeagaricludes a reservoir
with an inlet pogl,andia poaale aking athexsng. RRfWVALLIING JaseQ-aonsista ef athin diaphragm

with an attached piezaoelectric ¢rystal. When voltage is applied to the crystal, it racts laterally, thus
deflecting the digphragif &Hd Ig]lé%ﬁﬁﬁl e%trﬂaésﬁ“éar%%bg le‘leui%gﬁ‘%faﬁn s ﬁ]%%é]le?rf;ﬁ’eﬁggé’e?'voir then refills
via capillary actibuttbeizaglBohel #flatp QM- 3. oriliondedtopisrajected foredaehcybitaie pulse applied
to the crystal, thus;allawing 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 (Ilvek Corporation, North
Springfield, Vermont)3.kGrSinlere defositiati ssriorigetsspraying, see, for example, Madou, Fundamentals
of Microfahrication, Seeond EAilia 200200 81167 GRE Riessiubishishrirby incorporated by

reference herein in its entirety. 5.6.10 Vacuum evaporation
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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 thatt vapor tes1 the met?l source, a wafer pé)lder a sr}lutter thickness and rate
. g)OtSI £ 4 Sglﬁgde”%ocess. Il 8. 50i-2C d’) QCE3S B0L1 Lpartléles c fiIﬂlCél Precursors, 1n

monitors, and ﬁ aters. The chamber Is connected'to a vacuum punip. There are any number of
different ways #tolleidhl suepeneinal invaliobis ésgboraretiewiiatmenererrambegancidamg filament
evaporation, Ef_&ﬁ@ﬂ gﬂﬁﬂees\éf?@ﬁ{_@_yg@atﬁ@q Ei@ﬁsﬂ?&%r@rﬁﬁﬂ@{@qﬂm. IR6 foraxaaple, \(an _Zant,
Microchip Fabgcatl%n, FOL{I’th tIgdltlon, Mcgga\é\é-H 6N§§0Y0£§b2%92’ #)118':4372:%%1%1 ‘g‘jh'Ch is hereby
incorporated bymr-lélf'ieroennac% ﬁgfe%lﬁﬁra}flérﬁéﬁlilreefy.ss. 11 pﬁ'ﬁer crfépo ition penysmacf vapor deposition

precursor is dissolved in a liquid, for example, tetrasthylsiloxane (TEOS) in water. The

sol is then brought to iis gel-point, that 15, the pomnt in the phase diagram where the sol |

abruptly changes from a viscous liquid to a gelatinous, polymerized network. In the gel

state the material is shaped (e.g., a fiber or a lens) or applied onto a substrate by spinning,

dipping, or spraying. In the case of TEQS, a silica gel is formed by hydrolysis and

condensation using hydrochloric acid as the catalyst. Drying and sintering at temperatures

between 200°C 1o 600°C transforms the gel into a glass and ultimately into silicon

dioxide.

5.6.8 Plasma spraying techmiques

In some embodiments, one or more layers of the photovoltaic cells 700 are
deposited by a plasma spraying process. With plasma spraying, almost any material can
be coated on many types of substrates., Plasma spraying is a particle deposition method.
Particles, a few microns to 100 microns in diameter, are transported from source to
subsirate. In plasma spreying, a high-intensity plasma arc is operated between a sticktype
cathode and a nozzle-shaped water-cooled anode. Plasma gas, pneumatically fed along the
cathode, is heated by the arc to plasma temperatures, leaving the anode nozzle as a plasma
jet or plasma flame. Argon and mixtures of argon with other noble (He) or molecular
gases (Hy, Ny, 0», etc.) are frequently used for plasma spraying. Fine powder suspended
in a carrier gas is injected into the plasma jet where the particles 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, typicéﬂy 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 example,
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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In another embodiment of the present application, one or more layers of the photovoltaic cells 700 are
deposited by sputtering. Sputtering, like evaporation, takes place in a vacuum However, it is a physical
not a chemical process (evaporation is a chemical process), and is referred to as physical vapor
deposition. Inside the vacuum chamber is a slab, called a target, of the desired film material. The
target is electrically grounded. An inert gas such as argon is introduced into the chamber and is
ionized to a positiveth& gk jetmEipiR&ively charged argon atoms are attracted to the grounded target
and accelerate towaktsiime enlDuiingiRoacceiesatianetheypaphdnoonaitesls 200cksirike the target,
causing target,atoms.to scatter. .That is..the argen atams ;' knack off atoms molecules from the
target into thedg %Srqr%%lé% ’1%3% ruﬂ%%ged? %&%@“ﬁfﬁéf&é& gso ré((E:izlatettsgzrnienpt nemg}?gr%fber with some coming
to rest on the ¢rafBErEabihdRb BTRE a8 rEhe i dpuwErn d praeeddit tisereitdiet lEKal is deposited
on the wafer with.GhgmikabeeroMmpasitionsas chapge:-tosema embagimentsakthe;prasent application,
direct current (DC).dioge sputtering, radio frequency (RE).diode sputtering, triode sputtering, DC
magnetron spgf %er)?nogn g}eﬁ"& ?ngaﬁe ?%ggﬁa?&rﬁ% % rll(jrsoe’(} }qéue%%r?g% %fﬁgf%"f /an %nt, Microchip
Fabrication, FéamsiEdiiorrrieGiamghithenerrly oife 200-dphned rlagm: ihildecStates Patent

5,203,977; UniigektatpeRatent mifhiReh: andk Wniked siatesnt ataniiméddofthd, each of which is
hereby incorporated by reference herein in its entirety. RF diode sputtering is,a vacuum coating
process wheré" I%Fr}\me é%rf@’aﬁ}}yﬁlﬁ ﬁ%\%&l (‘:% hode %arlfr;%suanftee“épfr?oél gﬁa%ﬁ%lrdt 0aEJ Caf lﬁéefeelgjcuated and
partially filled withotavdtieirtagl g6 tHe awathadmboediedal stammedbiolicalBondtidtokaddhidet-current

high-voltage pawercsurpiv:isuseddarnnlyaiRe figbnvaltagsdatensial if faecathade.is an electrical
insulator, the polarity of the etlectr. Sis r%\@gsed %lve%ggh freg}u%n%i%s to 0prev?nt the formation of
a positive chaf§a BR*HHE EEHOFE AT [ BB U2 19 HBbA S RTERE ST CRSE “iRER he electrode
polarity is revergsdizs a fiadivétogue teyinkis processisndiferbebbio thet ¢BspditerfignkMagnetron

sputtering is diferant farm.@icRWRI R MagretiprsPHBsIN3eRRIMAdneticdipld to trap electrons
in a region near the target surface thus creating a higher_ probability of ionizing a gas atom. The high

density of ions*EPUsAEAF rieRiF letHTG Y aigHRE LATEOHRIEFIAT I BE re MGt RTSY Kithies faster than
in diode sputtériad)inthéanagnetianvetieotiget peataati by erriamcieafipermanent wdigridts included within

the cathode assembly JiakRreduss aipRaRstiaeld normalie e alecticdield. 12 Collimated

sputtering  In another embodiment of the present application, one or mare layers of the photovoltaic

cells 700 are d&pBEHEFBYCOMMaerehitermy Commitdirs fthrsHng e S1epEHaAY process where
the arrival of mgted@ccunsibirapcifigel fiorndal dozthe Wadessudackenhdlimatalapiiyrpe collimated by a

thick honeycomb arigl gt @t&%ﬁ@ye@ﬁgl&ﬁké@%ﬁ@,@d&@gﬁémmm%ﬁ%@agyg{xsé995@&9 the metal

atoms and attracting them towards the wafer may collimate the metal. Collimated sputtering improves
filling of high a%%&ﬁ?éqﬁ%}»é}aﬁrﬂ&%@g complete confrol over the when a drop is ejected. In vet

another embodiment of the present application, an epoxy delivery system is used to
deposit a laver 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
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5.6.13 Laser Ablated deposition  In another embodiment of the present application, one or more
layers of the photovoltaic cells 700 are deposited by laser ablated deposition. In one font' of laser
ablated deposition, a rotating cylindrical target surface is provided for the laser ablation process. The

target Is MOUNLES . AASUYIL AR sedhamax.hsJolpies.abeuking laRallylinal axis of the

cylindrical surface target and simultane y translated along the longitudinal axis. A laser beam is
focused by a SHATRBAPTSHEPREHERE BeChPREc 2 bAT & AR M SRR dnGfaWAH respect to the
longitudinal axisaje:aseacdhpiphe ofpblaied Seateriakaveravadiahamickhgiplume is spread in the
longitudinal dijeclion by Providing.,caReaN. ohONeX (alesghiargel sutfacg,, g, angle of incidence of
the focused laser beam’may be other than noinial to the target surface to provide a glancing geometry.
Simultaneous lieektiorrammetediy tPARSIatiBH AR YRR ISAgitudinal axis produce a smooth and even
ablation of the entire cylindrical target surface and a steady evaporation plume. Maintaining a smooth
target surface is usegtéj ﬁl éed&cin un ESira%I?i% %ghin%gf S&{ygulates during the laser ablation
process and thereby éposﬁﬂnﬁrhlg%osdd%'ﬁ{)}] in fiims Seerfor example, United States Patent Number
5,049,405, which is eretieiroepramicd o piseahaepheién. inieremirdayes. ef 1 Molecular beam

deposition  JiyanekbRambosiinerboftie pipsentapplication, aReLiamaxess of the
photovoltaic cg{}ls 700 are depﬁsited b){tmol%cular beam dgﬁgﬂfition. Molecular beam deposition is a
cti

C€ IR d vVacu . JOWEVED 158 ysical not a ghe TOCESS (evaporationis a
method of gro |Bhg i< tiider Vacutim Eonditions, y (‘:ﬁlre one o{' more molecular beams at a

substrate. In sdhereiinkperess, anblettitzied eanbizposiviantdvpiyéiste phsidiaibfilmcgrowth on single

crystal substrates Ry & Rreacsaifbal trpisalbrpuaives mitherihrireactian afioneeicmere molecular
beams with the substrate or the de%%snion on the substrate %ft e beam Earticl.es The term "molecular
iC

beam" refers t&'BEERs OF ST SIS PERS RETRTPL Lo CHMEE BRI O™ASE fabm molecular

beam depositiprsitichstisgd Stheapitiaxidl grorash amgeh nonspitaxisigrowtthipgosrdsétrgdolecular beam

deposition is a,yatation.of simple, vacuum evaporation. However, molecular beam deposition offers

better control over the species incident on the substrate than %ﬁcg%% ¥§cuum evaporation. Good control
a

over the incident spetiELE S aneietRiir diey Joi BRBRARFardy BESSiBRES BRI the growth of
thin layers havingnsorspositicrist(inchedingrdopantioonicefitrtons)dhatiardepfecsbly defined.
Compositional gopital isaidediy thefackial rawil Fasnemallyat ielaivehhipw.sbstrate

temperatures, as compared to other growth techniques such as liquid phase epitaxy or chemical vapor

deposition, andCHIFEERSIP ISR AFalter) RIS felte At MPEFHRERY 1857dF B8hi5ositions and
doping profilesurayrecabitaideshsitih qoréeiselyrcantrokdededye rdhipkigss] hhdaet, layers as thin as a

monolayer are giown oy MB. FRtieImare: dheselativelylon-gryihismngiatiig permits growth of

materials and use of substrate materials that could not be used with higher tem%egrature growth

techniques. SeERFEXARIPIEtATRuteERsdLotatEHiAEB PTG PReRiTeh RERb Y iREorporated by
reference hereifuifditoentinedyindi6ubhl| bz ok physita| Wapomed egiositiaip Fabrication, Fourth
Edition, McGraw-Hill, New York, 2000, pp. 411-413; United States Patent 5,203,977,
United Siates Patent 5,486,277; and United States Patent 5,742,471, each of which is
hereby incorporated by reference herein in its eniirety.

RF diode sputtering is a vacuum coating process where an electrically isolated
cathode is mounted 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
ofa ﬁositive charge on the cathode that would stop the ion bombardment process. Since
the electrode polarity is reversed at a radio frequency, this process is referred to as 133
sputiering. 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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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
I-PVD, metal atoms are ionized in an intense plasma. Once ionized, the metal is directed by electric
fields perpendicylar to.the wafer surface. Metal s are introduced intQ the plasma hy sputtering
ffom the targel A LB A 3 T e o
inductively coupliecsisenzntier) edyreaoTisnansdirers Heles i o shtte ishiZ8%approximately
80% of the mefabaipmseiReideatatdhg walelsfesmnthedensdoRdha plaamacaghaceelerated and
collimated at the s rfa{;netof the wafer bé(dafplﬁsma sﬂe%h. il'he sllqeﬁth is a region of intense electric
field that is dirctac II%W%F%H & wafersurrace. 1he tield se’ktre'e%cértc iS Controlled by applying a radio
frequency bias. 5.6.16 lon beam deposition  In another embodiment of the present application, one
or more layers of the; ghateyplidicaafiadQthare deposited by ion beam deposition (IBD). IBD uses an
energetic, broad beam io sour%edcareguyéﬁfocuseg or’l,agrounded mete}IIic or dielectric sputtering
target. Material sput fed fromthe ltlg?rgle(f eep%g?%l of %Kr:]aeéj%;(lmseu ASrAte ¥67ErEats a film. Most
applications alswuseltaiseddbridior: depraedter vdidmteionutsisg soofoeabDyiithat is directed at the

substrate to delivgl£Rerg&lc NRblarraaativenionsatthesuriacs fiiha grewipgdiim The ion sources
are "gridded" ion sources and are ypic%gg tral{@ed with ar%{gde ende% eleg?tron ource. IBD
t

processing yietde8kce iR MR MPSIPE5a %b?|l SRR R RS R G BB RS Brocess
pressures in 1BD syebtemslatenap pitxiaibtdiy idGizh T o nideheopthare dgresnglittter scattering of either

ions delivered By the ion.seurees Quimaterirlsputteradiem thedargetotihe sirface. Compared to
sputter deposition usmg magnetron or diode systems, sputter deposition by IBD is highly directional
¢

and more enerJEtEPRTCBIAGRTARSh with a substrate fixture that rotates and changes angle, [BD
systems deliver a broad range of control over sidewall coatings, trench filling and liftoff profiles. 5.6.17
Atomic layer depositign,s ¢ N angther, adiment of the present application, one or more layers of the
photovoltaic cells 700 are deposited by atomic layer deposition. Atomic layer deggsition is also known

as atomic layer epita¥®yfoeEstERbel iR CHLE S5t 2Rl SAs I TORRAP H5or deposition. Atomic
layer depositiophivalligs dslie Titaprégussel hased diselitimoiting siriaecireactibns. Generally, an

object is exposggl g ﬁ‘:%;?%u%ﬁ?gi%éaﬁ'il@&ﬂﬁﬁ%&ﬁ%%@s%@é’}9}5?&9&%&'{*& IRGL: Ihghy,the monolayer is

exposed to a second species to form-a fully reacted layer plus gaseous byproducts. The process is

typically repeafSeremtiil Sed@EHEd TR S5 ¥5 et vt it smital BrupB&d2Ng Warious methods
to carry out thasgmeiaierdescrbesiindinitedntatagd ateniNimbersd, 628430 ip:GHuntola et al.,
entitled "Method for Produgin mpound Thin Fims." Unite ates, Patent Number 4,413,022 to
Suntola et al. ,ngﬁﬁ%{gﬁq%gﬁ'o%%%ﬁ%r% rlr%%%mé%g\yvt%b%%cé %p%%%%%h%%ﬁ%sﬁg%(gg(lilammi, and
George et al., #9982 inphgsisetamndopitppspest s thedengitdnahsiaihierid hetepyShcorporated by
reference hereipiif-itsneitisetyeAlodmia layerdepasiinrhas alseheansesardaesiasa chemical vapor
deposition operglign periormed snder santrolled sondifions fhay, gause, e deppgition to be self-limiting
to yield deposiﬁon of, at most, a monoelayer. §c}eposmon of amono ayer provides precise control of

film thickness APrasieA By Eereonip Y ntheh vy ieieglde thsiterepisgu ixedmddger depesiion may be
performed usingeei#pMRRLBARRTHABE BEW AN 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 5,049,403, which is

hereby incorporated by reference herein in its entirety.

5.6.14 Molecular beam deposition
in 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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Integrated Cu Barrier/Seed system (Applied Materials, Santa Clara, California). 5.6.18 Hot filament
chemical vapor deposition In another embodiment of the present application, one or more layers of
the photovoltaic cells 700 are deposited by hot filament chemical vapor deposition (HFCVD). In

HFCVD, feactﬁégogﬁ%sﬁ%s%fﬁeﬂ%%@ e heatea JipmenkieJombRiasHiseLARGIES that subsequently

impinge on the substrate surface, resulting in the deposition of high quality films. HFCVD has been
used to grow DREHBSFHA SPRAL? MERTAIhgURB HERETD M AT BeRARAT49%ride, titanium
nitride, boron carblide cpisaviglias amatphotisesilicenahitidestSae, foroexanpleyelhpande et al., 1995,

2 20PL PhyS: 0008 SnnORdd MUEIS PEISDYHEARAYAIRL I BIEBRGGNGRID In Its enirety
5.6.19 Screen printing  In another embodiment of the Rresent application, one or more layers of the

photovoltaic céfBFIOHR HepBsiad phike BetedrBristin KOTRFHASE RIS EFEETMg) process. A
paste or ink is pressechntapartionsief ankndesying stiugittiestraughropekings irdhe emulsion on a
screen. See, for example,.Lambrechts and Sansen, Biosensors; Microel glroc mﬁg& Devices, The
Institute of Ph;/a’s Oss%%}f))ﬁlsé %%%ﬁl?é%fﬁ%gm %dwnﬁ?g }%%%éé%ﬁnigggpgraie b%/ reference in its
entirety. The phesie denvsises ofaayprintore TimRe Yasterar GRSt AN rs PR B 8F2%End a solvent.

The organic bipdesdetesminssdhiediaw prepadigswistheipase Thahandingagest provides adhesion
of particles to one another atri\d toGth sut%rstlrag% T‘L’Qe gggr\}{tes e%réisclc%s q?egl% é}hﬂgel% a conductor, a
resistor, or an REHIES A he ﬁﬂiog?gpﬁ?g p?at &P in the scrden emuldion 1S transterred onto portions of
the underlying swwttarshtoreines e peststetibo ggrth efrivisiespelings wiridgifeegee. In a first
step, paste is QiAW QP SeeaR:JPRMSSHUERICRINUErE aRsbRUsheSdReBERreen onto the
substrate, forcing H&e gk%sgte throelé%:l“%peningsi'n the screen durirtl) igge rgeorizeggt{gésmagtion. During the last
step, the screeHEASYLELSE BHEIRER HIsr St hstPRareray Banas P Stfsirihg frame and the
substrate sheassmamedheofisnzeivpattemijsdormiedsdiatiderasb spite Tvaamisel DM of the process

depends on thg opeRINgsNGREsRET BRRA1 the fature, of the paste. With a 325-mesh screen (i.e., 325
wires per inch or 40 gM hales) and a t%?ical paste, a lat an?I r_esoluélii)n of 100gM .ca btehobtained.

For difficult-to-print pESIESRH SRR MSERPRBS LSRR EHE BISE LY P8 Y8R hin metal foil
with openings. Heveyennthélzésokrtibiclotthifethegtisdnferics (500N prAfrerpitinting, the wet
films are alloweghp seifig.ipla REIQE Al IMmEeeowlitesR minkiRahe datianthe.auxface while drying

This removes the solvents from the paste. Subsequent mna{bu_rns off the organic binder, metallic
st

particles are retiticsa SribRtRelaEHA YR SPUI RO 4 S RAF IR He M tures range from
500C to 1000CeaAfieyubirisg fhre-thickacssiofl thetreBulting, &Y Si7tawges fsdael®RM to 50pM. One

silk-screening %J%J%%Pg{%é%gﬁggﬁim%@%pment 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 (e.g., Ru02, ITC/2), overglaze, and dielectric (e.g., Al203, Zr02). The
conductive pastes arg.basechdadpaialqaitiplesiguwshias Ag, Pd, Au, or Pt, or a mixture of these

combined with glass. Resigliye RAHGRAS BRIRAAN BHA%RL IFRUANG ixed with glass (e.g., 65%
PBO, 25% Si02, 10% BI.ZOB%- ) o ) N )

photovoltaic cells 700 are deposited by ionized physical vapor deposition (I-PVD), also

known as ionized metal plasma (IMP). In I-PVD, metal atoms are ionized in an intense

plasma. Once ionized, the metal is directed by electric fields perpendicuiar 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

controlied by applying a radio frequency bias.
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The resistivity is determined by the mixing ratio. Overglaze and dielectric pastes are based on glass
mixtures Different melting temperatures can be achieved by adjusting the paste composition. See, for
example, Madou, Fundamentals of Microfabrication, Second Edition, CRC Press, Boca Raton, Florida,

2002, pp. 154-156, g@jf@l%@gggpxem%ggrated by reference herein in its entirety. 5.6.20 Electroless
metal deposition  In another embodiment of the present application, gne or more layers of the

photovoltaic cells 708 G heRReAREN & BT P RRISHSR 15, EIRU 416€8 M8kl deposition. In
elecctroless pkﬁﬂn@ﬁtﬁy@ﬂﬁ?b@ﬂt@pﬂmm[bﬁﬁmegﬂs deribeinaplyinibd vetage. Electroless plating
paths can be Yaed. . for Byt @ifzolrtl Blisaly Wikt QLLIAYS R aRE [ RAAPIE, Madou,

Fundamentals of Icrofabrication, Second Edition, CRC Press, Boca Raton, Florida, 2002, pp.
344-345, whicFPRHEEIEH SO eI B L Feshd S HeT AR T BRSPS E fectroplating I
another embogétearntMinthegrasaiidadp isiai ot 0recnd v teuaycrsmddhe iphatdviolbateecells 700 are

deposited by eiRgiopRing.FlgalgRlalngaksaRlace 0 ABEIBEIAVIGSRL diisgactions that take
place in electr plating mvofve_current OW unaer an ImpO_SGCCf %;as. In some em O' iIments, a Iayer IS
deposited as (et of fenraseenilprobisonSeECTO e R, MR SSICcE FRbaTh BRI of

Microfabricatigu&gcendifhditipa:feRienPiRes BotacR atonybiesida, 1002 cpiiadGedbdl, which is hereby
incorporated herein by refere rein in its entirety. 5,7 Lithographic ing Methods  In some
embodiments %ﬁﬁ?%%%%seﬂé tigégﬁgglt%ﬁe,sa%%\%%pgrr%%?{ﬁgeﬁfé?ssségr_gs Sﬁr%igds )§§e%lgaﬁr§rning one or
more layers ofagpeopimstelyoltaid welISswe. fivsdners Hibe shnterts S gihcrayardaresaiterned by

semiconductorphetalithegwmphienhetatesisteoating.and pticaklagingihrenghsaiieptical mask,
thereby forming graoves (e 0ia ke 282420 e Ca Y/ QL 238 O IS Aoty

directional and more energetic. In combination with a substrate fixtore that rotates and

changes angle, IBD systems deliver a broad range of control over sidewall coatings,

trench filling and liftoff profiles.

5.6.17 Atemic layer deposition

In another embodiment of the present application, one or more layers of the
photovoltaic cells 700 are deposited by atomic layer deposition. Atomic layer deposition
is also known as atomic layer epitaxy, sequential layer deposition, and pulsed-gas
chemical vapor deposition. Atomic layer deposttion involves use of a precursor based on
self-limiting surface reactions. Generally, an object is exposed to a first species that
deposits as a monolayer on the object. Then, the monoliayer 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 1o carry out the same are described i United States Patent Number 4,058,430 to
Suntola ef al., entitied “Method for Producing Compound Thin Films," United States
Patent Number 4,413,022 to Suntola er af., entitled "Method for Performing Growth of
Compound Thin Films," to Yiitammi, 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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One form of photolithographic processing in accordance with the present application begins with the
coating of a resist layer over the layer of the photovoltaic cells 700 to be patterned. Resists used to
form this resist layer are typically comprised of organic polymers applied from a solution. In some

embodiments. 1% E5IS AYGKNAP AIEKRASHIDA.I005 ALA-Lr R 2. Furhermore. in

some embodiments, t ist layer has a uniformity of plus or minus 001 um. In some embodiments,
the resist laye &S %m&@%w%hﬁa&%%ﬁ%% Seatrcdpn prbfsRigor a dynamic dispense
process. In some embodiments, the resist layer is applied using a manual spinner, a moving-arm resist
dispenser, or an aut ic,spinner See, far example, Van Zant, Microchip Fabrication, Forth Edition,
McGraw-Hill, New Y%!rﬁ]i?éz%lﬁg%%&eﬁ?ﬁ-?fkc,a?/vvﬁ%%pigéﬁgsr@g} incorporated by reference herein in its
entirety.  In some Eritsdhsatesinrateshs prpetaraicaitic ANPESIBOM ANY teidigned to react with
ultraviolet or laggkseuEEeSIINToPREpoRad BYatSI ieresishioyekibadaagalbemessD) which
polymers in the rgsi rm a cross-linked material that is etch resistant upon exposure to light.
Eramplos of N ta e Ea L RS Bt B TR PGB HAEHE, Bt oire not imited to
azidelisoprenethfé gtivarradisppenim dth yrvremiasiiete RNV Bolrstigisopigpyl ketone
(PMPK), Ipo|y-@u¥ﬁ?§ﬂn§.ﬁﬁiﬂ@ﬂ?ﬁ§%gﬂ%mﬂlgféﬁﬁéWhibﬁﬁ@ﬁ@fﬁ'ﬁ%@)iﬁfﬁ@@dﬁ%%&){meg(\k{'cl)_/sml
ethyl acrylate-Y-amido. ethyl acrylate). . poly-(2-met ntene-l-sulfone and the like. In
other embodirr:éé’ﬁcfrslf’fﬁleere%?éﬁléyiv%lr“li%%’gb%%ﬁgg I?getgsl%isef. OeX f)%%é} ﬁieasr(‘e)v.'tf%%J ?sa?%%é |\93Ty unsoluble. After
exposure to theilpopeiriightendryszanpleclistpdoert.td Wmbrapsbibite $lam Phi¢reaction is called
photosobulizatiza: QRePRILERRQIKeSISE 1Y Aecerdanseiwithihgspegsent application 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 referafd@ fwremnpirintxentirety. In some embodiments, the resist layer is LOR OSA,

LOR 5 0.7A, LOR 1A, LOR 38mB6dR SAKMCRQGIHEMiNeWioR iMRssachysglts). LOR lift-off
resists use polydimethylglutarimide. After the resist I,aﬁer has been applied, the density is often

insufficient to SUBFORTESETs JUE a8 HgPRECL PR EITEhP GBS ST IREBRgdent application, a
bake is used tpdessiiatmsteesisikl ayerantodiveoifresiduahdolyentsthiisrbdliceughreferred to as a

softbake, pfeb%gwgsngﬁié%%hm%f?a%ya%gp,%nglé?%ménﬁs@ﬁmgx&r are contemplated by

the present application including, but not limited to, convection gvens, infrared ovens, microwave
ovens, or hot pfitsesgseMigirekampiemicalinest P dpTEe PG PApBY S8 E Press, Bellingham,
Washington, zmﬁﬂaqamhﬁ&wz,_which iis@hﬁrg’bycmommatedfhyﬂ@fmmeﬁMemhmpﬁse ntirety. After
the spacer has Been.coaGAMIIN, ALESISLIAY R INS0eX! SIERISRINPMEN andexpqgure of the resist

layer. Alignment and exposure is, as the name implies, a two-purpose ,hotomaskingq;tep. The first
part of the aligrS&Ht Bdee dpeuns s MR RELT ShiRg ReFtaliGRAORBE B8N ERNIEY image on the
solz_;lr cell surfaaghcke &lﬁ}gg&iig toundamn_t@mﬂﬁh ﬁhajsmdmaﬁcts;ermaepdim okthe image in the
resist layer from an ex STALY Ig%psttgfr 599%%8@3%9”%%‘15{3 g?x%%ggmt[gwg%g%g any conventional

t esist clu

alignment system can be used to align the mask with the layer, including but not limited to,
contact aligner§™siaRitiAatighet NS ProfottisH g el sap FuristErail scan aligners,
x-ray aligners, ane.gieriranshepialioners. sisegeceieniioh aligners-thaucanvaensed in the present
application, see Solid.State Teclznol April 1993, p. 26: and Van Zant. Microchip, Fabrication,
Fourth Ecttion, e Crant bl Ko rore 500 si s Be ol B S R Ferei by
reference hereipfifs fis@ah gpiNaEKE BRI EBEpBsiRasion upastivdshiek (not shown)
used to develogasprsitieiesist weuld-have fac-appogsier-palinis-nia regativermasknBoth negative
masks and posiive masks used Iy the methds. of the present,anplicationsare fapricated with
techniques similar {0 those used in warer pro%essmg. photomas B ank, consisting of an opaque film
(usually chromitiriyekepodinstds arglessepenibatiatas specopaider withreedide M rdistds exposed
according to the-dasiadaaiern., thendsualoned sansithaerpesedontauenalenal etched Mask
patterning is accormg]ish%? rimaril bb imeans of beam writers, which are tools that expose mask
blanks accordinras?o stita y matted biosensor electrode patterns. In some embodiments electron or
optical beam writers dite difeu o potireniesyathedemaske orgyesitivemeaiiks r8eesforudample, Levison,
Principles of Lithgaraphy sSRiRRigsmBelinahamasiineion «a9m R 28256 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 a mask onto a sog:%r cell unit is a wafer stepper. Wafer steppers exist
in two



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 when a shutter

is opened. Th tire.field | ' kanhd solar. ' ronously. See,
for example, L%@lgo%%éﬁlé?p es gﬁﬂ%ﬁ%@%@é&mss%ﬁ%@%ﬁ %ggh?q%%%%\ 2001, pp. 1

33- 174, whichi8HevepylaHed foratats mirte fardicel Hisrsmareiiderpiven fomdhe Paiosure through a
mask, the pattermségidiRaigroovemantae Mguisceasig, akalintpativbage iadiesisirasitegiins of exposed
and unexposed resist. The,pattern is develo in the resist by .chemj i j he
unpoIymerizecﬁlmreglg‘cfSrg‘rigr}‘l()c}]g;S {0 6?%? 'e\'ie i%%tg?xgg fffﬁj%ﬁsé%nog%ﬁ%%gﬂzg% g\o %%%%%evelopment
techniques caftBe-teeikneveldis ralibgtyparersgmentiedrinidied drecadsisnedirgleave in the
resist layer ansexaGt geyERf shespeiemihRbinasanchgomask BmeliclenTResveagssful development
of the image caded n.1geist s dependent.on henatire,of he, resists exposlre mechanisms.
Negative resist, upon exposure to |g?1 , goes through a process oﬁ‘epofi/mer%zatlon which renders the

resist resistanteadisssl(fion’in e dRbBpdrefsividak The dissblvipigiateb@iveen the two regions is

high enough sgidhakiitieofAhmlayeasis nstdamdne palunessad egians Jherhamisal preferred for
most negative-resg)%t-geve nrgasituationfsﬂilgsg qugamcf;(ri Sg%dqart lvent. Th dev%jlaqégment step is done

l?Pi
. . or fure o 111 ass. SS]1SUVE. DASIES ared .
with a chemlcéﬁ%eve ol]ljer o’ll%wé’ﬂ%y a‘rinse. For negav{lve esists, the Tinse chemical is usually

n-butyl acetaten RuPasiiRvelsistsqdresb aiass differéhtvddialdpih §itenditid?i:0he two regions,
golynlner_ized and unmlmggimg]ime{%ﬁﬁggﬁﬂé ﬂiﬁ@ﬁg\fm:@gﬂg@ﬁ m%mﬂegiﬁufégg theh
eveloping step some resist is always lost from the polymerized region. Use velopers that are too
aggressive or %?%5%8"0%}%%%%8 el\!}é%%fﬁénﬁ%%gtﬁ%ﬁ%‘gﬁfﬁ% | a%’%%%i’a%&%ﬁ%ning of the
resist. Two typis whthemicaitdeyEpersusedenwithdoositiveassists mf decafedaiméanith the present
application aresglisglingiwalersoklions And AanieRISEOMEONS The akalingwalgesolutions can be

sodium hydroxide or potassium hydroxide. Typical nonionic solutions include, but are not limited to,
tetramethylam PSRRI RY SFSIEERS BHHA ) SR8 ARse 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 ordleZ i tkstrolsts thetabdenesitiailge. Such methods include, but are not limited to,
immersion, spray develeprseatbatichpidair-deyelnpppanitiin, same aptbogdinentsof the present
application, we,development sethods. are,nol sed Rather, adi (o plasma) dgvelopment is used. In
such dry procepsses, a pfasma etchér uses energized) ions to clhemlcaﬁy dissolve away either exposed
or unexposed gertiBReto B icrelspesiplalingt Sairiesdnib Suithentebreres praketh pappiéation, resist is
hard baked aftesiisdaasieendeyelnpeahd ba paipese afihehard bake isiiocashieveigeod adhesion of
the resist layerin {fe.underi¥Ig.axe! 906 PAlkehet A DAIBOGKE Ay beascomplished Lsing a
convection oven, in-lire oF manual hot pala?eé, In rare’gﬁ%un eling“ovens, moving-belt corfivection ovens,
vacuum ovens @id trrssdiRecaenerdlipadand benspet dfuteS anbidaikibriclimsoapersrevited by the resist
manufacture. Thereferd.sReeific baking temperatures and times is application dependent. Nominal
hard bake temperatures are from 130C to 200C for thirty minutes in a convection oven.

5.6.21 Electroplating

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 invoive 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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After development, an etching step is used for patterning. A number of etching methods are available
Wet etching. In one embodiment of the present application, the structure to be patterned is immersed
in a tank of an etchant for a specific time. Then the structure is transferred to a rinse station for acid

removal, and transferred to a statio final rinse n%a in dry step. Wet spray etching or vapor
etching In some embodiments of thg'lf)%ghé’ﬁf%%hﬁﬁgatﬁ_ 'ﬁ,. Svl%etﬂé%&r/%y etching or vapor etching is used
for patterning. Wet Spreyreterindjrofher sisby areteaicanheaties sveripmnbesion ®EhmMy including the

added definitigh,gaingdiremitbednechanricatRressidmhabibaspiay Tnvapesriching, the wafer is
exposed to etch%n vapors s%cfh as hg/droflow'% acid vapors. tP ma eﬁ%:chi gt.olrgﬁssg)me
embodiments B R ’B?]étgésﬁlf paﬁﬁrcsa |o%a}ﬁ5fg%m§ e ?ﬁg Pscﬁlégi(’f lasmare cﬁlng IS"a chemical process
that uses gasesating 3okhsptierBiragine thronghsentbrsi o appisatbredivtionnR g stehing is performed

using a plasmgrg;{;p@?_ﬁbyngggj%@Opﬁggm@%ﬁg@g}_comprises a chamber, vacuum system, gas supply,
and a power supply. Th% Strlé% reﬂio be etched is loaded into the chf%hm er and the pressure inside is

reduced by the vaculhi P R R PRORT T s PSRBT TR A R AR RISETS filled with the reactive
gas. For the etphlirgtioh $iigonvdibfideofinexamplet idyer gasr ibulspallyf ©Fdhttardbamis@dld with oxygen. A

power supply ¢5gaies AafrdicirRauenEARFLiR A auohRlectadrain dhe shambper. The field

energizes the gas mixture to a plasma state. In the energized state, HEE fluor'{ne ttacks the silicon

dioxide, converEAg TtIAE B TR E AP GHEHILOh AP A FSTREOL Y SCEGEIT B the vacuum
system. A thideasaiietye ofugtasind etchel$ may Hetusedito iperforrndchingsntzoesitiance with

various embodiments ol iheAEsR7 ARRlsALoR YS! BisharsinsisRukaTe ARl dimted to, barrel

etchers, plasma planar systems, electron cyclotron resonance sources, ,hi%g density reflected electron

sources, helicGAPHRARSEE & BES HIBIRATER) BOUPREE SIESRESS Qrécs am FPErSRFEbupled plasma
sources. lombeameetekingnié\nnthettypeol epphied thamayrnel us@detoapesidnprathe etching of a

spacer in accodangg Ml avigusAsRReniAldn . rsaeat agploalionis IR ARAp etching. Uniike

chemical plasma systems, ion beam etching is a physical process. The structure to be etched is
placed on a hdig@rsaian dethRitivantsrand i stedn o 2Y0niRe HtfoddcBBiThis #EBhamber Upon
entering the chaceheraitde argeRhis:Sishjectet talratream of high-energy electrons from a set of

cathode (-)-anode (+) electrodes,. Th etlltlectrg)nﬁ 0 i;seam) rgon; t9.a highzenergy state with a
positive charge. The?\?\/?iqr:él?se?ré%gﬁlgh a 1ﬁeelgsat%é;lly oﬁr%e(? %i)?ﬁ%lr} ?ﬁa? a tract% the ionized argon

r . - .
atoms. As the BFORIEOPHS ¢FARAeET f@%ﬁ@ﬁ&f@%ﬂ’@?gﬁé‘iﬁc%@%@?b‘f&ﬁ AGUSEASTHYY. At the wafer
surface, they Grashidhtpoiig-exparegvaianayessantibiast-emalnamnounisdpamthgavaler surface. No

chemical reaction (s Riseeneeen e Araon slems ancine. nafer materialy Thonaterial emoval

(etching) is hlgﬁgj) difectional (anis tropic), resulting in gooaél1 detinition in small openings.
include, but are not limited to, azidelisoprene negative resists, polymethylmethacrylate
(PMMA), polymethylisopropyl ketone (PMIPK.), poly-butene-1-sulfone (PBS), poly-
(trifluoroethyl chloroacrylate) TFECA, copolymer-(V-cyano ethyl acrylate-V-amido ethyl
acrylate) (COP), poly-(2-methy! 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 application is the phenol-formaldehyde polymer, also called phenol-
formaidehyde 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. In some embodiments, the resist layer is LOR OSA, LOR 5 0.7A,
LOR 1A, LOR 3A, or LOR 5A (MICROCHEM, Newton, Massachusetts). LOR lift-off

resists use polydimethylglutarimide.

60



Reactive Mn etching Yet another type of etcher that may be used to perform the etching is a reactive
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 thg.bepefits: of,cheivicah piasme elchingAloneith.the benelits,of directional ion
milling. See, Van Zant, Microchip Fa?rication, Fourth Edition, McGraw-Hill, New Yark, 2000, pp.

256-270, herd B iRESFBRarer FRIPME Ey STBFETRROSIRIDPS T BIF I SRPFFRRBNHIF ®Bhniques and
etching equipmehtadeatsdanhbecsistldyitr astdidanteosiitinthe prsdhisdpiticatitmed toResidual layer
removal. The g@%&g&}%@@g&p@%@%@%@@% iz thedormation of grpoves (e.g., grooves

292, 294, 296, and 298 of Figure 2). Next, the residual layer is removed in a process known as resist
stripping in orG¥HERITE lf‘Pié%&ff‘é?ﬁb@%‘ﬂfﬁ%?ﬂf@?lﬁii%n%té‘ﬂ?lﬁ‘ﬂﬁ?ﬁ‘}éﬁtg?rtﬁtf%%@’tei’ﬁ’stripped off with a
strong acid sdnﬁaﬁH%Qé@rmmmmbcmwmln&mmm@a H@&@ﬁa—,@%&l@tbﬁckir_lg the resist
but not the arogys o vieldshepfuly pallamed situeie, e e AlribRers,inglige organic solvent

strippers (e.g., phénolic organic strippers and solventlamine strippers) and alkaliné strippers (with or
without oxidariPEf IRrEah Ry BHSHEARRERE BtHEHfESent application, a dry plasma process is applied to

remove a (esist, In safed emhﬁdéma_mmeﬁmm_aﬁ&mafkﬁﬂimyaemhamﬁﬁaﬁpi& pltga&dﬂmadcham_ber and
oxygen is introduceel The Plasmadield eneraizes ‘J&%‘B&S@E’L&%ﬂ%@ SH8LIY, siate, which, in tumn,

oxidizes the resist components to’ gasesthat are removed from the chamber by the vacuum pump. In
dry strippers, IHePptasheiaganesisied’hy PricratialBe signmpeiqid sEposreuisalidiet-ozone sources.
More informatisitiiph ot alioghaphit Oreaassasdkhainchn aetcsidierpattens phagtavoltaic units 270 is
found in Madou, Fundamentals of Microfahrication, Sec Edition, CRC Press, Boca Raton, Florida,
2005, pp. 5.8 A PSRt iner S R edrt SR B B S e Yok 2000
each of whichJ5PREREBizIheisirare i Pefernsetiat enplinaisre Atire PV Stith & include the use

of a positive phateresisbrathanshaaramnegalivaphaiaresishas wallas-extiramemitewiolet lithography,
X-ray Iithograpchoyé1

charged-particle-beam lithography, scanning probe lithography, soft lithography, and
three-cimensiSRATTHALRFABAS RGeS e EXEMPLAR P DIVERSIONG ™ AL @hated in Figure
2K, a solar cehlErerhasay Ritgths/ ahdeirstre deeomisared oy et efiirsrbsscaebtion. In some
embodiments,£ag isalaTrall A RIRbASA RngthkRetweand Mlimesers,(mimand:100,000 mm and
a width d between 3mm an ,000 nun. | me embodiments, a sgl Il unit has a length |
between 10 mgqanéh%;ngfffg@? ?Fn%rfgrécﬁf Oég}jvél?d]éh ?%%%’e%ﬁ% “rhﬁrlﬂ}aﬁ%wl%%%%riérq; TR'some embodiments,
a solar cell uni#3273 hasch $Emgiblyib stwamrt0 regitand ABEOG eminfia widtyd Wetdween 10 rnm and

50 mm. In semeLmedimenis.a solar cell unit 270 may be elongated as illustrated in Figure 2K.

As illustrated in Figure 2K, an el?é] ated sogar c tII nit 270 is qne thattis %@3 acte%zed by having a
longitudinal dimensiShPPEHY &%) f O&ﬁ%oevﬁl BT U ISR BRI DGt B HIT &6 e‘gated solar cell unit

270, the longitopfinaledinemsibn begatbe ds:theRwitl theghifve msidts ehhpattieaskskfactdrinf4, at least a

factor of 5, or gfdgast @ffﬁ&f%s@ﬁt%gﬂ?i&‘?ﬂ&?aﬁs’?i%ﬁ@&?@@aﬁ% he-ongitudingl Jimepsien of the

elongated photovoltaic device is 10 centimeters or greater, 20 cengmeters g?r, reater, or 100
'%F&%H)

centimeters or'GreaRE ST 88 nie RIGIBGATRRES; T ORI AR CEUMIPcell unit 270 is 5
millimeters or drpreitti®mylim etbssanrsmorey<hol miflimeterd br rrte; &00millicneteng ©r more, 500

milimeters or OiAAORTBelersakAke 8 ROOLEUITRIBISALMN Behes, TREPhOTOVOlalC cells

700 of the solar cell units 270 may be made in various ways and have various thicknesses. The
photovoltaic céfETHHS ﬁé%’@ﬁbgﬁm%ﬁ%ﬁy Beray oL hAdR THisE L deAE Bor structures or a

so-called thin-thposemidobiduictaccstdingusesitably formatted biosensor electrode patierns. 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,
Bellingham, 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 a mask onto a solar cell unit is a wafer stepper. Wafer steppers exist in two
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6. REFERENCES CITED All references cited herein are incorporated herein by reference 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 its entirety for

all purposes. ondMamsmagificatices-andavadationsof this applicatiopaankemadggithout departing
from its spirit and scope, as will be apparent to those skilled in the art. The specific embodiments
described herdf SHEORERELTR) RS O AHIE S ARG HE LS SR (S BETIFHTBd only by the

terms of the appended;ctarmd tisl ongkwitid theeefiott sobpebEteivalents e bictsiodh claims are
entitied. WHALIRCLAMEDR: Jnd SQlanse!ldpait eOMRISIIG field i ApB:StBpUalRHARVINg a first end and
a second end, wherein the substrate has at least gne rigid nonplanar surface; and

mask and solar cell unit 270 synchronously. See, for example, Levison, Principles of

Lithography, SPIE Press, Bellingham, Washington, 200 1, pp. 1 33~ 174, which is hereby

incorporated by reference herein in its entirety.

After exposure through a mask, the pattern for the groove and/or viais coded as a
latent image in resist as regions of exposed and unexposed resist. The pattern is
developed in the resist by chemical dissolution of the unpolymerized resist regions to
form the structures illustrated in Figs. 2-6. A number of development technigues can be
used to develop the resist. Development techniques are designed to leave in the resist
layer an exact copy of the patiern that was on the mask or reticle. The successful
development of the image coded in resist is dependent on the natore of the resist's
exposure mechanisms.

Negative resist, upon exposure o light, goes through a process of polymerization
which renders the resist resistant to dissolution in the developer chemical. The dissolving
rate between the two regions 1s high enough so that little of the layer is lost from the
polymerized regions. The chemical preferred for most negative-resist-developing
situations is xylene or Stoddart solvent. The development step is done with a chemical
developer followed by a rinse. For negative resists, the rinse chemical is usually n-butyl
acefate.

Positive resists present a different developing condition. The two regions,
polymerized and unpolymerized, 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 to0 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 alkaline-water solutions can be sodium hydroxide or potassium
hydroxide. Typical nonionic solutions include, but are not limited to,
tetramethylamrnonimurn hydroxide (TMAR). The rinse chemicai 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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(B) a plurality of photovoltaic cells linearly disposed on the at least one rigid nonplanar surface, the
plurality of photovoltaic cells comprising a first photovoltaic cell and a second photovoltaic cell, wherein
the first photovoltaic cell in said plurality of photovoltaic cells is coupled electrically in series to the

second photomﬂﬁ&@&upm&@%@gyu@lwd@&mgﬂpmrﬁ@uﬁm@a&ﬁﬁ@@f@;ﬁw&it of claim 1, wherein
said substrate has aYoun s modulus of 20 GPa or g?ga{%r}h:% The Il unit of claim 1, wherein

said substraté‘%‘gaél%ﬁﬁgdSVm%’&‘Tﬂ%“b%S@fﬁ&%t“ Vi arﬁ%f %TIB B unit of claim 1, wherein
said substrateiba®pméoungsdnioduthsioff¢GRa apigrmaterht. tFbreesalaraahngnit of claim 1, wherein

said Substrat%@mﬂf atalosanmaierialnfed beselas &l bl Rlelaimedisvyherrei all or a portion of
the substrate is a rigid tube or a rigid solid rod.
some embodiments of the present application, resist is hard baked after is has been

developed. The purpose of the hard bake is to achieve good adhesion of the resist layer to
the underiving 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 like, General baking temperature and baking
times are provided by the resist manufacture. Therefore, specific baking temperatures and
times is application dependent. Nominal hard bake temperatures are from 130°C to
200°C for thirty minutes in a convection oven.

After development, an etching step is used for patterning. A number of etching
methods are available.

Wet efching. In one embodiment of the present application, the structure to be
patterned is immersed in a tank of an etchant for a specific time. Then the structure is
transferred to a rinse station for acid removal, and transferred fo a station for final rinse
and a spin dry step.

Wet spray eiching or vapor etching. In some embodiments of the present
application, wet spray etching or vapor etching is used for patterning. Wet spray etching
offers several advantages over immersion etching including the added definition gained
from the mechanical pressure of the spray. In vapor etching, the wafer is exposed to
etchant vapors such as hydroflowic acid vapors.

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 (R¥) 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 volatile

components that are removed from the system by the vacium system.
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7. The solar cell unit of claim I, wherein all or a portion of the substrate is characterized by a circular
cross-section, an ovoid cross-section, a triangular cross-section, a pentangular cross-section, a
hexagonal cross-section, a cross-section having at least one arcuate portion, or a cross-section having

at least one curved pagtin.8ed hesQlak g@ﬁ&&iﬁﬁf aian L, yhersi e fiistipattionafdhe substrate is

characterized by a first cross-sectional shape and a second portion of the substrate is characterized by
a second cros¥ e rehediusstsph e SIS ELIPRATE B I SRS RS B e " &£ PS5 s-sectional shape
and the seconiénted ss-seciienmrshapmapnthessame, el irdineysolarmcelonmitofaiaim 8, wherein the

first cross-secfjonal, shanenand;the. sepond.Sosssalional shaps AR Al enticd hiaThe solar cell unit

of claim 8, wherein at Iéast ninety percent of the length of the substrate is characterized by the first
cross-sectionaPeitahend sanpienss coupls PRIPEIEIITS, wherein the first cross-sectional shape is
planar and the secons érassskeionabshkapehd@:ahiedst nne arcudte pidéurm the etching

of a spacer in accordance with various aspects of the present application is ion beam
etching. Unlike chemical plasma systems, ion beam etching is a physical process. The
structure to be etched is placed on a holder in a vacuum chamber and a stream of argon 13
introduced into the chamber. Upon entering the chamber, the argon is subjected 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 negatively grounded holder that atiracts the lonized argon atoms. Ag the
argon atoms travel to the wafer holder they accelerate, picking up energy. At the wafer
surface, they crash into the exposed wafer layer and biast small amounts from the wafer
surface. No chemical reaction takes place between the argon atoms and the wafer
material. The material removal {etching) is highly directional {anisotropic), resulting in
good definition in small openings.

Reactive ion etching. Yet another type of etcher that may be used to perform the
etching is a reactive 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 laver 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). 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 H,S0, or an acidoxidant combinaﬁon, such as HyS04-Cra0s, attacking the resist
but not the groove to yield the fully patterned structure. Other liquid strippers include
orgamic solvent strippers (e.g.. phenolic organic strippers and solventlamine sirippers) and
alkaline strippers (with or without oxidants}. In some embodiments of the present

application, a dry plasma process is applied fo remove a resist. In such embodiments, the
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13. The solar cell unit of claim 1, wherein each photovoltaic cell in said plurality of photovoltaic cells
comprises: a back-electrode circumferentially disposed on the substrate; a semiconductor junction
circumferentially disposed on the back-electrode; and a transparent conductive layer circumferentially

disposed on the, semicandustaniuRetiop.aasgwhessin-said Alality ahphrtavoliRisieslls comprises: a

first terminal photovoltaic cell at the first end of said substrate; a second terminal photovoltaic cell at
the second erfd'GFEERIZES BeMSIEciN G hieh energy flale, WhEN AT OFIE St SHTtaic cell between said
first terminal photoveltaio geitsahd saickwecahiiophibtosialidier behawaenem tinetrandparent conductive

layer of each éﬂ}ﬁﬁ@seﬁﬂ Bqaagg;gg&[@%ggy iﬁ‘i&@%@é, l&ﬂg}@&%Aﬁgﬁ,@%ﬂ@&&!@@%ﬁ(@“aic cell is in serial

electrical cortunwiication with the back-electrode of an adjacent photovoltaic cell in said plurality of
photovoltaic cBHEes Vet driaation PrRes e R MR F e R BhBr gv3l Qi 88EPin said plurality of
photovoltaic galisceoimjrisgs 2a0hatk:electvadeucireumberemntialiyispaised-on tResubstrate;

Edition, CRC Press, Bocea Raton, Florida, 2002, pp. 2-65; and Van Zant, Microchip
Fabrication, Fourth Edition, McGraw-Hill, New York, 2000, each of which is hereby
incorporated by reference herein in its entirety. Such methods include the use of a
positive photoresist rather than a negative photoresist as well as extreme ultraviolet
lithography, x-ray lithography, charged-particle-beam lithography, scanning probe
lithography, soft lithography, and three-dimensional lithographic methods.

58 EXEMPLARY DIMENSIONS

As illustrated in Figure 2K, a solar cell 270 has a length [ that is great compared to
the width of its crogs-section. In some embodiments, the solar cell unit 270 has a Jength [
between 10 millimeters (mm) and 100,000 mum and a width d between 3mm and 10,000
mm, In some embodiments, a solar cell unit has a length ] between 10 mm and 5,000 mm
and a width d between 10 mm and 1,000 mm. In some embodiments, a solar cell unit 270
has a length / 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 iltustrated in
Figure 2K. As illustrated in Figure 2K, an elongated solar cell unit 270 is one that is
characterized by having a longitudinal dimension / and a width dimension 4. In some
embodiments of an elongated solar cell unit 270, the longitudinal dimension [ exceeds the
width dimension d by at least 2 factor of 4, at least a factor of 5, or at least a factor of 6.
In some embodiments, the longitudinal dimension / of the elongated photovoliaic 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 millimeiers or more.

The photovoltaic cells 700 of the solar cell units 270 may be made in various ways
and have various thicknesses. The photovoltaic 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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a semiconductor junction circumferentially disposed on the back-electrode; and a transparent
conductive layer circumferentially disposed on the semiconductor junction, and wherein the solar cell
unit further comprises 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. 15. The solar cell unit of any one f%]%ﬁﬁﬁkf vﬂg% ihiddtn photovoltaic cell in said plurality of
photovoltaic cells connrigas..& RRGKHEIEGURRGIgreRtially dishosed: arithagulstrate;  a

semiconductor junctign circumferentially disposed on the back-electrode; and a transparent conductive
layer circumfer¥HEERY BHERSERE B tHESSSIRREBMY GRESH HARATsh PR PR PL R EE S 8RF el unit further
comprises. aghllestiayenthatdsiciigumierdnidaliidisfiosed tobtortterransiareitennductive layer of all
or a portion OfiHE%tBQt?rtﬁ)\f%ﬁ "gqgggg_in said plurality of photovoltaic cells; and a transparent tubular

casing that is circumferentially disposed on said filler layer. ,
Many modifications and variations of this application can be made without

departing from its spirit and scope, as will be apparent to those skilled in the art. The
specific embodiments described herein are offered by way of example only, and the
application is to be limited only by the terms of the appended claims, along with the full

scope of equivalents to which such claims are entitled.
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16. The solar cell unit of claim 15, wherein the filler layer comprises ethylene vinyl acetate (EVA),
silicone, silicone gel, epoxy, poiydimethyl siloxane (PDMS), RTV silicone rubber, polyvinyl butyral
(PVB), thermoplastic polyurethane OPU), a polycarbonate, an acrylic, a fluoropolymer, or a urethane.

17. The solar gl ikt Claigiekp, wherein the filler layer has a viscosity of less than 1 x 106 cP. 18.
The solar cell unit of claim 15, wherein the filler layer has a thermal coefficient of expansion of greater
than 500 x 106 / 19. The solar cell unit of claim 15, wherein the filler layer is formed from silicon oll
mixed with a diefesttic géinnit comprising:

(A) a substrate having a first end and a second end, wherein the substrate has at
least one rigid nonplanar surface; and

(B) a piurality of phofovoltaic cells linearly disposed on the at least one rigid
nonplanar surface, the plurality of photovoltaic celis comprising a first photovoltaic cell
and a second photovoltaic cell, wherein

the first photovoltaic cell in said plurality of photovoltaic celis is coupled

electrically in series to the second photovoltaic cell in said plurality of photovoltaic cells.

2. The solar cell unit of claim 1, wherein said substrate has a Young’s modulus of 20 GPa

or greater.

3. The solar cell unit of claim 1, wherein said substrate has a Young’s modulus of 40 GPa

or greater.

4. The solar cell unit of claim 1, wherein said subsirate has a Young’s modulus of 70 GPa

or greater.
3. The solar cell unit of claim 1, wherein said substrate is made of a linear material.

6. The solar cell unit of claim 1, wherein all or a portion of the substrate is a rigid tube or

a rigid solid rod.

7. The solar cell unit of claim 1, wherein all or a portion of the substrate is characterized
by a circular cross-section, an ovoid cross-section, a friangular cross-section, a
pentangular cross-section, a hexagonal cross-section, a cross-section having at least one

arcuate portion, or a cross-section having at least one curved portion.

&. The solar cell unit of claim 1, wherein a first portion of the substrate is characterized
by a first cross-sectional shape and a second portion of the substrate is characterized by a

second cross-sectional shape.

9. The solar cell unit of claim 8, wherein the first cross-sectional shape and the second
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cross-sectional shape are the same.

10. The solar cell unit of claim 8, wherein the first cross-sectional shape and the second

cross-sectional shape are different.

11. The solar cell unit of claim 8, wherein at least ninety percent of the length of the

substrate is characterized by the first cross-sectional shape.

12. The solar cell unit of claim 8, wherein the first cross-sectional shape is planar and the

second cross-sectional shape has at least one arcuate side.

13. The solar cell unit of claim 1, wherein each photovoltaic cell in said plurality of
photovoltaic cells comprises:
a back-electrode circumferentially disposed on the substrate;
a semiconductor junction circumferentially disposed on the back-electrode; and
a transparent conductive layer circumferentially disposed on the semiconductor
junction, and wherein said plurality of photovoliaic cells comprises:
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 least 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.

14, The solar cell unit of claim 1, wherein each photovoltaic cell in said plarality of
photovoltaic cells comprises:
a back-electrode circumferentially disposed on the substrate;
a semiconductor junction circumferentialty disposed on the back-electrode; and
a transparent conductive layer circumferentially disposed on the semiconductor
| junction, and wherein the solar cell unit further comprises 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.

15. The solar cell unit of any one of claim 1, wherein each photovoltaic cell in said
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plurality of photovoltaic cells comprises:

a back-electrode circumferentially disposed on the substrate;

a semiconductor junction circumferentially disposed on the back-electrode; and

a transparent conductive layer circumferentially disposed on the semiconductor
Jjunction, and wherein the solar cell unit further comprises:

a filier layer that is circumferentially disposed onto the fransparent conductive
layer of ali or a portion of the photovoltaic cells in said plurality of photovoltaic cells; and

a fransparent tbular casing that is circumferentially disposed on said filier layer.

16. The solar cell unit of claim 15, wherein the filler layer comprises ethylene vinyl
acetate (EVA), silicones, silicone gel, epoxy, polydimethyl siioxane (PDMS), RTV
siticone rubber, polyvinyl butyral (PVB), thermoplastic polyurethane (TPU), a

polycarbonate, an acrylic, a fluoropolymer, or a urethane,

17. The solar cell unit of claim 15, wherein the filler layer has a viscosity of less than 1 x
10°¢P,

18. The solar cell unit of claim 15, wherein the filler layer has a thermal coefficient of

expansion of greater than 500 x 10/ °C.

19. The solar cell unit of claim 15, wherein the filler laver is formed from silicon oil

mixed with a dielectric gel.
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