MONOLITHIC INTEGRATION OF NONPLANAR SOLAR CELLS CROSS
REFERENCE TO RELATED APPLICATION This application claims
priority to U.S. Patent Application No. 11/378,835 entitled "Monolithic
Integration of Cylindrical Solar Cells," filed on March 18, 2006, which is
hereby MEBNEULEIEH O YN ERGRACH OB OR NONPEANAR . SOIRARL CETLS
application relates to solar cell assemblies for converting solar energy into

electrical ener, i I i v ssemblies.
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indirect band gap material to absorb light are typically configured as “thick-film™ solar
cells because a thick film of the absorber layer is required to absorb a sufficient amount of
light. Solar cells that use a direct band gap material to absorb light are typically
configured as “thin-film” solar cells because only a thin layer of the direct band-gap
material is needed to absorb a sufficient amount of light.

The arrows at the top of Figure 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 Iayer 106 is the semiconductor absorber layer. The back electrical contact
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semiconductor absorber layer 106, completes the formation of a p-n
junction. A p-n junction is a common type of junction found in solar cells.
In p-n junction based solar cells, when the semiconductor absorber Iayer
106 is a p-type doped material, the junction partner 108 is an n-typ
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reducrng resistive losses. The metal bus bars, also termed grid lines, can
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but block more light, and thin grid lines that are less electrically conductlve
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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, steel or aluminum. In the design of the network 114, there is

design a trade off between thicker grid lines that are more elecirically conductive but
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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 Sverdrup et al., hereby incorporated by reference herein in
its entirety, a combined S|Iver bus bar network and indium-tin-oxide layer
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As noted above and as illustrated in Figure 1, conventional solar cells are typically
i 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
improved solar cell designs.

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

that such reference is prior art to the present application.
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substrate and a plurality of photovoltaic cells. The substrate has a first end
and a second end. The plurality of photovoltaic cells, which are linearly
arranged on the substrate, comprises a first photovoltaic cell and a
second photovoltaic cell. Each photovoltaic cell in the plurality of
photovoltaic cells comprises (i) a back-electrode circumferentially

disposed on the substrate, (P SAPIERNSUSIRELyRetion layer

circumferentially disposed on the back-electrode, and, (iii) a transparent
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circumferentially disposed onto the transparent conductive layer of all or a portion of the

photovoltaic cells in the plurality of photovoltaic cells. In some embodiments the
transparent tubular casing comprises aluminosilicate glass, borosilicate glass, dichroic
glass, germanium / semiconductor glass, glass ceramic, silicate / fused silica glass, soda
lime glass, quartz glass, chalcogenide / sulphide glass, fluoride glass, flint glass, or
cereated glass. In some embodiments, the transparent tubular casing comprises a urethane
polymer, an acrylic polymer, a fluoropolymer, a silicone, a silicone gel, an epoxy, a

polyamide, or a polyolefin. In some embodiments, the transparent tubular casing

4



polyethylene (PEX), polypropylene (PP), polyethylene terephtalate glycol
(PETG), polytetrafluoroethylene (PTFE), polyvinyl chloride (PVC), or
polyvinylidene fluoride (PVDF). In some embodiments, the substrate
comprises plastic, metal or?{gl;lass In some embodiments, the substrate
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black-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
Jjunction, a buried homojunction, a p-i-n junction, or a tandem junction. In some
embodiments, the transparent conductive layer of a photovoltaic cell in the plurality of
photovoltaic cells comprises carbon nanotubes, tin oxide, fluorine doped tin oxide,

mdivm-tin oxide {ITO), doped zinc oxide, aluminum doped zinc oxide, gallium doped
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combination thereof. In some embodiments, the semiconductor junction of
a photovoltaic cell in the plurality of photovoltaic cells comprises an
absorber layer and a junction partner layer, where the junction partner
layer is circumferentially deposed on the absorber layer. In some
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photovoltaic cells e plurality o otovoltaic cel s as well as an
ahbf SfEEtGEsERAtE @?&fﬁ?@%ﬁ.&fﬁﬁ&%é&%ﬁ%@%ﬁ&@m&%r
casigRingeme axhbedimepéss. the antireflective coating comprises MgF2,

silicon pitate, MM AIAte, flicon menexide. Qrallicon oxide hirte, 6
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 resistant layer. In some
embodiments, 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 the plurality of photovoltaic cells as well as an antireflective coating
circumferentially disposed on the transparent tubular casing. In some embodiments, the
antireflective coating comprises MgFs, silicon nitrate, titanium nitrate, silicon monoxide,

or silicon oxide nitrite.



In some embodiments, antireflective coating is circumferentially disposed
onto the transparent conductive layer of all or a portion of the photovoltaic
cells in the plurality of photovoltaic cells. In some embodiments, this
antireflective coating comprises MgF2, silicon nitrate, titanium nitrate,
silicon meeoxifebadinsiito ptsdteciiitriteatingde pirsuarfibodizhe dispoacibomythtlof
t%ﬁ%@@dh@&%&%ﬂ&&ﬁ@%@%ﬁﬁ N3 RBRITRIE S BEMMERNor

centimeters ﬁ %’(ﬁ) centi et(?rs or hetween 30 centimeters and 30Q
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cell unlts described above, such that the solar cell units_in the plurality of
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a¥¥brmplneBtill another aspect of the present application provides a solar

cell assemtly SAMRIHR - Paphialibh O SRMRE CellHRIIE SaRMHOlar cell

unit in the pIurallt)é'of solar cell units having the structure of any of the
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array havmg a first face and a second face. Each respective internal
r&fbtsMAlthe plurality of internal reflectors is configured between a
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suobstrate n some em O ime tS t etransparent msﬁ?atuﬁ coverin
thellgdprspametie m@ﬂatmg%tr@ﬂectms poleeisd %@éﬁq@pwm@mﬁm‘c frpd
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embodiments, the transparent insulating covering and the transparent insulating substrate
are bonded together by a sealant. In some embodiments, the sealant is ethylene vinyl
acetate (EVA), silicone, silicone gel, epoxy, polydimethyl siloxane (PDMS), RTV
silicone rubber, polyvinyl butyral (PVB), thermoplastic polyurethane (TPU), a
polycarbonate, an acrylic, a fluoropolymer, or a urethane. In some embodiments, the
pharality of elongated solar cells is configured to receive direct light from the first face
and the second face of the planar array. In some embodiments, the solar cell assembly

further comprises an albedo surface positioned to reflect sunlight into the plurality of
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7 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
arranged in series or parallel. Still another aspect of the present
apletieeilishitprdvishase srabndimeats dbs albisly sedeaphias ag dbpiarantperediar
C@H/nu HH%m@@@ﬁMﬁﬁ&@' anitisothedluraliiol sQlalicslb-weitsfaving the

ucture ny aof the solar cel unlts degcrlbed above ]Slolar cell units in
alllusF soa umts eleg 1ca|y 1. 8¢ esor[% al
ality o solar celis GRits are g etrica nged in a parallel or a
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silicone, silicone ge epoxy, polydi yI siloxane (PDMS) RTV silicone
rERSBER BRAAn PAFBV B Pﬂfgﬁlf%ﬁ "t’u‘&gﬁ%ﬂriﬁ‘é’fﬁ%’r‘f"e QR
poiygarboistdadny aceylig adlhenopepmersiocidcalistharetinéetibnothein
%%B%%oﬁlﬁla{t‘ésﬁ%%ﬁ%ﬂ%ﬂﬂ Q%@eﬂ@)? a6 6! h’dﬂéﬁ&@ﬁﬂ%ﬁﬁﬂl (A)

substrates, (B) a first photovoltaic cell, and a second gﬁlgtovoltalc ceII

IFPEYRE ﬂ&ﬁ%éﬁﬁ%@%ﬂ@efﬁé %Eﬁﬁé’%féc?éaéatfﬁ’é R R N LS e ey o)
rigid Ay khidocalsihapedel, thefirstipiiataigltaicxaet GOMINSEE asflisine

bask:eleaiads sircumisventialy, ASROsed 98- anlhst RANALA MBonate, an

substrate, a first semiconductor junction layer circumferentially disposed
R ﬁr@ﬂ%‘é@@}é@é{%&é‘“ﬁ?ﬂ% first transparent conductive layer
circumfesentiahyt d@msﬁdwﬁrék@tmgﬂﬁﬁmw@nﬂmw swamamﬁ[%:apﬁﬁﬁgi

2{'3& Q¥R d‘%‘e% 65 SR BHSE o RRE ce%lr; Su%&fr e RURL go‘r'tmi%%%”ti Wme

SPOSed on a secon pOI’tIOﬂO ate, a second semiconductor

GO e bRmitentidy G spiedisnahe ¢ asirsatirdsrstthnes.
anda a@e@mﬁbmaﬁtsmre@m@adw@iﬂmdlayereetfsmfﬁﬁﬁmwgmdmmddm a

§3 ng% tor ctlon T.he first Ep (i)volta,lcc dthacent
li‘S OI' IOHO 2 Subhs CO d‘UC OF U or CIrcumie
secon photovoft’alc ceTle Irst fransparent con UC'[IVn| gr isin

s@ﬁ%ﬂ@wﬂ@%ﬁr%ﬁ%ﬂh%@é&m@fmb@@%ﬁ@w&%@@tmé the first
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piesehs et licstion! pﬁmw@t%wwllw @mﬁpﬁﬁﬁ@aﬂy 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-electrode.

Still another aspect 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
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(A) a substrate, (B) a first photovoltaic cell, (C) a second photovoltaic cell,
(D) an 8 insulative post, and (E) an electrically conductive via. 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
driiire mentiang Gspbdedrisaly medybrioiroftseme e daensits
sesicondutter {Dndiion Mygrdeircimigsentidilyrelishasdd Oire thet fifstovoltaic
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sireumiprenialy disposediandhsearond back:glesire. Ad asgeend
transparent conductive layer circu ferentla!y |sposeds on the second
SdsstredneitrinisiERedbndiTNethalR e H BT St FERRT% s arstad the
fiestibaciecrlgohare aid.dhansrcondiBatipalectioge aoshincleatiaally,
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.and a. seco transpareft cunductive Jayer circunierenial ?13 0sed On SECHT
junction. The eTgctrlcaﬂy conductive waeectrlcgly onnects the first
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Stketheraspechobibeasphapplicationchng vigesassatareell unit
comprising (A) a.substrate, (B) a first photovoltaic cell, (C) a se¢ond
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firgikpheigveltaicaell comprises a first back-electrode circumferentially

disposed. on a first portign of the substrate, a first semicondyctor junction
ayr oL RS RS Sl S PRRLCRHCP BEOYIORt & S0l Sol iy s it
ttanspebsirts chdubiveiaiperitirccrfere atiediynd dpdoetianciiie dixs(D) an
EﬁméwmféigMéb%‘éla{]gboﬁﬁﬁe%flé‘pﬁa@%&&?Y@Hﬁ&@&g'h&&@%ﬁg&?ﬁﬁ?@nd
ac -eetr Clrc re_nla ISPOS on a sec n_ ortign o e
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dispostd-uirihyelispood didualtistepletindethand strsecoficst tamspahantir

CRRdiGtNRIRyRLAcHmiRaNR Vs pRIRS 8 ha sr6and e pigpnductor
junction. The insulative post (1). electrically separafi%s the first

HEERPATER PERSRE HhE" SERBHar AR tERas e m g Ty sroursednsro
sepdrated ihecfivst shotieotductd cjurctioneanchitheegeckntdogemiconductor

JupeligR-LRgIiret HROS RRRERL SANAHETVE: By Shis RS g NaloRleekieal ductor
communication with the second back-electrode. The first transparent
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photovoltaic cell, an insulative post,”and an electrically conducting via. In
sSahtodRtiedts s eipstistiviscies dedistgmiconductor 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 aspect 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 (ii) a rigid solid rod shaped. The first photovoltaic cell comprises a first back-

electrode circumferentiaily disposed on a first portion of the substrate, a first
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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 9 semiconductor junction layer circumferentially disposed
on the first back-electrode, a first transparent conductive layer
SHRIROTUREATIG R Fosetiormireriel sdimesdudhs htenbniergdne st
eteciiicaltcondlis vl spesae-on farpoidigrliefidie finshirinspanénhddte
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pluralitinepiphetavoitaincelistinesdypiais amyetrd omme siubs fubritath baving a
M@Heys@ﬁm@é@m&@eipﬁ% :ﬁ@éﬂ@%ﬂ%@?oﬁ ﬁﬁﬁfﬁ@%‘?’é@@@%@%%r@lanar.
con tovoltaic cell, eac tovoltaic, cell in the plurality. o
T B S RO b L ALK LIPS By Ayt n
dispobsithiontthelsubstreliphdipy ol tde mibondwctonguribtiophiayenitaic cell and a

cieesimtaraptialydispesad aniba hackialeatode.and fia Wrisparent
conductive layer circumferentially dispo eg,on the semlc%nductﬁir junction.
TR T T e
plemaditydotiphiotoioltajcoetisisiregatialdipeteiteat derhmkmicatioh, withihe:
bagkpeleatteda.albe aecq&'aﬁlﬂmmlg'&%go%ﬁ'dﬂ A0S BHERIMRS: junction.
photovoltaic cells. 4.,éRIEF DESCRIPTION OF THE DRAWINGS Fig. 1

i1 AP HARSBAARS FOBRMR R B Sh e S R QRS e WithetRE RIS PArt. Figs.

W2 olastrals priocessingstepisciommeinufac turin thabsotar] aadbdmit Having
B SHREHRIGRINY B FRASHAPRMFENDIGHS DAGRAIIRNCE With the present

application. Figs. 3A-3H illustraté processing steps for manufacturing a
solar cell unit having a substrate using a first post absorber technique in

accordance with4thBRImES SE SR O F IR MPRAWINSIRte processing
steps for manufacturing a solar cell unit having a substrate using a

secondfjbdtillpsmipeintecprietrdirpiat cdligrceoidtacmsi frisaron gt

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
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application. Figs. 5A-5D illustrate processing steps for manufacturing a
solar cell unit having a substrate using a first post device technique in
accordance with the present application. Figs. 6A-6H illustrate processing
steps for manufacturing a solar cell unit having a substrate using a
%BW%st device technique in accordance with the present application.
Fig. 7 is a cross-sectional view of a photovoltaic cell in accordance with an

embo dﬁ%ﬁ Lok ﬁ“ﬁ&%%@ﬁ% Q&E&Eﬁ%¥£%§ 195 A AR INUSHAR N unit having a
semicon U C

tor junctions that are used In various photovoltaic cells in
Voiliie b HibpRe B¢ Yice HrREarR BEpmRISaBTs. 1Y e iRrstr arelicisny
assembly with internal reflectors in accordance with an embodiment of
the pregentapplicallon. ke [elRIencs pYMSIalR IGlel JSRrTERRARdING .
parts thrGughout the sevéra Views of t elarawmgs. Imensions are not
A EON SR eSS OB M e RS R PrPRONIIST R Hh nBTE T Rplication.
nonplanar solar cell units comprising a plurality of photovoltaic cells
inearly arranded.on 2 qubsttate In amenolihicaly nicaraied manger. 51
Basic Structure Eigure iffustrates the cross-sectional view of an
esebnaiirar)tehthoritrraheiigatiotovoltaic cell 700. In some embodiments,
a solar cell unit comprises a plurality of photovoltaic cells 700 linearly
arranged o nplanar substrate in a monolithically integrated manner.
Subsnaaty D S A A A RS e
uptietdrplsimeelle miverdimsembodimensop Seigasohithrkeaistrate 102 is a
nonplanar closed form shape. For instance, in some embodiments, all or
a portion of the substrate 102 is a rigid.tube or a rigid.solid rod. In some
cmbocHottL ST & SORHERR e L5 L Ut Fefdtnec
cstiheifivehstidbepisadmplembodiments, the substrate 102 is a rigid tube
made out plastic metal or glass. In some embodiments, the overall outer
shape of the 11 solar cell 270, is the same shape as the substrate 102..In
some e(’)n‘i% PR RE B E7AT Ot rarbas F?eg’é%‘félrl%"& 76Vfal views
diff Gredizthiags tHEsbepaoittheishibstritecdl®o?. 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 limitecFtP Y baHPRESUREI THIDolid mechanics,
Young's M duf\ s (E) (also known as the Young Modulus, mqdulys of
elasticity’’ ijloasg |cer’§‘1£'82da& u%og?[%élﬁrssl zarn'?(%igu 0% é’rﬁﬁlélgsdﬁzéﬁt% Céjji‘tiffness
oflwigiveaic cells linearly arranged on a substrate in a monolithically integrated manner.

5.1 Basic Structure

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

Substrate 102, A substrate 102 serves as a substrate for the solar cell unit. In
some embodiments, all or a portion of the substrate 102 is a nonplanar closed form shape.
For instance, in some embodiments, all or a portion of the subsfrate 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
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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
tPRAAF ARG LS 8 Shaprasy ﬂ’&%‘%ﬁ&u@%ﬁﬁ@‘%bﬂﬁ‘éa‘ﬁﬂﬁs%)wﬁm(k)
|BL@P@Abé/m‘2hégs[)n Rudddyeri{ sirfalt st raan 3. 6. 316 000 02l aivsome

rbs%% etBh)éluq) QE%&OI 000..p: 1)gpropylene 1.5-2 217,000-290,000
ylene terep thalate 2-2.5 290 000-360,000 Polystyrene 3-3.5

435 oo@m@moﬂwa&w@@é@élsse}@o’élgmwﬁﬁmwmré&ﬁe@be
kﬁe@ﬂ@e@Qﬁn@&%&(ﬂﬁkﬁiﬁﬁ&h&ﬁ&@;@ﬂ%@@uﬁf(ﬁﬁrﬁﬁﬁthGBﬂ@bﬂsQﬁo&ﬁés

7.0 TJta O O OOO rbon f
T e N ) (e S STt o
i EORFLAEHG ﬂéﬁcw@%&ws@me @e@kﬁh W@s@m%wyﬁ@@»%@ess of a given
58:20R100Q:20H00 LL: DHican cannisdetISic) ﬁé%@%ﬂ@@n@@@f JRgsten

carbld C%})450 651,0 66151&90 QOO -9 6@8{(}) Oﬁ%’ %gz Carbon nanotuebe
T+ B8 5o Biationd (e Ry 86,609°175 865,000
cmated during tensilq tegfe m@d@mmmsiwfﬁ@ preisent Spplcanefulys for
Mate skl A sHbsiatadRd)vimdasmed 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
ﬁ}i or greater In some embodlmemﬁlﬁg'ﬂhﬁqﬁﬂaentmpl@aMﬂus (E) in
fal (e. g., the substrate 102) is déenmed:ta be rigid whibfiitiiépYidung's

m@%ygmltg&mmenal is a 12 constang @ieria range of sirgins;sadeh

rrf‘%tgﬁgrlg (illlnear and are said to,opbey Hooke's Iang&H)s in

some emlbyo%p n¥s ﬁwe substrate 102 is made out of a linear materlal

tﬁ&iy@lﬁf&%e’ll?ooke s law. Examples of linekrmaterials incitide’ B8 hot
lifwtesdhrdenstesetplsinbion fiber, and glass. Rteber and soil $18xE8pH68.08ky

|ewigirauas) are 3-3.5 435,000-505,000
Nylon 3-7 290,000-580,000
Aluminum alloy 69 16,000,000
Glass (all types) 72 10,400,000
Brass and bronze 103-124 17,000,000
Titanium (T1) 165-120 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 nanotabe 1,000+ 145,000,000
Diamond (C) 1,050-1,200 150,000,000-175,000,000

In some embodiments of the present application, a material (e.g., a substrate 102)
is deemed to be rigid when it is made of a material that has a Young’s modulus of 20 GPa
or greater, 30 GPa or greater, 40 GPa or greater, 50 GPa or greater, 60 GPa or greater, or
70 GPa or greater. In some embodiments of the present application a material (e. g, the
substrate 102) is deemed to be rigid when the Young's modulus for the material is a
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"~ 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
SRR VP HE BRSSO Shapes iRt At saltedHipsraar a5 s 1Behmy
Shayte's tharfioie iz e\ abhel e rdsiontieccliy Bdnadefaces adinasry
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w e bounding s
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or cun L e A
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any.craoss-secti ometry may be ysed in a phatovoltaic device 1
e B e ey e
stsgrisreally ine RarasterethsyEcdifsteres o sastohet shapothrtraed
seeRBE PoRbohualthesbstiate 402 48chakaeierized, by Be8008Rds. The

rossd-fsecﬂonal Sh?ﬁ%’ \{\{heere1 tgaetﬂgsiina L%igecf‘r(?nd lﬁrosrga%(%cti argale% agg‘@r
are thessame r ditferent. Th'Some embo wﬁen%g‘,ga Bast ten péPcen cat -’
|bastemnelnty lnvive Ay avoiberseiiney peraeredsuléanss féity porrshteaidasst
fmﬁaﬁﬁmy ah{eRRTsXRAPEf GaBl: ﬁ&ﬂ@%ﬁﬁ?ymt?ff@wsﬁef}buﬁtewﬁgraw&
el rcent, at least ninety percent or all of the length of the substrate
OO BT, 5 b Lt G ARG SHADEREHE sl seeton
eithistdied entspresenfirstidrosseabotirraliseiabe nboplasiamq dayich adomegver, it

aciAie Sideland HhecsecaRd AESS-RREIARA) ShaRE NasRlIsRRLRNBYIce
a{ Eﬁte side. In spome embodiments, the substrate 102 is made of a rigid

pladtid BRSPRRIERAPTAIIST: or glass. In some embodiments, the substrate
102 is rfivadmoémbudetienine poty peeipnan heppictpolyifier dduoropalymer,

%M%@@fﬁ%@ﬁaﬁgﬁm' g&%mﬁ%ﬁ@&fﬁfﬂ@é%%@é@ﬁﬂ is characterized by a
polyetheretherketone, polyamlde-é[ﬁlde, glass-based phenali

RO FErE EFOLA TR POTARE SBEetie By apes o e
pelyetimnddtiesnip dhethy lenieydioepleritiitestienantiver: styeas éyenty percent, at
privtetaluermimienecRe ynehagiataniylon 6,6 celiuaeAceiate

butyrate, cellulose acetate, rigid vinyl, plasticized vinyl, or poly rot%ylene.

&SRB BYaTRTet S THEsbhhR R TH 5L RIHL ST Ah AD Sk 5ia<y,
1@dotssiicate glasspdichedibyglassgennarivonilsbmicdnductor glass,
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chalcogenide / sulphide glass, fluoride glass, a glass-based phenolic, flint
g%%@}%‘%%??ﬁ?@ﬁabﬂ@& as 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,
polvtetrafluoroethylene, polyetheretherketone, polyamide-imide, glass-based phenolic,
polystyrene, cross-linked polystyrene, polyester, polycarbonate, polyethylene,
polyethviene, acrylonitrile-butadiene-styrene, polytetrafiuoro-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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In some embodiments, the substrate 102 is made of a material such as
polybenzamidazole (e.g., Celazole(r), available from Boedeker Plastics,
Inc., Shiner, Texas). In some embodiments, the substrate 102 is made of
polymlde (e.g., DuPont TM Vespel(r), or DuPont TM Kapton , Wilmington,
DRIBRISAL 1% i a5 ATERTRI R SSrisORdtEor s s Blageppuic, silicate
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B’ée@éképrmmé@ﬁ:@e maiel hwﬁ@whbmﬁ@mmhéoémaﬁeamz@made
Qﬁﬂéﬁ|¥§§Y£ﬁﬂ§ot§%§;§f§glﬁ%@f¢vﬂpMﬁiﬂéﬁ@%&ﬁﬁ&%@%@ﬁl : ﬁ@I:AW&Q%t azéd
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%[QQ{EWHJ&@EHE ather ambadime E’lﬁe&h@léﬂ%%teﬁl-ogrﬁ)m?%ﬁfypes and
cross-linked pol styre e. One example of cross-linked %ﬁ%olystyrge is

RO MEEYATABRE t%‘&ﬁm%’i%% REEt ARITRI alifornia).
Rexbhitecid, mmmma,emlpammma figidranehtbatisiacerthpkabsicate 102 is

PIRHLIRRA D EARESHINKING RN RIMIERE VR divinviberzene.nosdl nther

embodijments, the substrate 102 is made of polycarbonate Such

p%’ff/ﬁﬁ’r‘ﬁ%”ﬁﬁfé‘g EAAPHAVE 5 oYk Sam B ot Ras S RBErs s g., 10%, 209,
30%, of0%) cinboliterdts, ddjndtstensil@2Strandtvf stiffnassiecdinpreksive

AN NG KR yggfsargg%@ﬁ@a%mgﬁf iGien gb }3 m}ﬂ f&ﬁt%'@émﬂed

xem lar polycarbona elux ri M and " Zelux(r which are

aﬁﬂi%%@a@ff@roﬁ%rsﬁfég Shic dragsee e BBETHS S %He
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sybsURa 0% '&1@%%?095;%%9 %é%&%‘%qf@d ?Hﬁd@-&? Bloas-{iy density

polyethylene (HDPE), or ultra high molecular weight polyethylene (UHMW
pe ystyrene 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 translucent plastic produced by cross linking polystyrene with divinylbenzene.

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

In some embodiments, the substrate 102 is made of polyethylene. In some
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Chemical properties of HDPE are described in Marks' Standard Handbook
for 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
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afyd-d%adfifcéeﬁl&s)eﬁ@éwner Suence and Materials, W|Iey 1971 Glanville,
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@mé@ffaﬁeﬁ’leﬁfgfn%eyﬁ%@vef@éﬁ%ﬁ%@%}é&o@d’muwivﬁwm
I\Qeﬁtarsamﬁeiamalﬁ A3, Bagh ofwNgpisshBrabyhagperatedibyile, Epoxy

relStencRaeeinn i, epirely. insoms smbodiments, s cross-setion
the substrate fs circumferen as an ou er lameter’o Ween

Marheadttingpienil Msbtnedare ety ard Zr8ovin NbebiseeHiLE Beadlatri 50
mﬂasrtee,twe@gm@mﬁalaﬁﬁﬁ%@ My ON DRIVRSBIkd mmnand ddsm Wbl}ﬂ:&ome

bodiment the. substr 102| circumferential and
LS oy or DGR L e A 2ot B SRl Lo
elrodishBrets; Al sMobtrigtbtaeRdsaimbethvith @lmhnvsewkaﬁeﬁ Msttion SP1

|W§h&@%m}@mm@9§§ ﬁ&ﬂ%é@%@%ﬁ:&{f&ﬁ%&@%é@%ﬂ&m Van
aracterize ner r s.getini e noliow interior
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|§mh@mh|ckness of the substrate 102. In some embodlments, the

thicknegssgfthesuRstEate 108:issbatasmng dnmansh 20 Mt REIWEEHd

0.3 mm and 10 mm, etween 0.5 mm and 5 min, or betwee 1 mm ﬁnd 2

S PheMls BT SERFRRRR FanARt (Ams ST e B éen
ndmnbetd/eems, ratmveand GOummd 4rdoefwebgivien i and 40 tﬁnmniEI iryome
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d?arxll?eter 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
iner radius and the outer radius is the thickness of the substrate 102, In some
embodiments, the thickness of the substrate 102 is between (1.1 mm and 20 mm, between
0.3 mm and 10 mm, between 0.5 mm and 5 mm, or between 1 mm and 2 mm. In 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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defined by Figure 7) that is between 5 mm and 10,000 mm, between 50
min and 5,000 mm, between 100 mm and 3000 mm, or between 500 mm
and 1500 mm. In one 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 &f scouGrhedimmsihsHharaist S &as a brgth Sprappndieadtidbinpiagare
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black-filled oxide, an epoxy, a conductive glass, or a conductive plastic.
ARG R eHERR ek Skt R Blag] ‘@%sga%%aléwm’s{f@ﬁ Mbounding
tecinhioptes, tbanddins scondumbtiventitter siwhich clectiodz, iodpacoieised of any
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biREElecPBRbArs el RIaRa fothrsidmerlitre dprfttipe oxide, boron
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resistive losses. Th tic matrix e conductive plastic is typica
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formed g, pack-elegiiode 104 Semicopductor lynctian 4 ? i3 30y
photovoltaic omOJuﬁctlon he%erolunctlon ‘hetero ce junction, “butied
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typically insulating, but the composite produced exhibits the conductive properties of the
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Semiconductor junction 406. A semiconductor junction 406 is formed around
back-electrode 104. Semiconductor junction 406 is any photovoltaic homojunction,
heterojunction, heteroface junction, buried homojunction, p-i-» junction or tandem
junction having an absorber layer 106 that is a direct band-gap absorber (e. g, crystalline
silicon) or an indirect band-gap absorber (e.g., amorphous silicon). Such junctions are

described in Chapter 1 of Bube, Photovoltaic Materials, 1998, Imperial College Press,
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London, as well as Logue 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
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junction 406. In such embodiments, transparent conductive layer 110 is
cTREthirarentiay GeppeEataire ithayishielsy iFruaine emesenabrdings.
tthasparent condgldtivertayies &GE@:is made of carbon nanotubes, tin oxide

SnO- (YU RNRE SoRNO AR QR IO, H9ReH 2ine
oxide (e.g., aluminum doped zinc oxide), Indium-zinc oxide, doped zinc
oRFEN SRS RSO HE SRR NGRIRGANRIGPR ST 8% e cBb FoR-igied
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C@é};‘&'&‘e%rgﬁaﬂ %\églclgipc{&tg%&)éﬁgﬁm@é In such embodiments, transparent
conductive layer 110 is circumferentially deposed on the i-layer 4135,

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

any combination thereof. Carbon nanotubes are commercially available, for example
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17 from Eikos (Franklin, Massachusetts) and are described in United
States Patent 6,988,925, which is hereby incorporated by reference
herein in its entirety. In some embodiments, the transparent conductive
layer 110 is either p-doped or n- doped. For example, in embodiments
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surface of transparent conductive layer 110. For instance, in Figure 7, the electrode strips
420 run parallel to each other and are spaced out at ninety degree intervals along the
cylindrical axis of the solar cell. In some embodiments, the electrode strips 420 are
spaced out at five degree, ten degree, fifteen degree, twenty degree, thirty degree, forty
degree, fifty degree, sixty degree, ninety degree or 180 degree intervals on the surface of
transparent conductive layer 110. In some embodiments, there is a single electrode strip

420 on the surface of transparent conductive layer 110. In some embodiments, there is no
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420 on the surface of transparent conductive layer 110. In some
embodiments, there is no 18 electrode strip 420 on the surface of the
transparent conductive layer 110. In some embodiments, there is two,
three, four, five, six, seven, eight, nine, ten, eleven, twelve, fifteen. or
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In some embodiments, the filler layer 330 is a Q-type silicone, a silsequioxane, a

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

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

of those disclosed in United States Provisional patent application number to be
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In some embodiments, the optional filler layer 330 is a laminate layer such
as any of those disclosed in United States Provisional patent application
number to be 19 determined, filed March 13, 2007, entitled "A
Photovoltaic Apparatus Havm Laminate Layer and Method for Making
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cixctninberd diadllyvtiisipoaedand (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 transparent tubular casing 310. Tn 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 circomferentially disposed on optional filler layer 330.

In some embodiments tabular casing 310 is made of plastic or glass. In some
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on transparent conductive layer 110. In some embodiments that do have a
filler layer 330, transparent tubular casing 310 is circumferentially
disposed on optional filler layer 330. In some embodiments tubular casing
310 is made of plastic or glass. In some 20 embodiments, solar cells 402,
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monomers), polyurethane / urethane, pol vmyl chloride (PVC)
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casing 310 comprises a plurality of transparent tubular casing layers. |
sHrfRPEiBe HANEA R EaPHBR LA SPEM Terthiapebihl3 78,847, attordey dOCke‘

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

the first transparent tubular casing layer is disposed on transparent conductive layer 110,
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is composed of a different material. For example, in some embodiments,
the transparent tubular casing 310 comprises a first transparent tubular
casing layer and a second transparent tubular casing layer. Depending
on the exact configuration of the solar cell, the first transparent tubular
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embodiments, the water resistant layer is made of a Q-type silicone, a silsequioxane, a D-
type silicon, or an M-type silicon. In some embodiments, the water resistant layer is
made of clear silicone, SiN, Si0,N,, Si0Oy, or AL,O3, where x and y are integers.

Optional antireflective coating. In some embodiments, an optional antireflective
coating is also circumferentially deposed on the solar cell 402 to maximize solar cell
efficiency. In some embodiments, there is a both a water resistant layer and an

antireflective coating deposed on the solar cell 402. In some embodiments, a single layer
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made of clear silicone, SiN, SIOxNV, SiOx, or A1203, where x and y are
integers. Optional antireflective coating. In some embodiments, an
optional antireflective coating is also circumferentially deposed on the
solar cell 402 to maximize solar cell efficiency. In some embodiments,
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metals. The activators are added to prolong the emission time.
typically oxides, sulfides, selenides, halides or silicates of zinc, cadmium, manganese,

aluminum, silicon, or various rare earth metals. The activators are added to prolong the
emission time.

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

various outer or inner layers of the photovoltaic cell 700, as described above.
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In some embodiments, phosphorescent materials are incorporated in the
systems and methods of the present application to enhance light
absorption by a photovoltaic cell 700. In some embodiments, the
phosphorescent material is directly added to the material used to make
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the persistence of the PéP osphor increases as the wavelength decreases.

ﬁ‘%&%?&ser‘ﬁﬁi’)%‘ﬁﬁ%ﬁ EfHﬁt&?ﬁ“HHi‘é‘%tF eldsorrainmiiar HrsEsresstent
mﬁ@mﬂlmb&sa&%@dﬁ@eﬂtﬁc&%e oftdibbSeerDdbbitisi et al., 1995,

Eé@éeﬁgemmmsc%ﬁ@@ﬁslﬁr@ﬁg ﬁ@ﬂ&%&ﬁé@ﬂ@%&%ﬁym
plie Ph sics Letters 66 (11): 1316 8 Dabbousi eta
é%ﬁ%%?% JebidesHs Sekithe ﬁfol’sg%yqfﬂ@ AR RN of

aBizesgelies aﬁ&ﬂgﬂigc&ummsﬁerﬁ;szmerymMuMkmm Chem. B,
QI RARRIRALS;. %‘B?E‘%ﬁéﬂneé 29120065 95'%‘%@&%‘?&?91%‘%5“ yield of

Cdse:ZnS nanocrystals investigated by corrélated atomic-forcé and

SIIESEFIRaaIBra sEdn cE GRS GRE aptr AR daY PHELRE srErksd:
49334 036: machemgmm {12Q0QtiShape santy ol OfiGelSen pandonystads;
N@%@o‘&@ %Etea?CEG%f)wgﬁt '?so'ﬂﬁ!;%h'ﬂ%@ rated. Ry-FeIGrencs. ds9-

herein in IiﬁS entlre \'4 In'some embo |ments Optl rlg teners are use
Ifﬂh?ﬁﬁf%ﬁl {idiaeefcorporated by reference herein in its entirety.

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

(7-hydroxycoumarin), which also absorbs energy in the UV portion of the spectrum. This
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layers of the present application. Optical brighteners (also known as
optical brightening agents, fluorescent brightening agents or fluorescent
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underlying layer or structure. Nevertheless, the term C|rcumferentlally
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underlying layer or structure such that there is no space (e.g, no annular space) between
the overlying layer or structure and the underlying layer or structure. Furthermore, as
used herein, the term circumferentially sealed means that an overlying layer is disposed
on the full perimeter of the underlying layer. In typical embodiments, a layer or structure _
circumferentially seals an underlying layer or structure when it is circumferentially
disposed around the full perimeter of the underlying layer or structure and along the full
length of the underlying layer or structure. However, the present application

contemplates embodiments in which a circumferentially sealing layer or structure does
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underlying layer or structure such that there is no space (e.g., no annular
space) between the overlying layer or structure and the underlying layer
or structure. Furthermore, as used herein, the term circumferentially
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not extend the full circumference of the solar cell. In fact, in some embodiments, each via
only extends a small percentage of the circumference of the solar cell. Tn some
embodiments, each photovoltaic cell 700 may have one, two, three, four or more, ten or
more, or one hundred or more vias 280 that electrically connect in series the transparent
conductive layer 110 of the photovoltaic cell 700 with back-electrode 104 of an adjacent
photoveltaic cell 700.

The process for manufacturing the solar cell unit 270 will now be described in

26



extends the full circumference of the solar cell. In some embodiments,
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economical. Laser cutting only creates a small heat affected zone around the cut.
Furthermore, there is little mechanical disturbance and no machine wear When
processing thin films using laser, the terms laser scribing, etching and ablation are used
inter-changeably. Laser cutting of metal materials can be divided into two main methods:
vaporization cutting and melt-and-blow cutting. In vaporization cutting, the material is
rapidly heated to vaporization temperature and removed spontaneously as vapor. The
melt-and-blow method heats the material to melting temperature while a jet of gas blows

the meit away from the surface. In some embodiments, an inert gas (e.g., Ar) is used. In
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laser beam to cut, mark or drill is preferable for solar cell production is
precise, fast, and economical. Laser cutting only creates a small heat
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back-electrode 104 In some embochments the absorber layer 106 is circumferentially

deposited onto back-clectrode 104 by thermal evaporation. For example, in some
embodiments, the absorber layer 106 is CIGS that is deposited using techniques disclosed
in Beck and Britt, Final Technical Report, January 2006, NREL/SR-520-39119; and
Delahoy and Chen, August 2003, “Advanced CIGS Photovoltaic Technology,”
subcontract report; Kapur ef al., 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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heterojunction, a heteroface junction, a buried homojunction, ap-i-n
junction, or a tandem junction. Referring to Fig. 2D, the absorber layer
106 is circumferentially disposed on back-electrode 104. In some
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absorber layer 106 using electroplating. For example, consider the case
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the back-electrode 104. Electroplating is described in Section 5.

bR LTia® A& erhiprefifve i, cHRbiReHOTINIATIR &t S BICRh EHISSBPEREF [4yer
where the active layer 106 is CIGS), once component layers have been circumferentially
deposited, the layers are rapidly heated up in a rapid thermal processing step so that they
react with each other to form the absorber layer 106. In some embodiments, the selenium
is not delivered by electroplating or sputtering. In such embodiments, the selenium is
delivered to the absorber layer 106 during a low pressure heating stage in the form of an
elemental selenium gas, or hydrogen selenide gas during the low pressure heating stage.
In some embodiments, copper-indimn—galiium oxide is circumferentially deposited onto

the back-electrode 104 and then converted to copper-indium-gallivm diselenide. In some
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are circumferentially deposited onto the back-electrode 104 using
sputtering. Regardless of whether the individual layers of the absorber
layer 106 are circumferentially deposited by sputtering or electroplating,
or a combination thereof, in typical embodiments (e.g. where the active
|apbpdiDEns. € [T b proscediTieh Enddagdr e abebedavel tifmiarentally
dapesiteshdhentayers.areprariclys heatesium ik aléapédrgbsm?@l 1PR0RSSHG
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temperature process is used to de ﬁggsn the absorber layer 106. Those of
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dep osited using chemical vapor deposition. Exemp arE/ chemical vapor
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deposited onto the absorber la rgger 108 using a chemical bath deposition
pridesslapg PRt srusteipdpric é‘%ﬁﬂﬁ%‘?@%ﬁ@ WIRdSEE- @éﬁ%@tﬁs&a%emer
|ayer Isbelas [icadnsivablitfides, the wcadmilmeanti sutideocan eachihe
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zihenaxatleapyidfeposisufi dﬁﬁﬁ}ﬂﬁlﬂﬁﬁﬁf}&ﬁﬁﬁl ohjmiflepdayiefSedinspiniare
em mgémg%s the window layer 108 is an n type buffer layer. In some
em odlments ‘the window layer 108 is sputtered onto the absorber layer

106. sé@f%m%amgfé%é@h%ﬁ hepericpsleior | yassimet BB EditkidaTersthied
WD) | et O 86l @%mwtat@eh@rg&@dm tIROSBrbe! Jaye eﬁha&hﬁa&s fthE:
exampl ection 10 b In sgme e odim nt Wi
it e e Pt e e S TS
che mm&iovamardwé@m éof Es@edﬁmféasmémlc&l W@%ﬁé@m@n% grooves
techaioke S At dRBeEactdIaIaNs semiconductor junction 406. In fact, in some

embodiments, each groove only extends a small percentage of the perimeter of the

semiconductor junction 466. In some embodiments, each photovoltaic cell 700 may have
one, two, three, four or more, ten or more, or one hundred or more pockets arranged
around the perimeter of the semiconductor junction 406 instead of a given groove 294, In
some embodiments, the grooves 294 are scribed using a laser beam having a wavelength
that is absorbed by the semiconductor junction 406. In some embodiments, the grooves

- 294 are scribed using mechanical means. For example, a razor blade or other sharp
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Referring to Figs. 2G and 2H, the semiconductor junction 406 (e.g., the
layers 106 and 108) are patterned in order to create grooves the 294. In
some embodiments, the grooves 294 run the full perimeter of the
semiconductor junction 406, thereby breaking the semiconductor junction
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ne é g’
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example, an indium tin target is _used in the presence of oxygen gas to
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comprising tin oxide. In general, any wide bandgap conductive
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Fh@eAisgusdehenecineiher teing ttramspargmt’ means a material that is

consid ﬁf@&lnté %Hé%@irﬁ&hé”tﬂ@ %ﬂ?ﬁ@éﬁ%ﬁh&&%@a@@ﬁ‘ E%qg HE[;%)QIQCCI using

nanometers to about 1500 nanometers. However, components that are
AUEH SHEF D dod5<rene Foia Brargy (g dieds saIds agniods o
tsa;mﬁpa@mmmcwegm‘m@, J)E)prmatgﬁeltl@ﬂwﬁthéymm@tma msa@rdies
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be used. In some embodiments, the transparent conductive layer110 is
PSSRt dpagitietvE s B TP TECaRd feRvESHdec BE WS 3B osited
Rigssjhgtterivgtiei el e detive \Irolous Bghoe e, tiegeitsparent conductive

layer 110 is deposited using chemical vapor deposition. Exemplary chemical vapor
deposition techniques are described below.

Referring to 27, the transparent conductive layer 110 is patternaed 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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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,
theieahdparekeiestiedscteckapardbyohe giepssiiSdo asitlgcapdeme diyer
depasitiopa&Hem lﬂé@?&h@@ﬂ&@iﬁ&%,&g@%ﬁﬁi@a teshniquesdisingdesadbed

in Section 5.6.17, below. In som iments, the transparent
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e groSved 26 8narer b BATRATTG MBRLFRIAR Hdando R SFBUAMNIRY a
relpogditd delprdthercbhanplmstilinne 2t/ scandg gechsvan theahspeles|adtriade

104- N RN BRI G O TONRT A0 p R ROPREMAPIme NG Hhe _
grooves 296 are formed using a Ilth%argﬁhlc etchln%method. thh?&raphlc

et ietions leckrl senben i S s: prtifefol mersh il Eijtire
2B khie DptivadlanigssTidietivdacdal i e 24ikidircumierentiaipgrakdposed on

G ARS RS R SAHERYE IRVGh LI AN U5 A %ﬂgﬁ%%'? 330 s sed

techniques described above or one selected from Section 5.6 beiow. In
SHASSRsdmeReome Lo teliEHrd 270 are encased in a transparent

tu bularmasﬂjgeaﬂsﬁdhﬂ@me,d@tmhai@tydam elgrgatedestprsitellssteh as
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described in copending United States p tioh sefial number
1EPEIgUSH e SRS HotddiPRafiBeic T 53008 98 caitibr iErchrisade
RiedavoitaicsiGsliadmndeybulae Casingsd thlen dredadld, n28@blowdaich is
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emDbo( Iments, an optional filler la er 3 ISused as describe ] above In
ciiersicAnRRMSEIGa RO P RsidBR e b s Rtedn s ipp tihal eigtittd de strips
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p!igbt"}%-s Cxemplany| nn‘%s],es%&{ 'éig&%d%es%@ “s"%#eer?of"“?e desgribed N AeEI0.
5. .9, elow. Examples of conductive | that can be
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 photoveltaic 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 elecirode strips 420.
In some embodiments, grooves 292, 294, and 296 are not concentric as lustrated
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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used for such strips include, but are not limited to silver loaded or nickel
loaded conductive ink. In some embodiments epoxies as well as
anisotropic conductive adhesives can be used to construct the optional
electrode strips 420. In typical embodiments, such inks or epoxies are
themsiycriiedignsrdahedrornt Bleationia saipaikdde sbstrrs 102 that have
erohagimentssauch elackoae @H&%@f@ﬂﬁ%@;ﬁ%ﬁ&h@@@m@%ﬂum@ect
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3A-3H illustrate processing steps for manufacturing a solar cell unit 270
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withhphecpreseito Bfiphicatione Refaitingitadf ipefiBAando3Bsdhional view of

b&%lﬁlskeqﬁ%dc%l;%o&g%g?g%gr&%r&g%gnd the window layer 108 are

sequentially circumferentially deposited on the substrate 102 prior to the
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grooves 3(%2 cﬂm@: I;Ee full perim er of ﬁ%&ubs rate 102 thergrbg go Jlnlngm

threl SB ne erbodh each otovo aic ce may ave one, two, t T Or 1
ten or more, or one hundred or more pockets arranged around the perimeter of the
back-electrode 104 instead of a given groove 304. In some embodiments, the grooves
302 and 304 are scribed using a laser beam. In some embodiments, the grooves 302 and
304 are scribed using mechanical means. In some embodiments, the grooves 302 and 304
are formed using a lithographic etching method. Lithographic etching methods are
described in Section 5.7, below.

Referring to Fig. 3D, once the grooves 302 have been formed, they are filled with

an electrically insulating materiai thereby forming electrically insulating posts 310. In

some embodiments, the grooves 302 are filled using screen printing. Exemplary screen
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cells 700 as illustrated. In contrast, there is no requirement that the
grooves 304 run the full perimeter of the back-electrode 104. In some
embodiments, the grooves 304 do not run the full perimeter of the
back-electrode 104. In fact, in some embodiments, each groove 304 only
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narrow linewidths and still be effective. This is advantageous because it
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some embaodiments, the grooves 304 are filled using ink jet printing.
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sErBriHdons trisrrl s evts Euhiiictive bsaersThiromneing sxpdimg 7
uthel erbgengithenian donsd dyeied @8sublengsQOY @it have a circular cross-section.

Any of the cross-sectional shapes referenced above with respect to Figure 7 can be used to

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

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

absorher 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

34



314 are 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
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perimeter of the substrate 102 thereby defining the tovoltaic cells 700
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fact, in some ments, eac groove 404 only extends a small
peieianadetskttie perimeter of the back-electrode 104. In some
embOdim:&i\iﬁlg&a@fgpmtmﬁaﬁgﬁﬁﬂ%ﬁmmyehﬁV@f@ﬂ@ad;\/’ﬁﬁhythlffeﬁﬂefﬁ)uﬁth
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the perlmet ro -electro INst a gIV groov
SHie @ﬁb@%ﬁﬂ@nﬁ%@, g yrotesdiibed ndogogregieprinting. Exemplary screen

printing techniques are disclosed in Section 5.6.19, below. In some embodiments, the
grooves 402 are filled using ink jet printing. Exemplary ink jet printing techniques are
disclosed in Section 3.6.9, below. In some embodiments, the grooves 402 are filled by
inserting a powder into the grooves 402 and then fusing the power with a laser having a
suitable wavelength. The grooves 402 are filled with any type of electrically insulating
material.

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

deposited after the grooves 402 have been filled with an insulative material. Material for
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scribed using a laser beam. In some embodiments, the grooves 402 and
404 are scribed using mechanical means. In some embodiments, the
grooves 402 and 404 are formed using a lithographic etching method.
Lithographic etching methods are described in Section 5.7, below.
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photovoltaic cell 700 on the substrate 102 is serially connected to the

back-electrode 104 of an adjacent photovoltaic cell 700 but the two
phétbddtlanutashury 0Omegeobithisrsolar cdle enriatinridel ainiiadins tpestt daries.
In some embodiments, the grooves:¥aidpd04, and 414 are not concentric

as "'Usf‘[?g%'@]f O E@Sﬁg'&e@?@&?&éﬁ%&ﬁﬂﬁ%&%ﬁﬂ%QIQI&@H&‘\%ng a

are spiraled down the cylindrical (long) axis of the substrate 102. As
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tatiesubstRatesidOR gt havadseirdulbndressigdetion, tinysofttdrd 06, and

CIRSSiRRAIeNal shapesHelRienaed @QQ&&‘O@B{&%@%}J%&&H&% can be

used to make the photovaoltaic cells 270 in the manner illustrate
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using a first post device technique in'accordance with the present

appieitiof RERFAREROERES SR ahdseine dhernadinggiondarafs is a
absearberids vandothe: WiffdowdayeeshoBlarcdhe dsansparnt conductive

layer 1%&1%[1%%%9 %?gﬂggllgnce 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 requirersent 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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circumferentially disposed on the substrate 102 prior to the first patterning
step. Fig. 5A illustrates 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 correspondin
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some embaodiments, the grooves 502 are filled usmg screen printing.
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elow. In_some embodiments, theP%rooves 502 are filled
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conducting material is circumferentially disposed into the grooves 504
tEPEIRP$8rming electrically conductive vias 508. The use of highly
electricalfeeonrducive Matetaldoi 4hiesvite bhfallows thaeivi astodiay dayer
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because | PS to reduce the semicon UCIOI’JUI’]CIIOH 406 area loss. In
s&%?%ﬁ%@&méﬂ &7 idbgtasvensiiihistidy intka By stidehab thstrgsparent
Examipliryiseican pfisitidotovoltaic 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 transparent conductive layer 110 as illustrated
in Figure D. In some embodiments, the grooves 502, 504, and 524 are not concentric as
illustrated in Figure 5. Rather, in some embodiments, such grooves are spiraled down the
cylindrical (long) axis of the substrate 102.

As discussed in conjunction with Figure 7, the present invention in not limited to
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techniques are disclosed in Section 5.6.19, below. In some embodiments,
the grooves 504 are filled using ink jet printing. Exemplary ink jet printing
techniques 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
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ohé-bimensional profile is a cross-sectional view of one half of the
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602 are scribed using mechanical means. In some embagdiments the
ggﬁ)&yg%égégrgfél?s FEY 1ﬁ]§i;ﬁbpnntmg. Exemplary ink jet printing techniques are

disclosed in Section 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 a laser having a
suitable wavelength. 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-electrode 104, In fact, in some embodiments, each such

groove 604 only extends a small percentage of the perimeter of the back-electrode 104.
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a lithographic etching method. Lithographic etching 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
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insulative material. Material for_the transparent conductive layer fills
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grooves 604 are filled using screen tprlnting. Exemplar)%screen printing
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the grooves 604 are filled by inserting a
In some embodiments, the grooves 602, 604, and 614 are not concentric as

illustrated in Figure 6. Rather, in some embodiments, such grooves are spiraled down the
cylindrical (long) axis of the substrate 102. As discussed in conjunction with Figure 7,

the present invention in not limited to the substrates 102 that have a circular cross-section.
Any of the cross-sectional shapes referenced above with respect to Figure 7 can be used to

make the photovoltaic cells 270 in the manner illustrated in conjunction with Figure 6.
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powder into groove 604 and then fusing the power with a laser having a
suitable wavelength. Referring to Fig. 61-1, a groove 614 is scribed into
the transparent conductive layer 110 thereby exposing underlying the
window layer 108. The groove 614 is necessary in this embodiment to
form photovoltaic cefid Yoempiatarentitonsnetredntieagrated such that the
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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
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embodiments, the absorber is n-dop e and the transparent
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Electrodeposition, Marce Dekker Inc., Appendix 5, which1s hereby
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layer 108 is mtype 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-indivm-gallium-diselenide
{CIGS). Such a layer is also known as Ci(InGa)Se;. In some embodiments, the absorher
layer 106 is copper-indium-gallium-diselenide (CIGS) and the junction partner layer 108
is CdS, ZnS, ZnSe, or CdZnS. In some embodiments, the absorber layer 106 is p-type
CIGS and the junction partner layer 108 is n-type CdS, ZnS, ZnSe, or CdZnS. Such

semiconductor junctions 406 are described in Chapter 13 of Handbook of Photovoltaic
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CulnSe2, CuGaTe2, ZnGeAs2, CdSnP2, AginSe2, AgGaTe2, CulnS2,
CdSiAs2, ZnSnP2, CdGeP2, ZnSnAs2, CuGaSe2, AgGaSe2, AgIinS2,
ZnGeP2, ZnSiAs2, ZnSiP2, CdSiP2, or CuGaS2 of either the p-type or
the n-type when such compound is known to exist. In some embodiments,
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siti¢tsrentirety the layer 510 comprises n+ doped amorphous srlrcon In
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Junctlo For ex Ie in SO Iments, the layer 514 is p do ed
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College Press, London, which is hereby incorporated by reference herein
Iﬁihgoghtqf semlconductor junctions are destribed in Green, Sificon Solar Cells:

Advanced Prmczples & Practice, Centre for Photovoltaic Devices and Systems,
University of New South Wales, Sydney, 1995; and Bube, Photovoliaic Materials, 1998,
Imperial 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
based 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 Materials, 1998, Imperial College Press, London, pp. 66-67, and the

references cited therein, which is hereby incorporated by reference herein in its entirety.
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In some embodiments of the present application, the semiconductor
junction 406 is based upon thin-film polycrystalline. Referring to Figure
8B, in one example in accordance with such embodiments, the layer 510
is a p-doped polycrystalline silicon, the layer 512 is depleted
polycryStatfifeeSimedimain thBaayses parc i peaspBlsetetamitacémain.
SsekhstmipoathictDEjaasions arcatdateified in, Greem Sdicam Salari@sl|s:
vanced Pringiple Practi entre. for. Phatovoltaic. Devices and
B A S D S
PRtV MEgereend Sbgtrapifobiire MedeirdBEE GHusR 4pssy 1é6,
veichl idesgdry) imcororaied 1nn 3 efepgntextarain- sidtsoertiretyle| faegine
empagiments.of %%Fm&re‘?é%%%?[%ﬂ%a%o%&%et? o e?e“ngé“ﬁt&{sl g@%eonn%é‘%
base %p&np-type microcrystalline A an microcrystalline Si: Hh an

arsenshdiee Biiry Jotarddf areasf Nier®elPteondilicyjurréwbnd e
deserbedsinBubs.sdd hotevoltiaiaidiaterials, £08B%1dmperahGrllegsPress,

Londen, pe- 86:87,and (ne. references cllsfinercin, whish.is herehy
incorporated Dy reference herein in'its entirety n some embodiments,

of WratprleagethtlBBBIIéatiorerthel8e e pichdcior juhétiBard 088 s Hlighvdetmle
jungtiRny oRndemsiaLtaN? Gia desesiredin, foraxample fimigtal., 1989,

"Lightweight (Al GaAs/CulnSe2 tandem j [ olar cells for space
e s S el b e e e

SetrsnidEYs agazing, IEEE Volume
APAgdpe794 ; Wovoll98dnp agfs(S)tig < ERideng22008InOp timdzationcosn
assrieeIRase {plei dandemsad single. unstionselance s Bhotpyupitaic

oS ToBE MLy 508 T4 Rt o DOUEEAO et et
basédutandém fididredhimdimvdelchndiogys e Marofaltir Bgcialists

PersRestive; sEhetayQliaic g akisls fANReNEERE 2000 Sepnigrgnce
Record of the Twenté_-Elahth IEEE 15-22 Sept. 2000 Page(s):1433 -

17285951 1988 Vi el S R ANESHE RESEurement of
QAN GGlaCobiSs? Bhistoyolttin Spevialisfer Qanrferphiceoi98Bnergy

M%ﬁ%ﬁ%@ﬁ%@ﬂg’&ﬁ%@ﬂ@,@@ 1EERe 46-30, 5601 988,.Page(s): 764
- 765 vol.1; Kim, 1988, "High efficiency GaAs/CulnSe2 tandem junction

SBISFREifs PR OBy SIAR e R A s 'S bHtE Pe PSS O B2 E SRR E nCe
Recoreretthe réiventidthrdbBEt2 6a80t8ept. 1988 Page(s):457 - 461 vol.1;
Mitchell, 1988, "Single and tandem junction CulnSe2 cell and module
technology,” Photovoltaic Specialists Conference, 1988, Conference
Record of the Twentieth IEEE 26-30 Sept. 1988 Page(s):1384 - 1389
vol- 25 294 i8R Jalo.aReclia BR YR FAARGAA VM IRRATL.Y
tandem junction solar cells for space, applications,” Energy Conversion
Engineering Conference, 1989, IE'EEEE%@ Proceedings of the 24"

In some embodiments, the semiconductor junctions 406 are based upon gallium

arsenide {(GaAs) or other 11I-V materials such as InP, AISb, 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 I1I-V junctions that can serve
as semiconductor junctions 410 of the present application are described in Chapter 4 of
Bube, Photovoltaic Materials, 1998, Imperial College Press, London, which is hereby
incorporated by reference herein in its entirety.

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

multijunction solar cell such as a GaAs/Si mechanically stacked multijunction as
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Intersociety 6-11 Aug. 1989 Page(s):779 - 784 vol.2, each of which is
hereby incorporated by reference herein in its entirety. 5.2.3
Semiconductor junctions based on gallium arsenide and other type 1l1I-V
materials In some embodiments, the semiconductor junctions 406 are

blssedPeonsalihy aﬁéﬁmb*?é‘f(@a?\éb;@? Bbner oo fracérialS suereaes IHEE
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v&%&?@?s féte &‘lr?ﬁlopﬁo%}e %W%?%%%E@S‘Wéf‘é?ﬁp?f%%%ﬁéwcﬁ erein in
GaAsiCinSe2 MSMJ four-terminal device, consisting of a GaAs thin film
top cell and a ZnCdS/CulnSe2 thin bottom cell described by Stanbery et
al., 19th IEEE Photovoltaic Specialist Conference, IEEE Publishing, New
Y ok g. 280 endaidigmiatctions 105qd BE B idiiotoveller gl Spet ilist type 11-VE
Conference, IEEE Publishing, Newa¥atiklsp. 1487, each of which is
hereby ({neorpQEAEH MM IEIRIGNGE NRIRID: B[M‘i%&@%@é%r&%‘i’s@é vy

multijunction solar cells are described in Bube, Photovoltaic Materials,
TR R Bt Sk citish s e et P f i prardisgly. in
IRcapoiBbethby atdtaimpadideis #T, is: eatiteiydbi2r4ubencon ducion
Jlﬂ%‘&ﬂ&cﬁ@é gl%%l? ?a%%%% tfu&‘é’lféem%'}ﬁ Ot&%&%f?&al Isé( ‘fo@laigeﬂglf%ﬂo%mg
some ‘embodiments, the semlconductorjunctlons 406 are based upon
Iltamedﬁrﬂwﬁﬂﬁ%eﬂﬁat can be prepared in either the n-type or the p-type
form. Accordingly, |n some embodlments referrlng to Figure 8C, the
semiconductor junct ich layers 520
and 540 are any combination et forth in theafyﬁiowmq table or alloys
thereof. Layer 520 Layer $4013§-CdSe p-CAdPELHZNCAS p-CdTe

n-ZnSSe p-CdTe n-ZuCdS p-CdTe
n-fnSSe p-CdTe

p-£nTe n-CdSe

n-CdS p-CdTe

n-CdS p-ZnTe

p-ZnTe n-CdTe

n-ZnSe p-CdTe

n-ZnSe p-Znle

n-ZnS p-CdTe

n-ZnS p-ZnTe

Methods for manufacturing the semiconductor junctions 406 that are based upon 11-V1
compounds are described in Chapter 4 of Bube, Photovoltaic Materials, 1998, Imperial

College Press, London, which is hereby incorporaied by reference herein in its entirety.
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p-ZnTe n-CdSe n-CdS p-CdTe n-CdS p-ZnTe p-ZnTe n-CdTe n-ZnSe
p-CdTe n-ZnSe p-ZnTe n-ZnS p-CdTe n-ZnS p-ZnTe Methods for
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 hes@in Suitk AiHiiRbY- jihdtires DasaIMIEQPEUaAIRIejHnEsPNS based
on crystalline silico hile semicanductor junctions 406 that are mad
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Photovqltaic Materjals, 1998, Imperial College Press, on, which is
Ly ST PR A R Ry 5 Tt Lol
eitrdsodiendertsvihing sdiarclelhemity 230byfrefepre dervimpglicatiormay 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. THi§ islhelreschgémenbecause such surface can

collect ightdhreugnreihes of Hagit-bun {pnes:ln sae-amboeimenias cnere
RRERY P e RGN SR LG RE TS 2036 S cianar
assem Fy n some empodiments O ?he presenl% applica |on%ese scﬁar

celvassmbieberbaznanded frraanéfeetnd Euvirdhwmientinniateis because

suidfRsasarennch e splensslbrssRmbinbave SARe AMaHLabaliede:
Albedo is am asure %f ref e%wat\é??f a urfac%ﬁ)r.b%dy. &t is the rati \ ofI
IEE STAGRE N PAGRtIo M (EM Factatishy et cted 16 e dnouftiitident
upors nTignéndctiohel srersnbilspbsatives Sedeaslar pdicerrmbjécfrompzengetbin a
ORARHNAL HHRAMEe wRINPAAIAENIS u 84 FRGBRIRINEMEININL AT LRgR0lar
cell asg,egé%llss of gﬁ present a%%hc%tlon are grep red so that tthe hapg,e
o T8 B ‘BT e S DS R RSV e eion 1 Lo RE®
evhibledhmess:;tothdirtinatdiMisdhtvavBeattigh thibetomadncident upon it. This
fraction is usually expressed as a percentage from zero to one hundred. In some
embodiments, surfaces in the vicinity of the solar cell assemblies of the present
application are prepared so that they have a high albedo by painting such surfaces a
reflective white color. In some embodiments, other materials that have a high albedo can
be used. For example, the albedo of some materials around such solar cells approach or
exceed seventy, eighty, or ninety percent. See, for example, Boer, 1977, Solar Energy 19,
525, which is hereby incorporated by reference herein in its entirety. However, surfaces
having any amount of albedo (e. g, fifty percent or more, sixty percent or more, seventy
percent or more) are within the scope of the present application. In one embodiment, the
solar cells assemblies of the present application are arranged in rows above a gravel
surface, where the gravel has been painted white in order to improve the reflective
properties of the gravel. In general, any Lambertian or diffuse reflector surface can be
used to provide a high albedo surface. More description of albedo surfaces that can be

used in conjunction with the present application are disclosed in United States Patent
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be used. For example, the albedo of some materials around such solar
cells approach or exceed seventy, eighty, or ninety percent. See, for
example, Boer, 1977, Solar Energy 19, 525, which is hereby incorporated
by reference herein in its entirety. However, surfaces having any amount
Sraiisation(@cyal A pertEAt b horbichikiepacarvsraietay sdvensy herein
pefeeatieeynore) are within the scope of the present application. In one
embodiment, the solar cells assemblies of the present application are
arranged in rows above a gravel surface, where the gravel has been
painted white in order to imfuoMadbeotreglvasproperties of the gravel. In
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hereby incorporated by reference herein in its entirety. More details of
ShRA N el Solre o iR ek oapes sty 28l poler Enerey

Materials & Solar Cell 67, 441-448, each of which is hereby incorporated by reference
herein in its entirety. Additional static concentrators that can be used with the present

application are discussed in Handbook of Photovoltaic Science and Engineering, 2003,
Luque and Hegedus (eds.), Wiley & Sons, West Sussex, England, Chapter 12, which is

hereby incorporated by reference herein in its entirety.

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

solar cell assemblies. In Figure 9, an internal reflector 1404 is used to enhance solar input
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Energy Materials & Solar Cell 67, 425-434 and Uematsu et at, 2001, Solar
Energy Materials & Solar Cell 67, 441-448, each of which is hereby
incorporated by reference herein in its entirety. Additional static
concentrators that can be used with the present application are discussed
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embodiments, the mterna reflector 1404 is a plastic casing with a layer of
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14 4 f&gnd in some embodiments of the present application is the desire

0 re% t direct light that enters into both sides of solar cell assembly 900
(i. e., silezgzoh g reflectors 1404 of the present application are designed to optimize

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

920 may be different than on side 940.
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side 940). In general, the reflectors 1404 of the present application are
designed to optimize reflection of light into adjacent elongated solar cells
402. Direct light that enters one side of solar cell assembly 900 (e.qg., side
920, above the plane of the solar cell assembly drawn in Figure 9) is
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some embodiments, a cross-sectional shape of an internal reflector 1404
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r&tfsefyplodiments, 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 fremendous impact upon
the subsequent reflection of a beam of light. Diffuse reflection originates from a

combination of internal scattering of light, e. g, the light is absorbed and then re-emitted,
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1404 as well solar cell units 270 in order to provide a tight fit between
such components. In some embodiments, such adaptor pieces are fixed
on the internal reflectors 1404. In other embodiments, the adaptor pieces
are fixed on elongated solar cell units 270. In additional embodiments, the
cBhreeish ke FimelsoesiaitimoDho i reflectors 1404 may be
strengthened iy efketiveally conduchintingite @ntapdsndaiffiibehRafieation.
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Iregevesdian source is defined as an optical source that obeys Lambert's
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the angle from which it is viewed. Accordingly, a Lambertian syrface, is
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hishsikaas e dneasi ardofe Gonl aRidRagsisitndapendent of viewing angle)
with the caveat that the total area of the radiating surface is larger than the

~ area bawfgnrifsasisbd. orksssdrredntiarristac altrslacie sty of the
lightEmanaieg iR HAhGY ofTectioR. e anvusmalsiiace compepent is

o

proportional to the cosiné of the angle of the normal to the sufface. The
bridgvineSshiureinkn defirediia fdtvinait aspbdrionts hefabertiscoonslant
regardless of the angle from which it.is viewggd gThe incident light | strikes
a Lambertian surface and’reffoctd i dffefeny girections. When the
intensity of | is defined as |,, the intensity (e.g., 6,,,) of a reflected lights

can:kedefined asfollowing jnsackesdinncesiotharphes cCasnadat a0g0 is
l., (V)=lin (I )~(V el) cosoont where rp(v',l) = kd cosO,,, and kd is related to

tHe e e p o Ry e rrade it SHgRd 18 Gefildirgdhs vecngahrroduct
reflesiedirnaig.dsydsfined as0oH gnidsingsdhe esiar dot product formula,

the intensity of the reflected light can alsa be written as: lon"(v)=kdhn(1)l e
i Ly =k, L) o7,

where # 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 2z 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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where n denotes a vector that is nonnal 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 tic radians, on the illuminated side
of the surface. Moreover, a Lambertian surface emits light so that the
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be created with a layer of diffuse white paint. The teflectance of such a
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93%. L ertian surfaces have been widely used in LED design to
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arkyn, e asl., w |g¥1 are therelSy mcorporatgd y reference herein in their
didratielrioxdvarieigdetisy 26 Bnpurtieascd rrabes Poviietlaetsichilng that
efiectively lefiee lishitinalidiretinnauddte talrcadlightia ther Girected
tawards adiacent solar cell units 270,40 eghanse solareel aerlgmance-
SHBCHON on nvolute surfacas. Tn Some embodiments in accordance with
thespids din capysiabiopoial stirckrsiteflbtbminbhdstarginmdieraing fface
ofi sy adiacant sRlarocalldiniaddLodibs ARy enaane inents cinessalah el

unit 27Q is circular or near circular, T flectgr surface of the internal
L DA o IS T BRI YRS TG OO RSBl e i
defined:ibaiah peteneraloedoygthoy carpaintesnlsisiidighnofingcth aranpiry olutes
QML RIGIECIS HTRFBXAMBLS o fhgdMRIIE Bh Clle SANBE RIS
following steps. First a}ttach a string to a point qn a curye.£Se ond,

{ o eoir

SRR HE LI i % PRLFRRGRACIS The Ve at THE H BT AR aYs 7= atany
ditechnie pgudthinganiia dvihierstsing up, keeping it always taut. The locus of
points traced out by the end of the stxiagris called the involute of the
original circle. The original circle i§ called the evolute of its involute curve.
Although in general a curve has a unique evolute, it has infinitely many
ifvsieisdaste Slontingtts difgienhticheiseal e MithslpslaisAn involute
can also be thought of as any cLyygQrthagenal to all the tangents to a
given curve. For a circle of rad'iuzs r'(si%tr gpgos?gne t, its equation can be
written as: x=r cost y = rsint 5brresponding y, the parametric equation of
thedwolnterobtite oircteipsocNifunr(cos. t Hag sinltye 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 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 to enhance light reflection
efficiency.

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

internal reflector 1404 connects to two solar cell units 270. Because of this, solar cell
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y1 =r(sint-tcost) Evolute and involute are reciprocal functions. The evolute
of an involute of a circle is a circle. Involute surfaces have been
implemented in numerous patents to optimize light reflections. For
example, a flash lamp reflector (United States Patent Number 4,641,315
toniy a6 dosuab raby dinons eranst wy defistertmhersiindeemiiretyyiend
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se corporate ce_herein in its. entiret
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A@m@ly} Aeeilistrated in Figure 9, the solar cell units 270 are
geometrically arranged in a parallel or near parallel manner. In some

embodiments, each internal reflector 1404 connects to two solar cell units
270. Because of this, solar édllipesifn2¥@lindsuch embodiments are
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bypitedédence in its entlrety. 5.6 Deposition methods The following
subsections describe individual fabrication techniques that can be used to
cwcumfg i] ”é] afOS't individual layers of photovoltaic cells 700 in solar
cell un B GRE %s{fé‘)ﬁbr deposition In some embodiments,
one or noretayersdohphotovcitaicredis:Bo0 pretidepasitelds TP chedrposited
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on chemical vapor deposition, devices used to perform chemical vapor
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Fundamentals of Microfabrication, Second Edition, 20(52 144-154,
CEpsbll é&‘eﬁ‘6?%%%991%8?&&?%&68%9&&5%9%?@@%% herein in

itS{entikdiycad G RecdUEdd pressnr epchefritdl VRO depasiticiwtichniereby
eﬂ&%@@@@ Ig%eeggerﬂgg%lﬂesrgn%&?otovoItaic cells 700 are deposited

5.6.2 Reduced pressure chemical vapor deposition

In some embodiments, one or more layers of photovoltaic cells 700 are deposited
by reduced pressure chemical vapor deposition (RPCVD). RPCVD is typically
performed at below 10 Pa and at temperatures in the range of (550°C - 600°C). The low
pressure used in RPCVD results in a large diffusion coefficient, which leads to growth of
a layer that is limited by the rate of surface reactions rather than the rate of mass transfer
to the substrate. [n 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 photovolfaic cells 700 are deposited

by low pressure chemical vapor deposition (LPCVD) or very low pressure CVD. LPCVD
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by reduced pressure chemical vapor deposition (RPCVD). RPCVD is
typically performed at below 10 Pa and at temperatures in the range of
(550C - 600C). The low pressure used in RPCVD results in a large
diffusion coefficient, which leads to growth of a layer that is limited by the
ratyptdbrfaderredaidnisvati¥er 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 - P PONSTAS L EH FANEE FORBE I Weposition In some
embodiments sohedonamorentayansrefiphotolpitdiy dalis R0 Afetappssitd
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or more layers of photovoltaic cells 700 are deposited by plasma
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In some mbodim[entts: one or more layers of photovoltaic cells 700 are
relerence he n 1t enlifely.

€N 1 . . . . .
deposite E)y anodization. Anodization is an oxidation process performed
in an electrolytic cell. The material to be anodized (e.g. back-electrode
104) becomes the anode (+) while a noble metal is the cathode (-).
Dependgr%%%n tl&e solubility of the anodic reaction products, an insoluble
.00 Anodization . e . .
layer (e-g., an oxmfe} results. If the primary oxidizing agent is water, the

resulting esdeieangedicraly ere pareigsaxsiaiadyorghticcelscivo medenssiet

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

in its entirety.

5.6.7 Sol-gel deposition technigues

In some embodiments, one or more layers of the photovoltaic cells 700 are
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dense oxides providing excellent passivation. See, for example, Madou et
al., 1982, J. Electrochem. Soc. 129, pp. 2749-2752, which is hereby
incorporated by reference herein in its entirety. 5.6.7 Sol-gel deposition
techniques In some embodiments, one or more layers of the photovoltaic
clstbesiod tare sl el apersite diby sal ssi-peb prosdisat desclheaiost prass s ys] i
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f TEOS, a silica gel is formed
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some embodiments, one or more f%lyers of the photovoltaic cells 700 are
fted by a plasma spraying process. With plasma spraying, almost
any material can be coated on many types of substrates. Plasma

spraying js; %IQ?:QH&Q?E %t(@ggi&’ggsthod. Particles, a few microns to 100

microns in diameter, afe transported from source to substrate, In plasma
sprayint: SSTATH B RS SR Th R EeE e parRh sl st e

ca&b@ed;mda @lmh@rsﬁﬁ@@dmte‘v@ﬁ@@k@d@mﬁd@m@a&ma gaspaterial can
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temperatures, léaving the anode nozzle as a plasma jet or plasma flame.
A}?@‘@ﬁl%a fﬁ‘ﬂ’)&fé?é%“%ﬁ"all‘ﬁbfﬁimﬁ BtHEmsEHIa EFFéﬁ‘s@P‘ﬁ‘TB SR #ugakes
(lsisins. OR, pien)aarafrag ently- used fopipiasme BiRying feinecpawiiatype
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particles are accelerated and heated. The Slasma Jet may reach

térshsleats fsatet BOTOBROAMRIVE [BRRRSE P tdea 000 e npdy pegzle as a plasma
tgenpesnkate foihibespadticlal siikfaee 45 dpveniantifegirsma tempecatitre,

and the. dyelling time in the asma.ga is very short..The lower surface
. Ly V4 a&
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lons; 23.ihe. molte particles. SRIASLMAN. high yelogilies Qnie 3 ubsiate:
dwelling time in the plasma gas is very short. The lower surface temperature and short
duration prevent the spray particles from being vaporized in the gas plasma. The particles
in the plasma assume a negative charge, owing to the different thermal velocities of

. electrons and ions. As the molten particles splatter with high velocities onto a substrate,
they spread, freeze, and form a more or less dense coating, typically forming a good bond
with the substrate. Plasma spraying equipment is available from Sulzer Metco

(Winterthur Switzerland). For more information on plasma spraying, see, for 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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they spread, freeze, and form a more or less dense coating, typically
fanning 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, Marlon, Fundamentals
of Microfabrication, Second Edition, 2002, pp. 157-159, CRC Press,
which seerabjetpetragated by reference herein in its entirety. 52 5.6.9
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aResifed iRk dgimEntngciplelstar i dEm mBIRGE T e PR miRG PER&fink jet
rozneritaCiaRAaciestie amesakvietrtiled M/&knﬂaaeaktemksadm m'le@ Vgiitthe
gl% %%%\%&ﬁ%&’%&%&?é&%99?94!%[@1%&1/&%%'%3 he é%%‘é%%@l&?é%%ﬁé%?ﬁd

n the x-y stage and, under computer control, liquid drops gg).g._, _
PRGESE the drs e tnhradstsemsutenrotii-thekabors Gifo 20 Wisgehed
plaseen die:okjeatthbilfe nbaerzies may pdifhdifierenbspristiadparallel.
In.ane embadiment of the. application, a hubble jet, with.drops as small as
D L P MR i eRe R e
anpieioam bl éic vatliserps a imejets(HewBtob sk s anfomne layer of
GalitesniadisasedotofonbialaydbahRRhotoveliaiskcel (A dnrdheanalo
ink jet, resistors are used to.rapidly heat a thin la fliquid ink. A, .
it i AR A T S
arsissopamel gl pitelthaaebicbis laver opliskiAknirohrriherhan esatAeiga pption
thesis | yats: ﬂacﬁﬂﬂh@ﬂﬁéh&li fmPedimepiefithepesent e@d@ﬁllmt&%fﬁhk
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ejected. In yet another embodiment of the present application, an epo
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example, Madou, Fundamentals of Microfabrication, Second Edition,
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“Bﬁ JQ{Q&QQBQBQ@,%PM& Mamg,rﬁzjﬁyﬂ&gcm%?Micrqfabrication, Second
Edition, 2002, pp. 164-167, CRC Press, which is hereby incorporated by reference herein

in its entirety.

5.6.10 Vacuam 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 guartz 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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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
hofeareded RSP THIRIHESS AhrieraemioHRtIY, Adi heatare sThekifafber
5318 eppneciag.tetal watliveRUMDer hrleiaie amatmberfbdifesent gun
ways in.which the .metal may. be evaporated within the. mber, including
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MGERaMEEIb DRV Yierk e RAR ik B arftikdy Which is hereby incorporated
by reference herein in its entirety. 5.6.11 Sputter deposition / physical
vapor deposition In another embodiment of the present application, one or
more |dyfets Stter detmdlonaihpdlisl YA ndepisisivsited by sputtering.
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of the present application, direct current (DC) diode sputtering, radio .
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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 voliage potential. If the cathode is an electrical insulator,
the polarity of the electrodes is reversed at very high frequencies to prevent the formation
of a positive charge on the cathode that would stop the ion bombardment process. Since
the electrode polarity is reversed at a radio frequency, this process is referred to as 33

sputtering. Magnetron sputtering is different form of sputtering. Magnetron sputtering

uses a magnetic field {o trap electrons in a region near the target surface thus creating a
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of a positive charge on the cathode that would stop the ion bombardment

process. Since the electrode polarity is reversed at a radio frequency, this
process is referred to as 133 sputtering. Magnetron sputtering is different
form of sputtering. Magnetron sputtering uses a magnetic field to trap

disbromsbirbiditreyininoar tie atogeilbeabelahiity eféaniryycated adaighetarget

PrebRbiysQf iaRiZing, %&%&I&mﬁa}ib ahighdensity afdras éﬁiﬁ@%ﬁ% ey
the tar% %urface causes materl?jtl to be removed man tiéne.t fa%h?r than
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Tikeile)e! fér‘Fn%e AR R SHATIS RS B cathode
pesenziieitipagnets ingluciediwlithinthbie dthoderiadeéinbly that produce a
magnetic field normal to the electric field. 5.6.12 Collimated sputtering In
another embadiment of the present application, one or more layers of the

photovdifdit Celmatid PRt PSsited by collimated sputtering. Collimated
sputtermgnsﬂar spbtidinrgt pfobesswiiepp!ttwiarrival ofmestédyoooithat an
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thick honeycomb grid that effectively blocks off angle metal atoms,
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faigh aplasetiabiated. deposition, a rotating cylindrical target surface is
provided for the laser ablation process. The target is mounted in a
vacuum chamber so that it may be rotated about the longitudinal axis of
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longitudinabaxiserivdasesb oot isdec apdibytiancytio dricaldensentatihe
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51043405 Mich s yheIehy insoraralesdhyieiarantedeiativim isiancing

el St mdnglecular beam JepOSIIaN. o 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, Unifed States Patent Number 5,049,405, 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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In another embodiment of the present application, one or more layers of
the photovoltaic cells 700 are deposited by molecular beam deposition.
Molecular beam 55 deposition is a method of growing films, under
vacuum conditions, by dlrectlng one or more molecular beams_at a
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materldissmatlbwmm lsgeu sertippationigine depinp erelilperrobvtpbtained with
technigyesnRas L Sxampias Uniied Rjales Iaate@ttftn@%raﬁﬁarwg&hnisy
h%ﬁ?]? ncor orat%(lj b%f rtefe nce he |n in |tstent|ret o \31'}:) 4 gal
pnysi caluﬁaporodeeptfsﬁ 5 IVFnyano er emebdj&rr%glr?t ]fl g res’" 5 ma enais
applicatidnystetonatroias e roudd teebpimstovtltdichee Flfanm’iarfemvesrted

b dpnizrd mmmmﬁapmmzamsam KRRWR; as-lepized
metal plas %{I %229 I PVD,, metal atoms are ionized in an intense
a]?é RZ&d,

pIARHRETS B TG R ced by electric fields perpendicular

to the wafer surface. Metal atoms are introduced into the plasma by

sputtering feqL e (AL ARIGPagRRRIDG plasma is generated in the
central volume of the react y an |nduc ively coupled E}jgg@?
Yo of

source. Erﬁ‘rgﬂé%t:‘fr%‘ﬁh&beﬁ& BifiEIRP 831t nize" Bb%
tirbateetithmtorihs Tl cidedipatithé by afezsUpfaceaTheootpdsoimntia’ Blas s

g ARl araed nand gelim at@@batth%wfaeap&m Wredehiny SRiagmAe

sheath. The sheath is a region of intense electric field that is directed
ta}@atmt tﬁ@%éﬁg]rz% #E&@e‘%Hé‘ﬂ@‘ae&Pé!ﬁ }g fields perpendicular to the wafer

surface. Metal atoms are introduced into the plasma by sputtering from the target. A high
density plasma is generated in the central volume of the reactor by an inductively coupled
plasma (ICP) source. This electron density is sufficient to ionize approximately 80% of
the metal atoms incident at the wafer surface. The ions from the plasma are accelerated
and collimated at the surface of the wafer by a plasma sheath. The sheath is a region of
intense electric field that is directed toward the wafer surface. The field strength is

controlled by applying a radio frequency bias.
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controlled by applying a radio frequency bias. 56 5.6.16 lon beam
deposition In another embodiment of the present application, one or more
layers of the photovoltaic cells 700 are deposited by ion beam deposition
(IBD). IBD uses an energetic, broad beam ion source carefully focused
on a grofrifderheva derssitielectric sputtering target. Material sputtered

from the tacgek eep&ﬁ&emrmmqamyﬁ@smrene&at&erwms Mass
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deposrtron andé)uls as chemical vapor deposition. Atomijc la é

’68%‘?%16?1%}?“)& SY{rEY Sr‘arﬁreétﬂ%raﬁ%%%focmr%greﬁmr‘ﬁrr@”stﬂr
reantiofdinGandradlif, reotibject is exposed to a first species that deposits
as a monolayer on the object. Then, the monolayer is exposed to a
second_species to form a fully reacted layer plus gaseous byproducts.

The proc®dZ MUATdaNsr FeMsIies until a desired thickness is achieved.
Atomic layertike pobitiinan dof viarpusnngiogsoto earoy ook theesasfithare

dﬁ'ﬁﬁg%q&%éﬁg %6’ a§et% §SP ?&%(?E!}!H{E ?ﬁfeﬁd@?&uﬁ%@ tho%@f@@r glel?c!smon

entitled "Method for Producing Compound Thin Films," United States
rﬂarérﬂlﬂrawrbfeﬁ@%féﬂ@%ﬁ&%ﬁr&%ﬁ%ﬂayehﬁrréﬁltlm*e%@r{ﬁr -gas

Pefiai el raptar daptisitfn Compoune deio ik Shividvidibamiid, janaee bige e
aLelflggﬁm‘é sﬁl’r}é/% &Q&&Hs 199iPRry 1 todd b &AG0 Qﬁéé@l&%&l:.% hgreby

incorporated by reference herein i its entirety. Atomic layer deposition
hd@Paiid B asrrlerina dhashiceherial s apotepositRne Bp & atsrrnd
parteenedutindettoriiaie theantit gasdhab gause thelde posiion tophatly

5?%&45@%!%‘&% %&?J% HSRQRNON O RLINASh:A QRPN T NG.SRAsINoN of

onolayer prOVI es
methods fo carry out the same are described in United States Patent Number 4,058,430 to

Suntola et i, entitled “Method for Producing Compound Thin Films," United States
Patent Nwmber 4,413,022 to Suntola er al., entitled "Method for Performing Growth of
Compound Thin Films," to Ylilammi, and George et af., 1996, 1. Phys. Chem. 160, 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 controlied conditions that cause the deposition to be self-limiting to
yield deposition of, at most, a monolayer. The deposition of a monolayer provides

precise conirol of film thickness and improved compound material layer uniformity.
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precise control of film thickness and improved compound material layer
uniformity. 57 Atomic layer deposition may be performed using equipment
such as the Endura Integrated Cu Barrier/Seed system (Applied
Materials, Santa Clara, California). 5.6.18 Hot filament chemical vapor

depBstaT Aeantina iRt brthe srusestpteatsESRE or more
|myersel heBphetddolt ajerarlia iR dvadegesitac hy-ho Chldsent. chemical
vapor deposition (HFCVD). In HFCVD, reactant gases are flowed over a
heated filament to form precursor species that subsequently impinge on

the substritdiet filageeniabamicalivraes rPsSEiIMN of high quality films.
HFCVDhhastieenbisnddn growpmewidapsaeaiynobidmsnmehdding tlirenond,
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\FS%Q enlﬁ‘3 i0 ensors: Micrc%eflef?%tr_o hemiﬁal Devi.(t:es,t.TQe Institute of
ysics Bubighng, " PIadshias 1682 Whithi< hérély incorporated by
reference in its entirety. The paste consists of a mixture of the material of
interesk, AMgERMGPINGES, and a solvent. The organic binder determines

the flow properties of the paste. The bonding agent provides adhesion of
particlld B SAEFAA U5 e GRHAE o @ BB U ke
theotinklitaicondu?td rradesistal bor sndespiiiaton Bhe kthographiesoatsngin

the,8Gteel M YISian S LansiRied @8I AOHIGNR-FHMGHRARLWRRch
structure_by forcing the paste through the mask openln%s with a
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sHiveegee: |dfvers/ andqpusies Mhdcscr Eenlomiotthe Bulssts&iblifbingg the
PASISUNRYIRSPGMIRLS NG SCERRN AL H}ﬁré?‘ér!%}%%? talmegonLPyLing

the last step, . the screen snaps back, the thick film paste that adheres

ettt RESHrER Ay Fratre L e s b StRaR SRSl i hE Pritbsd
patert sudrmiadminthéslivstypatperibefdeghation Tk thedprocess epdands

ODiERE ARERINES NG SHERT ANAINR IAUIROT HE RASLEGA M hake the

325-mesh Screen (i.e., 325 wires per inch or 40 sM holes) and a typical
pEKtR o AeR R PRSNGSR IRLOUN: c AR HEOBtRINE B bt difht ettt print
pastésomnishaddwahask poaipcosiplemdaithe process)sfictirgshartiin

?i%%gi&f%mgs@ BEANGS HENEUEL J0CRESRIIRR YhiVs MEthod iSJipierior
screen. Then the squeegee lowers and pushes the screen onto the substrate, forcing the
paste through openings in the screen during its horizontal motion. During the last step,
the screen snaps back, the thick film paste that adheres between the screening frame and
the substrate shears, and the printed pattern is formed on the substrate. The resolution of
the process depends on the openings in the screen and the nature of the paste. Witha
325-mesh screen (7.e., 325 wires per inch or 40 pM holes) and a typical paste, a lateral
resolution of 100uM can be obtained.

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

a thin metal foil with openings. However, the resolution of this method is inferior (=500
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58 M). After printing, the wet films are allowed to settle for a period of time
(e.g., fifteen minutes) to flatten the surface while drying. This removes the
solvents from the paste. Subsequent firing bums off the organic binder,
metallic particles are reduced or oxidized, and glass particles are

SR rd ey iing thmpe Attres Alloge et EO 6 1T OEIANHESAfifE the
thiskness Hithethesulfliog layedrangesHirasimbodd te 5MnOfiém the paste.

Sllsaiesning, Selp i ISRt 208 ARSI %@1%9&6%9 PR

mton, New YO mmer(:|a y ava al astes) that can e

Gaealins tratislaran PRIRGAg Trbitrl EnbsTrivies vegs %0 =N %Oﬂiﬁcetéiier
rmugmze e BneRWDRe AIn QLY IaA s AN d@dﬁpﬁlm@e\@ oﬁaaﬂassczer@ag
Tondisive pates e RSN PelElbAIARS SN AR 09 B

or Pt or a m|xture of these combined with glass, Re stlve pastes are
r@#ﬁ@wléﬂmﬁ@@mﬂ%@@ww@%&% e BEHEBOISY,
Smmm%e %iZQB)PJ h@m@smyitysiald@t@@nm@ozbu@!;y@dmgmgeraﬁ@
%ef Icgact S rﬁaﬁ?er B ugéfst(éé p@?g{ d‘i%ec\%eba%%%son aseﬁ ﬁ”gl'xm%{r?smPJ‘é%I% as
e%gnlbbémow R afmﬁ%mmfﬁl@,s%a@b&@%ﬁb@#ﬁ@nt%%laiwmﬁéﬁ%aﬁﬁé?aft?én,
%ﬁmgoﬁgi@@@o%?@ﬁs@lmwém?ﬁp@@% @@921099832%156
which ifhhere co&aorate(% Bg eference Qere ts en'ﬂrgté( ?T t
Electro %éersﬁse & HOSTHON R&rémboui m‘éeﬁ Sﬁhe SrEsghic pastes
a\pﬁ}cﬁi@aﬁ On ghnerorwese Wm@qh@gmw%Ram@ehs DGR §y adjusting
\ &l@&lﬁ%l SO RECHICRASH lféki) an%l@@%%%mmm@ag@w%m
ectroless p r | C
ﬁ R B R R T YA e
M@@@?Mﬂ@@bﬂdf@fﬂ@tﬂ@@@l@@@?ﬂm .example, Madou, Fundamentals of
Microfabrication, Second Edition, CRC Press, Boca Raton, Florida, 2002,
pp. 344-345, which is hereby incorporated by reference herein in its
entiretys.§20. Bledioriop@ingposanather embodiment of the present

applicagion &n&%ﬁ)@%@n@m&fe tavaltaic cellR, 99, are, fgposited

by electrop atlng{@ ctroplatin taies ace in an electrolytic cell. The
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reference herein in its entirety.

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 fayer 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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In some embodiments of the present application, grooves and/or via ducts
are formed by patterning one or more layers of the photovoltaic cells 700.
In some embodiments, such layers are patterned by semiconductor
photolithographic photoresist coating and optical imaging through an
optical mask, thereby it gratieE (digg Medade 292, 294, 296, and/or
298 of Figiie &inQnaRNTY ok phatalithoararhicRIce Ssing Naarcrrdance

with the present application begins with the coating of a resist layer over
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poly-butene-|-sulfone (PBS - (trifluoroethyl chloroacrylate) TFECA,
0188{()) Or%eer%-{:%gﬁ%cg e§ﬁné>g§%a¥3§f-{§mido ethyl acrylate) (COP),

poly-(2!ntethy kpépdenaischifonts) ¥PN PS) apéthedikéhapiptiaagned to react
embagiments otestesistdayer BHRasItNe aaIShe FREPRSHIVERSIFS resist
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oHomestlizatioR Onls it wetstetietim decord anmakediih st layer
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ephodiments, e 1esistlay Ll dORBSA) RS &d Ae 1hQ.erlf%th|epR
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rSERSTEES S5 ARTAIRYTG IC ERMINE "Bt AR EF HOS PERIST R PREE Deen
apphbéteha fteesitysiscoften inspifitbnhetersupiponsist 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-
formaldehyde novolak resin. See, for example, DeForest, Photoresist; Materials and
Processes, McGraw-Hill, New York, 1975, which is hereby incorporated by reference
herein in its entirety. 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.
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later processing. Accordingly, in some embodiments of the present
application, a bake is used to density the resist layer and drive off
residual solvent. This bake is referred to as a softbake, prebake, or
post-apply bake. Several methods of baking the resist layer are
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to pattern negative masks or positive masks. See for, example, Levison,
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prOJectt e pattern of a mask onto a solar ¢ Unlt IS a wafer stepper.
V@ﬁf@?’sgf‘émﬁg?glelflgiefhdl‘?ﬁ@‘ﬁ’fd and the exposed opague material etched. Mask

patterning is accomplished primarily by means of beam writers, which are tools that
expose mask blanks according to suitably formatted biosensor electrode patterns. In some
embodiments electron or optical beam writers are used to patiern 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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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
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dissalving rate. This means that during the develoging step some resist is
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used with positive resists in accordance with the present application are
aflexrisBen/Rtor SO tin HEEn GOSN SUTiBIS PR E SSTIa Yikaidy o-uty]

setatians can be sodium hydroxide or potassium hydroxide. Typical

nonionig 3QILIIQRRY L%gﬁ’a%%éﬁtr&@%%i%i@c&ﬂdiﬁ%H.aﬁ%WAqgé{wimum

hydroxide (TMAH). The rinse chemical for positive-resist developers is

Rz sadanpebanfsiepb e ol RITE S g RreGAR% & e sEEs MR Hiasduine
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resist in order to develop the latent image. Such methods’include, but are
nét Hﬁgﬁg@tﬁé{qmmi%@e 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,
tetramethylammonimurn hydroxide (TMAH). The rinse chemical for positive-resist
developers is water. A rinse is used for both positive and negative resists. This rinse is
used to rapidly dilute the developer chemical to stop the developing action.

There are several methods in which a developer may be applied to resist in order

to develop the latent image. Such methods include, but are not limited to, immersion,
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62 spray development, and puddle development. In some embodiments of
the present application, wet development methods are not used. Rather,
a dry (or plasma) development is used. In such dry processes, a plasma
etcher uses energized ions to chemically dissolve away either exposed or
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electrodes in the chamber. The field energizes the gas mixture to a
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Sﬂﬁt@ﬁ@nlﬂ%mgay@tﬁy %s%%?&%ng 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 usvally CT4 that is
mixed with oxygen. A power supply creates a radio frequency (RT) 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 vacuum system.
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63 A wide variety of plasma etchers may be used to perform etching, in
accordance with various embodiments of the present application. Such
etchers include, but are not limited to, barrel etchers, plasma planar
systems, electron cyclotron resonance sources, high density reflected
electroft 8dlirraihefipBimpsFbesonreds urduemieR B Stplae ﬁlé‘gi‘ﬁ’éiame
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benefits of directional ion milling. See, Van Zant, Microchip Fabrication,

FEGAAERGOh TR SREEHP: New York, 2000, pp. 256-270, hereby
incorpokatedvh ereincbyg elérenchefoypmol etchforhattion lerietthipgrform the
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the présent application. Residual layer removal. The result of the etching
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In some embodiments, the resist is stripped off with a strong acid such as
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strippers ‘and solventlamine strippers) and alkaline strippers (with or

without Bsxidim sy eregistifé dritbiserthenty sfdteesrasesdescribed 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>S04 or an acidoxidant combination, such as HpS04-Cr;03, attacking the resist
but not the groove to vield the fully patterned structure. Other liquid strippers include
organic solvent strippers (e.g., phenolic organic strippers and solventlamine strippers) and
alkaline strippers (with or without oxidants). In some embodiments of the present

application, a dry plasma process is applied to remove a resist. In such embodiments, the
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application, a dry plasma process is applied to remove a resist. In such
embodiments, the 64 patterned solar cell unit 280 is placed in a chamber
and oxygen is introduced. The plasma field energizes the oxygen to a
iﬁ%g energy state, which, in turn, oxidizes the resist components to gases
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embodiments, the longitudinal dimension | of the Ion 54&{ hotovoltaic

device SR CEHTHEENS BPYPESREY CE RN SITE? psigE
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be so-called thick-film semiconductor structures or a so-called
gafﬂ?ﬁtgﬁ?fﬁ@dﬁ Streter %}m&%&rs or greater, or 100 centimeters or greater. In

some embodiments, the width d (e.g., diameter) of the solar cell unit 270 is 3 millimeters
or more, 10 millimeters or more, 50 millimeters or more, 100 millimeters or more, 500
millimeters or more, 1000 millimeters or more, or 2000 millimeters or more.

The photovoltaic cells 700 of the solar cell units 270 may be made in various ways
and have various thicknesses. The photovoltaic cells 700 as described herein may be
so-calted thick-film semiconductor structures or a so-called thin-film semiconductor

structures.
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65 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. MERYREX(fitaddmEBNd variations of this
application can be made without departing from its spirit and scope, as
will be APpHFETICES Hise ikt Tameraitd Heindpeeftrn BobRAEHEY
desdsiheichhersi ardofiered: byt way atiexdinpleabplylianidibepapplicatient
s Bedmiisd ok b RIMBOINGARRENIT HalmS.ARRo Wi ihe,
fuli) scope of eauwalents to which such claims are entitled. 66"WHAT IS
i A1 lhpaEigieell unit comprising: (A) a substrate having a first
end ansiagecdriitands wideteinithe ulistipbt dansnatn @ast4da e tigick
gi%“&k%% font rié%%ri?a%% chcr?P"é‘, plyrafity a?fFBPe%E y %'}%asécs%ﬁ!% 5'1{‘%%2!}4. he
Isposed on the at least one rigid nonpianar surface, the plurality o
phetBiFcTeccans ity ainrse persVortanry cérxanpcralicaptibe
phetevaltaiciscel, imedeinhe fiestphotoveltpiscalllinsaigd Mupakith afe full
prgoot(e)\égltadgfﬁgllé 'g‘% ugl%% gf%ctric%l%ég S%Fries to the second
psnolfovot ic cell'in saltlzlcplsurghty g?ﬁf'uo ovoltaic 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 substrate has a Young's modulus of 70 GPa or greater. 5.
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 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 portion.. 8. The solar cell unit of claim 1, wherein a first portion of
the substrate is characterized
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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 67
cross-sectional shape are the same. 10. The solar cell unit of claim 8,
wher el ad ss-sectional shape and the second cross-sectional
shape are different. 11. The solar cell unit of claim 8, wherein at least
nin&yPeIeRLRLIAGIRNQLN of the substrate is characterized by the first
cross-sectional shape, 12. The solar cell unit of claim 8, wherein the first

cross-$&tasHsterdpRing pifiardagdnsecond sad e besghialhamset

h%@hke&;iﬂaa@hmua_tﬁ“&h:_]end& T_he solar cell unit_ of claim 1, Wherein
each phgtoxpligic, cellinsritRIvEAltLoh PRRIOvAltaiGteliscampisas: a

back-electrode circumferentially disposed on the substrate; a .
MBSt aten i chrRt EpttednveOisrsouatrBn afEs brltesniRirsaR
amd g&eﬁﬁﬁlﬁ;ﬂﬂf@_«iﬂﬁ@ﬁéﬂpﬂu&wyer_circquerent_ially disposed on the
semicopdyt _hd%%ﬂ%@néﬁ%@é@fﬁﬁ!ﬁiﬁ?'&%%ﬁé‘%}{t&é 94?&%%}68&33&09"5

comprises: a first terminal photovoltaic cell at the first end of said
stltsstcatly: i sees e rAirdIRbYBitae dairid e L sharaRy driae!s:

substrate; and at least one intermediate photovoltaic cell between said
firstierminal PGIRYoliale Cllans saif aReand ARG Sl M1 ED.
the transparent conductive' layer of each intermediate photovoltaic cell in
sHigreiteast one intermediate photovoltaic cell is in serial electrical
communication with the back-electrode of an adjacent photovoltaic cell in
saiqplurality. of %@8%%1“%!5%?@?&%&5‘3- ! %mﬁé%!aax{ Cea'kf%ﬂl'}\go{ r%lf‘;icitrﬁ'uﬁlbf 40 GPa
wherein each puhotovo aic cell'in sal pFura ity o photovoltaic cells
corgisrises: a back-electrode circumferentially disposed on the substrate; a
semiconductor junction circumferentially disposed on the back-electrode;

ai!dn%%%?xsc%ﬁﬁ%‘%&%?&% '\ L%Q{Srsa‘i' L%L%Ee{c?ﬁé'saﬁ'%d'S%Q?ﬁ%%xﬂﬂs%~ 0 GPa
semiconductor junction, arid wherem the solar cefl unit further comprises
actrgiagiparent tubular casing that is circumferentially disposed onto the

transparent conductive layer of all or a portion of the photovoltaic cells in

said plurality gf photoyaltajc cells. 15, The solar cell unit of any one, of
powi LRIl AR Ere e N e
cells comprises:

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

arigid solid rod.

7. The solar cell unit of claim 1, wherein all or a portion of the substrate is characterized
a circular cross-section, an ovoid cross-section, a ftriangular cross-section, a

by | tion, d t t I 18

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.

8. 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 &, wherein the first cross-sectional shape and the second
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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
semicondugtor junction, and wherein the solar cell unit further comprises:
STRHET R ?saﬁelrrﬁc)lﬁﬁ%f%eréntially disposed onto the transparent
conductive layer of all or a portion of the photovoltaic cells in said plurality

pr *IQE%QJJ%}E@J Gﬁi{%féﬁﬁn%,tﬁﬁﬁ%fm briar Casing ARt Snd the second
cwcumfers}g}ﬁlé Ily dlspg_ d on said filler layer. 16. The solar cell unit of

S8 81 e ti&Fhyer comprises ethylene vinyl acetate (EVA),
silicone, silicone gel, epoxy, polydimethyl siloxane (PDMS), RTV silicone

rHD0RY, RALY VIIMLRUY ERlADY BheBRrNRRIASHE PR EQ haRE 1T B3t Be

polycarbonate, an acrylic, a_fluoropolymer, or a urethane. 17. The solar
SEfishAt ﬁféﬁﬁﬁeﬁﬁw&éiﬁriﬁ‘g?ﬁﬁ‘fﬁw RS viscosity of less than 1 x

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

thermal Coetlisionk OF SARANSIRO. O BrEAeLIDANRA0% Jsf?aﬁ’i&l&x%r H3Gne

solar cell unit of claim 15, wherein the filler Ia)éer is formed from silicon oil

ey Wﬂﬁ“&e[{ﬁ@]@&ﬁ}@ﬁ@ﬁs@@leaﬁ 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 photovoltaic 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
photoveltaic cell and said second photovoltaic cell, wherein the fransparent 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 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 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 cetl 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 fransparent conductive layer circumferentially disposed on the semiconductor
Junction, and wherein the solar cell vnit further comprises:

a filler layer that is circumferentially disposed onto the transparent conductive
tayer of all or a portion of the photovoltaic cells in said plurality of photovoltaic cells; and

a transparent tubular casing that is circumferentially disposed on said filler layer.

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

polycarbonate, an acrylic, a 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°cP.

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 layer is formed from silicon oil

mixed with a dielectric gel.
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