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PHOTOVCOLTAI C DEVI CE W TH CONTAI NER COVPRI SI NG VOLUME
COVPENSATI ON CROSS REFERENCE TO RELATED APPLI CATI ON
This application clains benefit of U S. Provisional
Pat ent Application No. 60/926,901, 5 filed on April
30, 2007, which is hereby incorporated by reference
herein in its entirety. This application also clains
benefit of U S. Patent Application No. 11/998, 780,
fwbess/omrNovenber 30, 2007, which is her qiéymsms,oessﬂﬁ
i'ncorporated by reference herein in its entirety.
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Fig. 2 is a cross-sectional illustration of the
| ayers found in a nonpl anar photovoltaic device

havi ng a di aphragm Fig. BAillustrates a
parti al perspective view of a nonpl anar photovoltaic
devi ce having a di aphragm . Fig. 3B illustrates

a partial perspective view of the nonpl anar
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Fig. 2 is a cross-sectional illustration of the layers found in a honplanar photovoltaic device

having a diaphragm.

Fig. 3A illustrates a partial perspective view of a nonplanar photovoltaic device having a

diaphragm.

Fig. 3B illustrates a partial perspective view of the nonplanar photovoltaic device of Fig. 3A

with a cutaway to further illustrate the diaphragm.



easi |y assenbl ed even in the case where the
phot ovol tai ¢ device is based upon a non-planar WO
2008/ 136972PCT/ US2008/ 005506 substrate. Further, the
application is.directed to photovol taic devices-that
i ncorporate such inmproved filler |layers. Photovoltaic
devi ce construction nethods are provided. In
paiig Bullairaies prpdrivdpetsspéctve vengi thewnplmgr ppiiovibacakti@iobFig. 3A
with SIE30E GESIHD Rher ARt BlaARchrd AN BRSQf Material with
substantially different thermal coefficients of
expansion are provided. 5In the interest of clarity,
nofigail) illgsfratesiq gartiadprrspesdvefvisgtofitherpnplfnat phegovoltaic device of Fig.
i npl enent ati ons descri bed herein are shown and
described. It will, of course, be appreciated that in
t he devel opnent of any such actual inplenentation,
nuner ous i npl enent ati on-speci fi c deci sions nust be
made in order to achieve the devel oper's specific
goal s, such as conpliance wth application- and
busi ness-rel ated constraints, and that these specific
goals will vary fromone inplenentation to 10 anot her
and from one devel oper to another. Moreover, it wll
be appreciated that such a devel opnent effort m ght
be conpl ex and tinme-consum ng, but woul d neverthel ess
be a routine undertaking of engineering for those of
ordinary skill in the art having the benefit of this
di scl osure Referring to Figures 2 and 4A, as used in
this specification, a photovoltaic device 10 is a 15
device that converts 1ight energy to electric energy,
and contains at |east one solar cell 12. A
phot ovol tai c device 10 may be described as an
integral formation of one or a plurality of solar
cells 12. In sonme instances, a plurality of solar
cells 12 are coupled together electrically in an
el ongated structure in order formthe photovoltaic
devi ce. Exanpl es of such photovoltaic architectures
are found in United States Patent No. 7,235, 736,
whi ch is hereby incorporated by 20 reference herein
inits entirety. For instance, each solar cell 12 in.
an el ongat ed photovoltaic device 10 nmay -occupy a
portion of an underlying substrate 102 common to the
entire photovoltaic device 10 and the solar cells 12y
be nonolithically integrated with each other- so that
they are electrically coupled to each other either in
series or parallel. Alternatively, the el ongated
phot ovol tai ¢ device 10 may have one single solar cel
12 that is disposed on a 25 substrate. In sone
enbodi nents, a photovoltaic device 10 has 1, 2, 3, 4,
5 or nore, 20 or nore, or 100 or nore such sol ar
cells 12 integrated onto a conmon substrate 102. In
general, a photovoltaic device 10 is nmade of a
substrate 102 and a nmaterial, operable to convert
light energy to electric energy, disposed on the
substrate. In certain nonplanar enbodi nents, such.
material may circunferentially coat the underlying
substrate. In sonme enbodi nents, such 30 materia
constitutes the one or nore solar cells 12 disposed
on the substrate. The material typically conprises
mul tiple |ayers such as a conducting material, a
sem conductor junction, and a transparent conducting
material. 1.1 VOLUVE COVPENSATI ON 35Bot h pl anar
phot ovol t ai ¢ devi ces 10, sé&&h as depicted in Figure
4, and photovoltaic WD 20081136972PCT/ 1TS2008/ 005506
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devi ces 10 that are nonplanar, such as depicted in
crosssection in Figure 2, are enconpassed in the
present disclosure. In the photovoltaic device 10 of
Figure 2, a transparent casing 310 circunferentially
covers underlying active layers. In sonme cases, the
phot ovol tai ¢ device 10 that is nonplanar is
cylindrical or tubul ar as depicted in Figure 2. As
usedodaessezn, the term5 "cylindrical” meaRgRRbGiss
having a cylindrical or approximately cylindrica
Sb@Pehich it diapifiem 16y dxpiddidlifiddhe RRbE Ghs s.raaamfaaﬁ -
irregul ar shapes so long as the object, taken as a
whol e, is roughly cylindrical. Such cylindrica

shap & teiussaiessgilanat phasovgiisic davieodth a ovturkeGbinmedon(centgncr.
a tube). As used herein, the term"tubul ar” means
obj egt.s r o te ubul ar
hapa ™ 1WA <ol Bl R TS PR
gWE §w§8mPBH§ as the obJect taken as a whole, is 10

~roughly tubular. Figure 2 illustrates the
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ngpvoltalc deyi ce 'S non
Of ”\PS?P&P@“&W@‘@G‘W@WQ'@W‘? ate 102. In the
nonplanar enbodi nents exenpLified by Figure 2, the
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enbodlnents a flexible dlaphragn150 seal s off one
end B SChlﬁlsthitbk b pa&pmww&f of 2 SuAPPLikeABed PR c&.\ﬂrrJezefoxtJaﬁme

&%ugﬁm, %ﬂ i.s. capped. In such

W core
odi rrents e colhptlagmr &gmﬁlémdm%fefl ned by the

hoIIOM/core of the substrate 102, the flexible

di apfig. aPnivSBitcat papectienGkwair a tdiepsibR biiRw HRcEntiRPEr Johe
Sfndion B iRl Bl RSN by COTE. |0 sOrTe
enbodi ments, a flexible diaphragm50 is used on each
end of the hoIIOM/core of the substrate 102 to sea

t he D9 SE fingitetesy pepprctive view ofauabiereinbypckionmingr Sor viling:
compthatidhake i2 DndnSlatebiphed phyoviiBR dh@le] oW core of the
substrate 102, the Flrst fl exi bl e di aphragm 50 at one
end of the hollow core, and the second flexible

di apgigsagROHirsEate arrdretectional viey of hestdwid tyBawonsinee for Va0 e
conipoehionsitiss nonplenat @ Plamd iRlovalGic Bdgel i tt1 e or no air
pressure In some enbodi nents, the container 25 is

3; a conpl ete vacuum In sone enbodi nents, the
c ont 14T SO MuTEL P oome el 20 178 in vasicus aonplivarsodo
cfflon, 25 | ess than 100 Ton, or |less than 500 Ton of
pressure. In sone enbodinents the container is
flllece th an inert gas such as helium neon, or :
ar gon . Tererence NS IFE 19 GeTesRendiedads tuenghqyt thegyerd! ews of the
dﬁvﬂﬁlEWﬂP“@aﬁfb%d@hmma@kerlzed by a cross-section
bounded by any one of a nunber of shapes other than
the circul ar shape depicted in Figure 2. The boundi ng
shape can be any BA DOESERIEIIONovoi d, or any shape
chafgs, ot h.cu ved
:Ipﬁﬁcht&ﬁ@s dg&;téa Qtﬁmglrove%?ﬂlmrrggs ﬁlm%mtovol S u r S éhaé?n be

. ﬁrfaclg @é l1ce o iCUr ve
SRR B ffé"*eﬁﬁlear%qrol&e dpyigsdsbpseq ppop A posymianar
i ncl udi ng trlangular rect angul ar, pentangul ar,
hexagonal , or having any punber of |inear segnented
surfaces. O, the cross-séction can be bounded by any
conbi nation of |inear surfaces, arcuate surfaces, or
curved surfaces. As described herein, for ease_of
di scussion only, an omifacial circular cross-section
is illustrated to represent nonplanar 35 enbodi nents
of the photovoltaic device 10. However, it should be
noted that any WD 20081136972PCPUS2008/ 005506
cross-sectional geonetry may be used in a
phot ovol tai c device 10 that is nonplanar in practice.
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20 et hyl ene-vinyl acetate (EVA). For instance, EVA
has a volunetric thermal coefficient of expansion of
bet ween 160 and 200 x 104/ C whereas soda |ine gl ass
has a volunetric thermal coefficient of expansion of
8.6 x 104/ C. By contrast, the gels, resins,
non-solids, or otherw se highly viscous matter used
for the Eller conposition of the filler layer 330 in
t we 2@present di scl osure have a vol unetri ¢ peh@simloossos
coefficient of expansion that is greater. than 200 x
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expands. Howeveéer e force of expansion is offset by
t he di aphragm 50, which is forced inward into the 15
cont ai ner 25 due.1t\wLtUmE CoMPENSATIDI cted in Figure
3D. BJIh;ﬁa:ﬁxep‘ﬁbtﬁ%ﬁQQ@er;s 1bRGndl @ﬁ%}%g B0 oS 1S5S t},.l,‘an
the resistance of the outer end cap Tn Shov ﬁ

" the photovol taic device 19 or t he side malls of
either the substrate 102 or the transparent casing
300. Thus, the force generated by the expandi ng
volune is directed onto the diaphragm 50. Wen
cool ed, the pressure goes down and the di aphragm 50
returns to the | ower pressure position-depicted in
Figures 34 20 through 3C. Thus, Figure 3 illustrates
how a container 25 within an inner volune defined by
the substrate 102 and outer the transparent casing
310 is fornmed. In particular, in Figure 3, the




WD 20081136972Pel/ 11520010005506 made of silicone
rubber. Silicone rubber is a rubberlike materi al
having a tensile strength of between 400 Ib/in2 to
700 I'b/in2 (2.78 to 4.85 x 106 N nR2) elongation. In
sonme enbodi nents, the di aphragm 50 i.s nmade of

SI LASTI Ce silicone rubber (Dow Com ng). As used-

- herein, the term"elastoner"” is used to describe both
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naoreaiisemd synthetic materials which arerceh@mbsionssar
5 resilient and in general resenble natural rubber in
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vol une of the container 25 is Y arbitrary volunetric
units, but- when the photo¥oltalc device 10 is heated
durlng normal operation, fhe container 25 volune is
reduced to as little as 0.5Y arbitrary: vol unetric
units, for a.fifty percent reduction in volune,
because the di aphragm 50 expands into the interior of
t he contai ner 25. The above-described vol une
conpensati on apparatus can be used in the context of
35 planar substrates 102 such as the one illustrated
in Figure 4A. In such enbodi nents, a bank of WD
2008/ 136972PCT/ US2008/ 005506 pl anar sol ar cells 12
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phot ovol tai ¢ device 10 is nonpl atuu-. For exanpl e,
referring to Figure 48, in addition to or instead of
a container 25 within substraie 102, one or nore
containers 25 nmay be i mmersed sonewhere in the inner
vol ume 802 defined by the substrate 102 and the
transparent casing 310, other than the interior of

‘the substrate 102, such as in the space between the

seloxneegRdes 12 25 on the substrate 102 ang.hhs
transparent casing 310 or at either or both ends or
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ool e b RBE BRI 108 oAb o FRee 2 SeinaR earne it
exanpl e, in one nonI|n1t|ng enbodi nent, when the
phot ovol tai ¢ device 10 is®cold, the. container vol une
~of the container 500 is Y arbltrary vol unetric units,
but when the photovoltaic device 10 i's heated during
normal operation, the container 500 volume is reduced
to as little as 0.5Y arbitrary volunetric units, for
a fifty percent reduction in volunme, because the
wal | s of the container 500 collapse 20 into the
interior of the container. In sonme enbodi nents, the
contalner 500 has I|ttIe or no air pressure. In sone
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Figure 5B illustrates a spring | oaded type contai ner
510 for volune conpensation use in a nonpl anar or

pl anar photovoltaic device 10. In sone enbodi nments,
the contai ner 510 has a 30cross-sectional shape, with
respect to axis x, that is round, square,

ellliptical, a parallelogram triangular, polygonal,
arcuate, or any other two-dinmensional: regular or

I mreegestiiamorzcl osed form shape. I n sonme enbogim@bdooosshdre
contai ner 510 has a cross-sectional shape, with
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vol une of at Ieast one cuhic centineter, at least 10
cubic centimeters, at |east 20 cubic centineters, at
| east 30 cubic centineters, at |east 50 cubic
centineters, at |east 100 cubic centinmeters, or at
| east 1000 25 cubic centineters. Fi gure 5C
‘illustrates a dual spring |oaded type container 520
for volune conpensation use in a nonplanar or planar
phot ovol tai ¢ device 10. In sone enbodi nents, the
contai ner 520 has a cross-sectional shape, wth
respect to axis x, that is round, square,
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15a fifty percent reduction in volune, because the
seals 514 reversibly collapse into the interior of
the container. In some enbodi nents, the container 510
has little or no air pressure. In sone enbodinents,
the container 520 is under. a conpl ete vacuum In sone
enbodi nents, the container 520 is. under |ess than 20
Tort less than 40 Tort | ess than 100 Torr, or |ess
twenwbdyrdort of pressure. In sone enbodipgBiisosotsbl
cont.ainer 520 is filled wth an inert gas such as 20
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metal. The flexible seale container 540 is
responsive to changes in the volume of filler |ayer
330. When a photovoltaic apparatus 10 is operating at
hi gh tenperatures, all or a portion of the flexible
seal ed contai ner 540 contracts due to thernal
expansion of the filler layer 330. Further, when a
phot ovol tai ¢ apparatus 10 is operating at |ow
tenperatures, all or a portion of the flexible sealed
15 contalner 540 expands due to thernal contraction
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WO 2008/ 136972PCTM52008/ 005506 operating at high
tenperatures, all or a portion of the flexible seal ed
cont ai ner 540 contracts due to thermal expansion of
the filler layer 330. Further, when a photovoltaic
apparatus 10 is operating at |ow tenperatures, all or
a portion of the flexible sealed container 540
expands due to thermal contraction of the filler
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pol ypropyl ene. Chem cal properties of these materials
are described in Marks' Standard Handbook for

Mechani cal Engi neers, ninth edition, 1987,
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conducting material 104 include any conduct i ve
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a netal -carbon black-filled oxide, a graphite-carbon
bl ack-filled oxide, a carbon bl ack-carbon
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| east 30% or at |east 40% or at |east 50% or at

| east 60% or at |least 70% or at |east 80% or at

| east 90% or at |east 95% of the underlying
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WD 20013/ 136972PCT/ 1352008/ 005506 In one
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vari ation thereof. In sone enbodi nents, the
transparent casing 310 conprises a plurality of
transparent 35 casing layers. In sone enbodi nents,
each transparent casing |layer is conposed of a
different WD 2008/ 136972PCT/ U82008/ 005506 materi al .
For exanple, in sonme enbodi nents, the transparent
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20 here. In some enbodi nents, the transparent casing
310 is nmade of silicon dioxide (fli0O2) glass In sone
enbodi ments, the transparent casing 310 is made of
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(e.g., sodium carbonate Na2C33), or potash, a
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Optional fluorescent material. In sonme enbodinents, a
fluorescent material (e.g., lumnescent material,
phosphorescent material) is coated on a surface of a
| ayer of the photovoltaic device 10. In sone

enbodi nents, the fluorescent material is coated on
the lumna! 5 surface and/or the exterior surface of
transparent casing 310. In sonme enbodi nents, the

f won@ssent material is coated on the outyifosmidsace
of the transparent conducting material 110. In sone
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ultraviolet and violet region of the el ectromagnetic
spectrum and re-emt light in the blue 20 region.
Such conpounds include stil benes (e.g., trans-1,

2-di phenyl et hyl ene or (E)-1, 2- diphenyl ethene).

Mot her exenpl ary optical brightener that can be used
in the optional fluorescent |ayers of the present
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used herein Rt i & f1'S7 palkmer ser Fﬁsans
fuflgyepe- Hﬁ”BWQPF?ﬂﬁ@“ﬁﬁy@ﬂ*ﬁ@ﬂ&wbpmsed on the fifi
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seal s an underlying |aye SPrudture P8
circunferentially disposed around the fuII peri met er
of the underlyi-ng | ayer 15or structure and al ong the
full length of the underlying |ayer or structure.
However, it is possible for a circunferentially
sealing |l ayer or structure does not extend al ong the
full length of an underlying layer or structure.
Rigid. In sone enbodi nents, the substrate 102 and/or
the transparent casing 310 is rigid. Rigidity of a
mat eri al can be neasured using several different
metrics including, but not 20 limted to, Young's
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Rubber (small strain) Low density polyethyl ene

Pol ypr opyl ene Pol yet hyl ene terephthal ate Pol ystyrene
Nyl on Alum numalloy G ass (all types) Brass and
bronze 0.01-0.1 0.2 1.5-2 2-2.5 3-3.5 3-7 69 72
103-124 1, 500- 15, 000 30, 000 217, 000- 290, 000 :

290, 000- 360, 000 435, 000- 505, 000 290, 000- 580, 000

10, 000, 000 10, 400, 000 17, 000,000 WO

20%bka&872. PCl UUS2008/ 005506 Mat eri al YOURG R 200adisheUS
(E) Young's nmodulus (E) in

least 30%, or at least 40%, or at least 50%, or at least 60%, or at least 70%, or at least 80%, or

at least 90%, or at ieast 95% of the underlying conductmg material 104, Semiconductor

. Ju.ucnon 106/108 is any photovoltmc homojunction, heterojunction, heteroface j Junction, buried

.homojunction, a p-i-n Junctwn or a tandem junction having an absorber layer that is a direct
band-gap absorber (e.g., crystalline silicon) or an ihdiréct band-gap absorber (e.g., amorphous
silicon). Such junctions are described in Chapter I of Bube, Photovoltaic Materials, 1598,
Imperial College Press, London, as well as Lugue and Hegedus, 2003, Handbook of
Photovoltaic Science and Engineering, John Wiley & Sons, Ltd., West Sussex, England, each
of which is hereby incorporated by reference herein in its entirety. As such, it is entirely
possible for the semiconductor junction 106/108 to have more than just two layers (e.¢., layers
other than or in addition o an absorber 106 and window layer 108). Details of exemplary types
of semiconductors junetions 106/108 in accordance with the present disclosure are disclosed in
below. In addition to the exemplary junctions disclosed below, the junctions 106/108 can be

_ multijunctions in which light traverses into the core of the Jjunction 106/108 through multiple

junctions that, preferably, have successfully smaller band gaps. In some embodiments, the
‘'semiconductor junction 1067108 inciudes a copper-indium-gallivm-diselenide (CIGS) absorber
. layer. )

In some embodiments where a nonplanar substrate 102 is used, the semiconductor -
junction 106/108 comprises an inner layer and an outer layer where the outer layer comprises a
first conductivity type and the inner layer.comprises a second, opposiie, conductivity type. In
an exemplary embodiment, the inner coaxial layer comprises copper-indium-gallium-diselenide
(CIGS) whereas the outer coaxial layer comprises In;Se3, InyS3, ZnS, ZnSe, CdinS, CdZrS,
Znln,Seq, Zn,.Mg,Q, CdS, Sn0s,, ZnO, Ze0,, or doped ZnO.

Optional intrinsic layer. Optionally, there is a thin intrinsic layer (i-layer) 415 disposed
on all or a portion of the semiconductor junction 106/108. By “a portion of” it is meant at least
20%, or at least 30%, or at least 40%, or at least 50%, or at least 60%, or at least 70%, or at
least 80%, or at least 90%, or at least 95% of the surface arca of the semiconductor junction
106/108. The i-layer can be formed vsing any undoped transparent oxide including, but not
Iimited to, zinc oxide, metal oxide, or any transparent material that is highly insulating. In
some embodiments, the i~layer is highly pure zinc oxide.

Transparent conductive layer 110. Transparent conductive layer 110 is disposéd on all
ora porﬁon of the semiconductor junction 106/108 thereby completing the active solar cell
circuit. By “a portion of” it is meant at least 20%, or at least 30%, or at least 40%, or at least
50%, or at least 60%, or at least 70%, or at least 80%, or at least G0%, or at least 95% of the

surface area of the semiconductor junction layer 410. As noted above, in some embodiments, a
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in GPalbViol (psi) Titanium (Ti) Carbon fiber
reinforced plastic (unidirectional, along grain)

W ought iron and steel Tungsten (W Silicon carbide
(Si ©) Tungsten carbide (WC) Single Carbon nanotube

D anond (C) 105-12015, 000, 000-17, 500, 000 '
15021, 800, 000 190-21030, 000, 000

400- 41058, 000, 000- 59, 500, 000 45065, 000, 000
4026%0ke; 000, 000- 94, 000, 000 1, 000+145, 0GR+ HBos00s506
1, 0504, 200150, 000, 000- 175, 000, 000 In some enbodlnents
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In general, the extent to which a body (e.g., the
substrate 102, the transparent casing 310, etc.)

defl ects under a force, e.g., the stiffness of the
body, is related to the Young's Mdul us of the
material fromwhich it is made, the body's |ength and
cross-sectional dinensions, and the force applied to
the body, as is known to those of ordinary skill in
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di mensi on, WD 2008/ 136972PCT/ US2008/ 005506 f or
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20 108. Layers 106 and 108 are conposed of different
sem conductors with different band gaps and el ectron
affinities such that the junction partner |ayer 108
has a | arger band gap than the absorber |ayer 106.

For exanple, in sonme enbodi ments, the absorber |ayer
106 i sp-doped and the junction partner layer 108 is
n-doped. In such enbodi nents, the transparent
condueting | ayer 110 is 25 nE-doped. | n alckeslnhsye
enbodi nents, the absorber |ayer 106 is n-doped and
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-substantially all of the electricity generated by the

junction 106/ 108 derives fromthe absorption of
photons by the absorber. In sonme junctions 106/108 of
the present application, a significant 20 portion if
not substantially all of the electricity generated by
a solar cell 12 in the photovoltaic device 10 (e.qg.,
the electrons in the external |oad) derives fromthe
absorption of photons by the absorber, e.g., greater
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hydr ocar bons and derivatives of hydrocarbons as set
forth by Meller, 1982, Inorganic 5 Chem stry, A
nodern I ntroduction, Wley, New York, p. 2, which is
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or nore of the material Aaki ng up the absorber and/or
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(hexagonal lattice) crystal system that that each
conformto the symmetry of the hexagonal crystal
system or that each conformto the symmetry of the
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WD 2008/ 136972PCT/ US2008/ 005506 However, it is

recogni zed that polynmer materials may have

short-range crystalline regions. Band gaps. In
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In sone enbodi nents the absorber |ayer in a

sem conduct or junction 106/108 is graded such that
the band gap of the absorber |ayer varies as a
function of absorber |ayer depth. As is known in the
art, for the purposes of nodeling, such a graded
absor ber | ayer can be nodel ed as stacked | ayers, each
with a different conposition and correspondi ng band
gep.2e0fawere NSt ance, in 20 sone enbodi ment SperfybRosmnosses
absorber layer in a sem conductor junction 106/ 108
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However, in some enbodi nents, the band gap ranges
between the first value and the second value in a
nonl i near gradient or even a discontinuous fashion as
a function of absorber depth. Mreover, in sone 15
enbodi ments, the band gap ranges between the first

val ue and the second value in such a manner that the
band gap increases and decreases a plurality of tines
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ranges between a first value in the range of 1 eV
(1240 nm to 1.6 eV (775 nm and a second value in
the range of 1 eV (1240 nm to 1.6 eV (775 mu), where
the first value is less than the second value. In
sonme enbodi ments, the absorber |ayer or the junction
partner layer in a sem conductor junction 106/108 of
the present application is characterized by a band
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(1771 tun) to 2.2 eV (563 rul)®™nd a secoffimifse jn
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of the present application is c |zed :
i A o et ol 8‘@rs§éﬂqo
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Brdsednd brtv@e Second val ue. I'n sqopizenbodi ment $7,000l60
absorber | ayer or the junction partner Iayer in a
sem conductor junction 104/ 108 of the present
application is characterized by a band gap that
ranges between a first value in the range of 0.9 eV
(1378 rim to 1.8 eV (689 nn) and a second val ue in
the range of 0.9 eV (1378 run) to 1.8 eV (689 nm,
where the first value is greater than 35 the second
val ue. I n sone enbodi nents, the absorber |ayer or the
junction partner layer in a WO
2008/ 136972PCT/ US2008/ 005506 sem conduct or junction
106/ 108 of the present application is characterized
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Material (type) Density Band Gap Electron Role
Dielectric (glen?) gap transition Mbility Mbility
Const ant (e'"V) (cnRVis) (cmVis) B _ 1.53 1|

WO 2008/136972 , ' ' PCT/US2008/005506

Young's modulus (E) Young's modulus (E) in

- Material | in GPa Ibffin® (psi)
Titanium (Ti) T 10120 15,000,000-17,500,000
(onicieciionas somg ooty 150 21,800,000
Wrought iron and steel \ 190-210 30,000,000

* Tungsten (W) . 400-410 58,000,000-59,500,000

. Silicon carbide (SiC) 450 65,000,000
Tungsten carbide (WC) : 450-650 . 65,000,000-94,000,000
Single Carbon nanotube 1,000+ 145,000,000
Diamond (C) 1,050-1,200 150,000,600-175,000,000

In some embodiments of the present application, a material (e.g., the substrate 102, the

transparent casing 310, etc.) 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 a material {e.g., the
substrate 102, the transparent casing 310, eic.) is deemed 1o be rigid when the Young's modulus
for the material is a constant over a range of strams Such materials are called linear, an& are
said to obey Hooke’s law. Thus, in some embodiments, the substrate 102 is made out of a linear
material that obeys Hooke’s law. Examples of linear materials include, but are not limited to,
steel, carbon fiber, and glass. Rubber and soil (except at very low strains) are non-finear
materials. In some embodiments, a material is considered rigid when it adheres to the small
deformation theory of elasticity, when subjected to any amount of force in a large range of
forces (e.g., between 1 dyne and 10° dynes, between 1000 dynes and 10° dynes, between 10,000
dynes and 107 dynes), such that the material only undergoes small elongations or shostenings or
other deformations when subject to such force. The requirement that the deformations (or
gradients of deforrnations) of such exemplary materials are small means, mathematically, that
the square of either of these quantitics is negligibly small when compared 1o the first power of
the quantities when exposed to such a force. Another way of stating the requirem;ent for a rigid

* material is that such a material does not visibly deform over a large range of forces (e.g.,

between 1 dyne and 10° dynes, between 1000 dynes and 10° dynes, between 10,000 dynes and
107 dynes), is well characterized by a strain tensor that only has linear terms. The strain tensor
for materials is described in Borg, 1962, Fundamentals of Engineering Elasticity, Princeton,
New Jersey, pp. 36-41, which is hereby incorporated by reference hercin m its entirety. In

- some embodiments, a material is considered rigid when a sample of the material of sufficient

size and dimensions does not bend under the foree of gravity.
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In general, the extent to which a body (e.x., the substrate 102, the transparent casing
316, efc.) deflects under a force, e.g., the stiffness of the body, is related to the Young's
Modulus of the material from which it is made, the body’s length and crass-sectional
dimensions, and the force applied to the body, as is known to those of ordinary skill in the art.
In some embodiments, the Young’s Modulus of the body material, and the body’s length and
cross-sectional area, are selected such that the body (e.g., the substrate 401, casing 310, erc.)
substantially does not visibly deflect {bend) when a first end of the bbdy is subjected to z force
of, e.g., between 1 dyne and 10° dynes, between 100 dynes and 10?’ djmes, or between I0,000
dynes and 107 dynes, while a second end of the body is beld fixed. In some embodiments, the
Young’s Modulus of the body material, and the body’s length and cross-sectional area, are
selected such that the body (e.g., the substrate 401, casing 310, ctc.) substantially does not
visibly deflect when a first end of the body is subjected to the force of gravity, while a second
end of the body is held fixed.

Nom-planar. The present application is not limited to elongated photovoltaic modules
and substrates that have rigid cylindrical shapes or are solid rods. In some embodiments, 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 shape. The bounding shape can be any one of circular,
ovoid, or any shape characterized by one or more smooth curved surfaces, or any splice of
smooth curved surfaces. The bounding shape can be an n-gon, where nis 3, 5, or greater than
5. The bounding shape can also be linear in nature, including triangular, rectangular,
pentangular, hexagonal, or having any number of linear segmented surfaces. Or, the
cross-section can be bounded by any combination of linear surfaces, arcuate surfaces, or curved
surfaces.

In some embodiments, a first portion of the substrate 102 is characterized by a first
cross-sectional shape and a second portion of the substrate 102 is éharactcﬁzcd by a second
cross-sectional shape, where the first and second cross-sectional shapes are the same or
different. In some embodiments, at least zero percent, at least ten percent, at least twenty
percent, at least thirty percent, at least forty percent, at least fifty percent, at least sixty percent,
at least seventy percent, at least eighty percent, at least ninety percént or all of the length of the
substrate 102 is characterized by the first cross-sectional shape. In some embodiments, the first
cross-sectional shape is planar (e.g., has no arcuate side) and the second cross-sectional shape
has at least one arcuate side.

Elongated. For purposes of defining the term “elongated” an object (e. £., substrate,

elongated photovoltaic module, ete.) is considered to have a width dimension (short dimension,
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for example diameter of a cyiindrical object) and a longitudinal (long) dimension. In some
embodiments is deemed elongated when the longitudinal dimension of the object is at least four
times greater than the width dimension. In other embodiments, an 6bjcct is deemed to be
elongated when the longitudinal dimension of the abject is at izast five times- greater than the
width dimension. In yet other embodiments, an object is deemed to be clongated when the
longitudinal dimension of the object is at least six times greater than the width dimension of the
object. In some e.mbédime.nts, an object is deemed to be élcngated when the longitudinal .
dimension of the object is 100 cm or greater and a cross section of the object includes at least
one arcuate edge. In some embodiments, an object is deemed to be elongated when the
Iong:tudmal dimension of the object is 100 cm or greater and the object hasa cyimdncal shape
In some embodiments, the photovoltaic modules are elongated. In some embodiments, the

substrates are elongated.

1.3 EXEMPLARY SEMICONDUCTOR JUNCTIONS

- Referring to Figure 104, in one embod.lmcnt, semiconductor junction 106/ 108 isa
heterojunction between an absorber layer 106, disposed on all or a portion of the conducting
muaterial 104, and a junction partner layer 108, disposed onallora portion of the absorber layer
106. In other embodiments, junction partner layer 108 is disposed on all or a portion of back-
electrode 104, and absorber layer 106 is disposed on all or a portion of junction partner layer -
108. Layers 106 and 108 are composed of different semiconductors with different band gaps
and electron affinities such that the junction partner layer 108 has a larger band gap than the
absorber layer 106,

For example, in some embodiments, the absorber layer 106 is p-doped and the junction
partner layer 108 is n-doped. In such embodiments, the trans.pa.rent conducting Jayer 110 is
n’-doped. In alternative embodiments, the absorber layer 106 is n-doped and the junction
partner 1aye£' 108 is p-doped. In such embodiments, the transparent conductive layer 110 is
P -doped. In some embodiments, any of the semiconductors listed in Pandey, Handbook of
Semiconductor Electrodeposition, Marcel Dekker Inc., 1996, Appendix 5, which is hereby
incorporated by reference herein in its entirety, are used to form sennconductor junction
106/108.

Characieristics of solar cells based on p-n junctions. The principles of operation of
solar cells based on p-n junctions (which is one form of semiconductor junction 106/108) are
well understood. Briefly, a p-type semiconductor is placed in intimate contact with an n-type
semiconductar. At equilibrium, electrons diffuse from the n-type side of the junction to the
p-type side of the junction, where they recombine with holes, and holes diffuse from the p-type

29



10

15

20

25

30

35

65- 9.6 ZnS (n) 4.09 3.58 D 120 _ 83 ZnSe (n)
526 2.67 13 530 _ 9.1 WD 2008/ 136972

WO 2008/136972 , : PCT/US2008/005506

side of the Jjunction to the n-type side 6f the jun_ctioﬁ, where they recombine with electrons. The
resultant imbalance of charges creates a potential difference across the junction and forms a
“space charge region™ or “depletion layer,” which no Ionger contains mobile charge carriers,
near the }unction. '

The p-type and n-type sides of the junction are connected to respective electrodes that
are connected to an external load. In operation, one of the ftwo junction layers behaves as an
absorber, and the other junction layer is referred to as a “junction paxtner-layer." The absorber
absorbs photons having energies above the band gap of the material of which it is made (more
below), whick generates electrons that drift under the influence of the potential generated by the
junction. “Drift” is a charged particte’s response to an applied electric field. The electrons drift
to the electrode connected to the absorber, drift ﬁuﬁugh'the extemai Joad (thus generating
electricity), and then into the junction pariner layer. At the junction partner layer, the electrons
recombine with holes in the junction pariner layer. In some junctions 106/108 of the 'present-
appiication, a signiﬁcént portion if not substantially all of the clectricity generated by the
junction (e.g., the electrons in the external load) derives from the absorption of photons by the
absorber, e.g.; greater than 30%, greater than 50%, greater than 60%, greater than 70%, greater
than 80%, greater than 90%, greater than 95%, greater than 98%, greater than 99%, or
substantialiy all of the electricity gencrated by the junction 106/108 derives from the absorption
of photons by the absorber. In some junctions 106/108 of the present application, a sipnificant
portion if not substantially all of the electricity generated by a solar cell. 12 in the photovoltaic .
device 10 (e.g., the clectrons in the externat Ioad) derives from the absorption of photons by the
absorber, e.g., greater than 30%, greater than 50%, greater than 60%, greater than 70%, greater
than 80%, greater than 90%, greater than 95%, greater than 98%, greater than 99%, or
substantially all of the electricity generated by the solar cell 12 in the photovoltaic device 10
derives from the absorption of photons by the absorber. For further details, see Chapier 3 of
fandbook of Photovoliaic Science and Engineering, 2003, Luque and Hegedus (eds.), Wiiey &
Sons, West Sussex, England, the entire contents of which are hereby incorporated by reference
herein. '

Note that dye and polymer-based thin-film solar cells are generally not p-n-junction
solar cells, and the dominant mode of electron-hole separation is via charge carrier diffusion,
not drift in response to an applied electric field. For further details on dye- and polymer-based
thin film solar cells, see Chapter 15 of Handbook of Photovoltaic Science and Engineering,
2003, Luque and Hegedus (eds.), Wiley & Sons, West Sussex, Eng]and, the entire contents of
which are hereby incorporated by reference herein.

Material Characteristics. In some embodiments, materials for use in the semiconductor
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Junctions 106/108 are inorganic meaning that they substantially do not contain reduced carbon,
noting that negligible amounts of reduéed carbon may naturally exist as impurities in such
materials. As used herein, the term “inorganic compound” refers to all compounds, except
hydrocarbons and derivatives of hydrocarbons as set forth by Moeller, 1982, -Inarganic B
Chemistry, A modern Introduction, Wiley, New York, p. 2, which is hereby incorporated by
reference. '

In some embodiments, materials for use in semiconductor Jjunctions are solids, that is,
the atoms making up the material have fixed positions in space relative to each other, with the
exception that the atoms may vibrate about those positions due to the thermal energy in the
material. A solid ob_;ect i in the state of matter characterized by resistance to deformation and
changes of volume. At the rmcroscoplc scale, a solid has the following properties. First, the
atoms or molecules that make up a solid are packed closely together. Sccohd, the constituent
clements of solid have fixed positions in space relative to each other. This accounts for the
solid’s rigidity. A crystal structure, which is one non-limiting form of a solid, is a unique
arrangement of atoms in a crystal. A crystal structure is composed of a unit cell, a set of atoms
arranged in a particular way; which is periodically repeated in three dimensions on a Iatnce
The spacing between unit cells in various directions is called its Iattice parameters. The
symmetry properties of the crystal are embodied in its space group. A crystal's structure and
symmetry play a role in determining many of its properties, such as cleavage, electronic band
structure, and optical properties. Third, if sufficient force is applied, either of the first and
second properties identified above can be disrupted, causing permanent deformation,

In some embodiments, the semiconductor jumction 1067108 is in 2 solid state. In some
embodiments, any combination of the substrate 102, the back-electrode 404, the semniconductor
Jjunction 106/108, the optional intrinsic Iayer 415, the transparent conductive layer 110, the
transparent casing 310, and the water resistant layer is in the solid state.

Many, but not all, of the described semiconductor materials are crystalline, or
polyarystalline. By “crystalline™ it is meant that the atoms or molecules making up the material
are arranged in an ordered, repéating pattern that extends in all three spatial dimensions. By
“polycrystalline” it is meant that the material includes crystalline regions, but that the
arrangement of atoins or molecules within each particular crystalline region is not necessarily
related to the arrangement of atoms or molecules within other crystalline regions, In _
polycrystalline materials, grain boundaries typically separate one crystalline region from
another. In some embodiments, more than 10%, more than 20%, more than 30%, more than
40%, more than 50%, more than 60%, more than 70%, more than 80%, more than 96%, more
than 99% or more of the material making up the absorber and/or the junction partner layer is in
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a crystaliine state. In other words, in some embodiments more than 10%, more than 20%, more
than: 30%, more than 40%, more than 50%, more than 60%, more than-70%, more than 80%,
more than 90%, more than 99% or more of the molecules of the material making up the
absorber and/or the junction partner layer of a semiconductor junction 106/108 are _
independently arranged into one or more crystals, where such cryStéls are in the triclinic,
monoclinic, orthorhombic, tetragonal, trigonal (thombohedral lattice), trigonal (hexagonal
lattice), hexagonal, or cubic crystal system defined by Table 3.1 of Stout and Jensen, 1989,
Xeray Structure Derermiﬁarian, A Practical Gﬁide, John‘Wiley & Sons, p. 42, which is hereby
incorporated by reference herein. In some embodiments, more than 10%, more than 20%, more
than 30%, more than 40%, more than 50%, more than 60%, more than 70%, more than 80%,
more than 90%, more than 99% or more of the molecules of the material making up the '
absorber and/or the junction partner layer of a semiconductor junction 106/108 are

~ independently arranged into one or more crystals that each conform to the symmeiry of the -

: triclinic crystal system, that each conform to the sytmnetry of the monoclinic crystal system,
that each conform to the symmetry of the orthorhombic crystal system, that each conform to the
symmetry of the tetragonal crystal system, that each conform to the symmetry of the trigonal
(thombohedral lattice) crystal system, that cach conform to the symmetry of the trigonal
(hexagonal lattice) crystal system, that that each conform to the symmetry of the hexagonal
crystal system, or that each conform to the symmetry of the cubic crystal system. In some
embodiments, more than 10%, more than 20%, more than 30%, more than 40%, more than
50%, more than 60%, more than 70%, more than 80%, more than 90%, more than 99% or more
of the molecules of the material making up the absorber and/or the junction partner layer of a
semiconductor junction 410 are independently arranged into one or more crystals, where each
of the one or more crystals is independently in any one of the 230 possible space groups, Fora
list of the 230 possible space groups, see Table 3.4 of Stout and Jensen, 1989, Xoray Structure
Determination, A Practical Guide, John Wiley & Sons, p. 68-69, which is hereby incorporated
by reference herein. In some embodiments, mere than 10%, more than 20%, more than 30%,
more than 40%, more than 50%, mare than 60%, more than 70%, more than 80%, more than
90%, more than 99% or more of the molecules of the materiat making up the absorber and/or
the junction partner layer of a semiconductor junction 17061' 108 are arranged in a cubic space
group. For a list of each of the cubic space groups, see Table 3.4 of Stout and Jensen, 1989,
A-ray Structure Determination, A Practical Guide, John Wiley & Sons, p. 68-69, which is
hereby incorporated by reference herein. In some embodiments, more than 10%, more than
20%, more than 30%, more than 40%, more than 50%, more than 60%, more than 70%, more
than 80%, more than 90%, more than 99% or more of the molecules of the material making up
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the absorber and/or the junétion partner layer of a semiconductor junction 106/108 are arranged
in a tetragonal space group. For a list of each of the tetragonal space groups, see Table 3.4 of

, Stouf and Jensen, 1989, X-ray Structure Determination, A Practical Guide, John Wiley & Sons,
p. 68-69, which is hereby incorporated by reference herein. In some embodiments, more than
10%, maore than 20%, more than 30%, more than 40%, more than 50%, more than 60%, more
than 70%, more than 80%, more than 90%, more than 99% or more of the molecules of the
material making up the absorber andfor the Junction partner layer of a semiconducior junction
410 are arranged in the Fm3m space group. The absorber and/or the junqt_ion partner layer of a
seﬁ}iconducmrjunction 106/108 may include one or more grain boundaries, -

In typical embodlmems the materials used in semiconductor j Juncuons 106/108 are solid
inorganic semiconductors. That i is, such materials are inorganic, they are in a solid state, and.
they are semiconductors, A direct consequence of such materials being in such a state is that
the electronic band structure of such materials has 2 unique band structure in which thereisan
almost fully occupied valence band and an almost fully unoccupied conduction band, with a
forbidden gap between the valence band and the conduction band that is referred to herein as
the band gap. In some embodiments, at least 80%, or at least 90%, or substantially of the
molecules in the absorber layer are inorganic semiconductor molecules, and at least 80%, or at
least 90%, or substantially all of the molecules in the Jjunction partner layer are inorganic
semiconductor molecules.

Others of the described semiconductor materials, such as Si in some embodiments, are
amorphous. By “amorphous™ it is meant a material in which there is no long-range order of the
positions of the atoms or molecules making up the material. For example, on length scales
greater than 10 nm, or greater than 30 nm, there is typically no recognizable order in an
amorphous material. However, on small length scales (e.g., less than 5 nm, or less than 2 nm)
even amorphous materials may have some short-range order among the atomic positions such
that, on small jength scales, such materials obey the requirements of one of the 230 possible
space groups in standard orientation.

In some embodiments, semiconducting materials suitable for use in various
embodiments of solar cells, sach as those described herein, are non-polymeric {e.g., not based
on organic polymers). In general, although a polymer may have a repeating chemical structure
based on the monomeric units of which it is made, those of skill in the art recognize that
polymers are typically found in the amorphous state because there is typically no long-range
order to the spatial positions of portions of the polymer relative to other portions and because
the spatial pesitions of such polymers do not obey the symmeiry requirements of any of the 23()
possible space groups or any of the symmetry requirements of any of the seven crystal systems,
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However, it is rccogni'zed that polymer materials may have short-range crystalline regions.

Band gaps. In some embodiments of the present application, at least forty percent, at
least fifty percent, at least sixty pe.rcent,-at least seventy percent, at least eighty percent, at least
ninety percent, at least ninety-five percent, at least 99 percent or substantially all of the energy
generated in the solar cell is generated by the absorber layer in a semiconductor junction
106/108 absorbing photons with energies at nrrabove the band gap of the absorb_er layer. For
example, at least about 30%, at least about 40%, at least about 0%, at least about 60%, at least
about 70%, at least about 80%, at least about 5%, at least about 90%, at least about 95%, at
least about 98%, at least about 99%, or even more of the energy generated in the solar coll is
generated by the absorber layer absorbmg photons with energles at or above the band gap of the
absorber layer. _ )

Usefully, in many embodiments, the absorber layer and the junction partner layer each
have a band gap between, e.g., about 0.6 €V (about 2066 nm) and about 2.4 eV {about 516 nm).
In some embodiments, a junction partner layer has a band gap between, e.g., about 0.7 eV _
(about 1771 rm) and about 2.2 eV (about 563 nm). In some embodiments, the absorber layer or
the junction partner layer in & semiconductor junction 106/108 has a band gap between, e.g.,
about 0.8 eV (about 1550 nm) and about 2.0 eV (about 620 nm). In some embodiments, an
aﬁsorber layer or a junction partner layer in a semiconductor junction 106/108 has a band gap
between, ¢.g., about 0.9 eV (about 1378 nm) and about 1.8 €V (about 689 nm). In some
embodiments, an absorber layer or  junction partner layer in a semiconductor junction 106/108

“has a band gap between, e.g., about | eV (about lé40 nm) and about 1.6 ¢V (about-T/S nm) In
some embodiments, an absorber layer or z junction partner layer in a semiconductor junction
106/108 has a band gap between, e.g., about 1.1 &V (about 1127 nm) and about 1.4 eV (gbout
886 nm). In some embodiments, an absorber layer or a junction partner layerina
semiconductor Junction 166/108 has a band gap between, e.g., about 1.1 eV (about 1127 nm)
and about 1.2 eV {about 1033 om). In some embodiments, an absorber layer or a junction
parlncr layerina semlconductor Junction 106/108 has a band gap between, e.g., about 1.2 eV
(about 1033 nm) and about 1.3 £V (about 954 nm).

In some embodiments, the absorber layer and/or the junction partner layer in a
semiconductor junction 106/108 has a band gap between, e.g., 0.6 eV (2066 nm)and 2.4 eV
(516 nm), 0.7 eV (1771 nm) and 2.2 eV (563 nm), 0.8 eV (1550 nm) and 2.0 eV (620 nm), (.9
€V (1378 nm) and 1.8 €V (689 nm), I eV (1240 nm) and 1.6 eV (775 nm), 1.1 eV (1127 nm)
and 1.4 ¢V (886 mm), or 1.2 €V {1033 nm) and 1.3 eV (954 nm). In some embodiments, an
absorber layer in a semiconductor junction 106/108 has a band gap between, e.g., 0.6 eV (2066
nm) and 2.4 eV (516 nm), 0.7 €V (1771 nm) and 2.2 eV (563 nm), e.g., 0.8 eV (1550 nm) and
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2.0eV (620 nm), 0.9 eV fl 378 nm) and 1.8 ¢V (689 nm), 1 ¢V (1240 nm) and 1.6 &V (775 nm),
1.1eV (1127 nm) and 1.4 eV (886 nm), or 1.2 eV (1033 nm) and 1.3 eV (954 nm), Insome
embodiments, a junction Mer layer in a semiconductor junction 106/108 has a band gap
between, e.g., 0.6 ¢V (2066 nm}) and 2.4 ¢V (516 nm), e.g, 0.7 ¢V (1771 nm) and 2.2 eV (563
nm), 0.8 eV (1550 nm) and 2.0 eV (620 nm), e.g., 0.9 eV (1378 nm) and 1.8 eV (639 nm), e.g.,
P eV (1240 nm) and 1.6 ¢V (775 nm), 1.1 eV (1127 nm) and 1.4 ¢V (886 nm) or between, eg.,
1.2 €V (1033 nm) and 1.3 eV (954 nm).

As noted above, the absorber layer and the junction partner layer include different
semiconductors with different band gaps and electron affinities such that the junction partmer
layer has a larger band gap than the absorber layer. For example, the absorber majf have a band
gap between about 0.9 eV and about 1.8 eV. In some embodiments, the absorber layerina
semiconductor junction 106/108 includes copper-indium-gatiium-diselenide (CIGS) and the
band gap of the absorber layer is in the range of 1.04 €V to 1.67 &V. In some embodiments, the
absorber layer in a semiconductor junction 106/108 includes copper-indium-gallium-diselenide
(CIGS) and the minimum band gap of the absorber layer is between 1.1 eV and 1.2 V.

In some embodiments the absorber layer in a semiconductor junction 106/108 is graded

~ such that the band gap of the absorber layer varies as a function of absorber layer depth. As is

known in the art, for the purposes of modeling, such a graded absorber layer can be modeled as
stacked layers, each with a different composition and corresponding band gap. For instance, in
some embodiments, the absorber layer in a semiconductor junction 106/108 includes
copper—indimh-gailim'n-disele:nide having the stiochiometry Culn;.,Ga,Sey with non-uniform
Ga/in composition versus absorber layer depth. Such non-uniform Ga/In composition can be
achieved, for example, by varying elemental fluxes of Ga and In during deposition of the
absorber layer onto a nonplanar back-elecirode. In some embodiments, the absorber layerina
semiconductor junction 106/108 includes coppcr-mdnum«galhum-dlsclemde with the
suoch:ometry Culn, xGa,Se; in which the band gap ranges of the absorber varies between a first
value in the range 1.04 €V to 1.67 eV and a second value in the rangeof 1.04eVio 1.67eVasa
fimction of absorber depth, where the first value is greater than the second value. In some
embodiments, the absorber layer in a semiconductor junction 106/108 includes copper-indium-
gallium-diselenide having the stiochiometry Culn,..Ga,Se; in which the band gap of the
absorber layer ranges between a first value in the range of 1.04 eV to 1.67 ¢V to a second vahae
in the range of 1.04 €V to 1.67 eV as a function of absorber layer depth, where the first value is
less than the second value. Typically, in such embodiments, the band gap ranges between the
first value and the second value in a continuous linear gradient as a function of absorber layer

depth. However, in some embodiments, the band gap ranges between the first value and the
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second value in a nonlivear gradient or even a discontinuous fashion as a function of absorber

layer depth, _

In some embodiments, the absorber Jayer or the junction pariner layer in a
semiconductor junction 106/108 is characterized by a band pap that ranges between a first value
in the range 1.04 eV to 1.67 €V to a second value in the rangeof 1.04 eV to 1.67 eV asa
function of absorber layer depth, where tﬁe first value is greater than the second value, In some
embodiments, the absorber layer in a semiconductor Jjunction 106/108 includes oopper-mdmm-
gallium-diselenide having the stlochmmetry Culn; Ga,Se; in which the band gap ranges
between a first value in the range of 1.04 ¢V (o 1.67 ¢V to a second value in the range of 1.04
eV to 1.67 eV as a function of absorber depth, where the first value is less than the second

" value. In some embodiments, the band gap ranges between the first vaiue and the second value

in a continuous linear gradient as a function of absorber depth. However, in some
embodiments, the band gap ranges between the first vahe and the second value in z nonlinear
gradient or even a discontinuous fashion as a function of absorber depth. Moreover, in some

embodiments, the band gap ranges between the first value and the second value in such a

‘marmer that the band gap increases and decreases a plurality of times as a function of absorber

layer depth.

' In so.ms embodiments, the absorber layer or the junction partner layer in a
semiconductor junction 106/108 of the present application is characterized by a band gap that
ranges between a first vatue in the range of 0.6 eV (2066 nm) to 2.4 £V (516 nm) and a second
value in the range of 0.6 eV (2066 nm) to 2.4 eV (516 nm), where the first value is less than the
second value. In some embodiments, the absorber layer or the junction pariner layer in a
semiconductor junction 106/108 of the present application is characterized by a band gap that
ranges between a first value in the range of 0.7 €V (1771 nm) to 2.2 ¢V (563 nm) and 2 second
value in the range of 0.7 eV (1771 nm) 10 2.2 eV (563 nm), where the first value is less than the
second value. In some embodiments, the absorber layer or the junction partner layerina
semiconductor junction 106/108 of the present application is characterized by a band gap that
ranges between a first value in the range of 0.8 €V (1550 nm) t0 2.0 eV (620 nm) and a secdnd
value in the range of 0.8 eV (1550 nm) to 2.0 eV (620 nm), where the first value is less than the
seeond value. In some embodiments, the absorber layer or the junction partner layer in a
semiconductor junction 106/108 of the present application is characterized by 2 band gap that

ranges between 2 first value in the range of 0.9 ¢V (1378 nm) to 1.8 eV (689 nm} and 2 second

value in the range of 0.9 eV (1378 nm) to 1.8 eV (689 nm), where the first vaiue is less than the
second value. In some embodiments, the absorber tayer or the junction partner layer ina -
semiconductor junction 106/108 of the present application is characterized by a band gap that
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ranges between a first value in the range of 1 eV (1240 nm) to 1.6 €V (775 nm) and a second
value in the range of 1 eV (1240 nm) to 1.6 eV {775 nm), where the first value is less than the
second value. In some embodimehts, the absorber layer or the junction partner layer in a
semiconductor junction 106/108 of the present application is characterized by a band gap that
ranges between a first value in the range of 1.1 eV (1127 nm) to 1.4 eV {886 nm) and a second
value in the range of 1.1 eV (1127 inn) toldeV t886 nam), where fhe first value is less than the
second vaiue. In some embodiments, the absorber layer or the junction parter layer na
semiconductor junction 106/108 of the present application is characterized by aband gap that
ranges between a first value in the range of 1.2 €V (1033 nm) to 1.3 €V (954 nm) and a second
value in the range of 1.2 €V (1033 nm) to 1.3 eV (954 nm), where the first value is less than the
sccond value. In some embodiments, the band gap-'rangés between the first value and the -
second value in a continuous linear gradient as a function of absorber layer or junction partner
layer depth. However, in some embodiments, the band gap ranges between the first value and
the second value in 2 nonlinear gradient or even a discontinuous fashion as a function of ,
absorber layer depth or junction partner layer depth. Moreover, in some embodiments, the band
gap ranges between the first value and the second value in such a manner that the band gap
increases and decreases a plurality of times as a fimction of absorber layer or junction. partner
layer depth.

In some embodiments, the absorber layer or the junction partner layerina
semiconductor junction 106/108 of the present application is characterié.ed by a band gap that
ranges between a first value in the range of 0.6 eV (2066 nm) to 2.4 ¢V {516 nm) and a second
value in the range of 0.6 €V (2066 nm) to 2.4 ¢V (516 nm), where the first value is greater than
the second value. In some embodiments, the absorber layer or the junction partner layer in a
semiconductor junction 106/108 of the present application is characterized by a band gép that
ranges between a first value in the range of 0.7 €V (1771 nm) to 2.2 eV (563 nm}) and a second
vajue in the range of 0.7 eV (1771 nm) to 2.2 eV (563 nm), where the first value is greater than
the second value. In some embodiments, the absorber layer or the junction partner layer in a -
semiconductor junction 106/108 of the present application is characterized by a band gap that
ranges between a first value in the range of 0.8 eV {1550 nm) to 2.0 ¢V (620 nm) and a second
value in the rahgc of 0.8 eV (1550 nm) to 2.0 eV (620 nm), where the first value is greater than
the second value. In some embodiments, the absorber layer or the junction partner layer in a
semiconductor junction 106/108 of the present application is characterized by a bind gap that

ranges between a first value in the range of 0.9 eV (1378 nm) to 1.8 eV (689 nm) and a second
value in the range 0of 0.9 ¢V (1378 nm) to 1.8 eV (689 nm), where the first value is greater than

the second value. In some embodiments, the absorber layer or the junction partmer layer in a
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semiconductor junction 106/1 087 of tﬁe present application is characterized by a band gap that
ranges between a first value in the range of 1 eV (1240 nm) to 1.6 eV (775 nmy and a second
value in the range of | eV (1 240 am) to L.6 eV (775 nm}, where the first value is gmatcr than h
the second value. In some embediments, the absorber layer or the junction partner layer ina
semiconductor junction 106/1 08 of the present’ apphcatxon is charactenzed by a'band gap that

 ranges befween a first value in the range of 1.1 eV (1 127 nm) to 14 eV {885 nm) and a'second

value in the range of 1.1 eV (1 127 om) to 1.4 eV {886 nm), where the first value. is greater than
the second value. In some embodxments the absorber Iayer or the Ju.nct:on partner layerin a
semiconductor j Junctlon 106/108 of the present application is charactcnzed by a band gap that
ranges between a ﬁrst valuc inthe range of 1.2 eV (1033 nm) to 1.3 eV (954 nm) and a second
valué in the range of 1.2 €V (1033 nm) to 1.3 £V (954 rum), where the first value is greater than
the second value. In some embodiments, the band gap ranges between the first value and the
second.value in a continuous linear gfadignt as a function of absorber layer or junction pariner
iayef depth. Howe\}er, in some embodiments, the band gap ranges between the first value and
the second value in a nonlinear gradient or evezi_ a discontinuous fashion as a function of
absorber layér or junctidn partmer layer depth. Moreover, in some embodiments, the band gap
ranges between the first value and the second value in such a manner that the band gap '
increases and decreases a pluraiity of times as a function of absorber layer or junction partner

- layer depth.

The following table lists exemplary band gaps of several semiconductors suitable for
use in semiconductor junctions such as those described herein, as well as some other physical
properties of the sémiconductors. “D” indicates a direct band gap, and “I” indicates an indirect
band gap. .

Table. Properties of various semiconductors (adapted from Pandey, Handbook of
Semiconductor Eléctrodepasx'tian, Marcel Dekker Ine., 1996, Appendix 5) that may be used
- .in semiconductor junctions 410 of the present application

Material (type) Density Band Gap Electron Hole Dieleciric
(¢/em’) gap  transition Mobility Mobility Constant

. (eV) {em’V's Y (emV's }

B 153 I 6000 4000 _
Si(rp 233 it I 1,350 480 12
Ge (np) 533 0.66 1 3,600 1800 16
SiC (n,p) 322 275 I 60-120 162 4.84
: 3.1 _

CdS (n,p) 483 242 D 340 . _ . 9103
CdSe {m) 5.74 1% D 600 S 9.3-10
CdTe (n;p) 586  1.44 D 700 65 96
ZnS () 409 358 - D 120 _ 83
b 530. - 2.1

ZnSe () 5.26 2,67
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MoTe2 (nip) 1.0 1 Wsez (AA 1.57 | - 100-150
ZrSe2 (p) 1.05- | 1.22
| WO 2008/136972 ' ' : PCrmszoosmossoﬁ

Material (type) Density Band Gap Electron Hoie Dielectric
{g/fcm’) gap tramsition Mobility Mobility./ Constant

, : (eV) {em*V's") (em*V'sh
ZnTe (p) 5.70 2.26 D 538 “13¢ 10.1
HgSe 7.1-8% 06 _ 18,500 ' - 58
HgTe ‘ 0.025 _ 22,000 166 -
PbS . 7.5 0.37 1 600 200 -
PbSe 810 0.26 I 1,400 1400 -
PbTe (n,p) . 8.16 0.29 | 6,000 4000 _
Bi;S; (n) 13 H 200 _ _
ShySe; ) 12 _ 18 45 -
ShyS; ' 17 _ - -
As;Se; ’ 16 _ 15 45 -
In,§; 228 - _ - -
In;Se; 1.25 _ 30 - _
Mg, Si : e - _ - 370 65 - -
ZnAs R _ ' _ 50 -
CdAs, 10 _ _ 100 _
AlAs (n.p) 379 - 215 I _ 280 10.1
AlSb (np) 4.26 1.6 I 900 400 - 10.3
Gaas (n.p) _ 5.32 1.43 D 58,000 300 115
GaSb (np) 5.60 0.68 D 5,000 1000 14.8
GaP (n.p) 4.13 23 D 119 75 &35
InP (np) 4.78 1.27 D 4,500 100 - 121
InSb (.0} 5.77 0.17 b 80,000 450 15.07
InAs (n,p) 5.60 0.36 D 33,000 450 11.7
Mo§; (n.p) 4.8 L75 LD _ 200 _
MoSe; (n,p) 14 LD 10-50 _ _
MoTe; (np) 1.0 I _ _ -
WSe; (n.p) 1,57 i 106-150 _ n
ZrSe: (p) 1.05- I _ _ R
1.22 B
CulnS; (n,p) 475 1.3-15 _ _ - -
CuinSe; (n,p) 577 0.9- _ _ _ _
.1

CuGaS: () 4.35 2.1 _ _ n _
CuGaSe, (p) 5.56 15 _ T _ - _
CUIIISp.;SGLs (p) ’ 1.5 _ _ - _
CulnSSe (p) 12 _ _ _ -
CulnS; sS.5 (np) 13 - - - -
CuGay sing s5; (7) 14 - _ - -
CuGAy sIng sSe, (p) L1 - _ _ -
CuGay 75lng25Se; (p) 1.35 _ _ _ B
CuGay zslng 155, 1.0 - _ - -
CuGag sIng s55e (p) 1.2 - _ _ _
CuGayg 5o 2580588 s 1.0 _ _ - _
»

CUG&Q_-.vs]no_szSc]_s 1.1 — - _ —
&)

Cu,CdSnSe, (p) 1.5 _ - - o
CulnSnS,(p) 1.1 _ _ _ _
CulnSnSe, {p) 0.9 _ - - -
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Material (type) Density Band Gap Electron =  Hole  Dielectric
o (g/em®) gap trabsiion Mobility Mobility Constant
(eV) (em’V'sh  (em’V's!)
CulnsSeg(p) . i3 _ _ _ _
CuGa;S;s (p) 1.8 _ - = -
CuGasSez (D) 2.0 - _ _ _
CuGa;sSes 1.2 - - _ _
CuGay sln; s545e; .4 - _ _ _

In some embodiments, the density of the semiconductor materials in the absorber layer

- and/or the junction partner of a semiconductor junction 106/108 ranges between about 2.33

glem® and8.9 g/em®.. In some 'embodimgnts, the absorber layer has a density of between about
5 g/em® -and 6 g/cm’. In some embodiments the absorber layer Mclﬁdes CI1GS. The density of
CIGS changes with its composition because the unit crystal cell changes from cubic to
tetragonal. The chemical formula for CIGS is: Cu(in;.xGa,)Se;. At gallium mole fractions
below 0.5, the CIGS takes on a tetragonal chalcopyrite structure. At mole fractions above 0.5,
the cell structure is cubic zinc-blends. In some embodiments, the absorber layerofa
semiconductor junction 106/108 includes CIGS in which the mole fraction {x)} is between 0.2
and (1.6, a density of between 5 g/cm3 and 6 g/cm® and a band gap between about 1.2 eV and 1.4
eV. In an embodiment, the absorber layer of 2 semiconductor junction 106/108 inciudes CIGS
in which the mole fraction (x) is between 0.2 and 0.6, the density of the CIGS is between 5
g/em’ and 6 g/em® and the band gap of the CIGS is between about 1.2 eV and 1 4 ¢V, Inan
embodiment, the absorber layer of a semiconductor junction 106/108 includes CIGS in which
the mole fraction (x) is 0.4, the density of the CIGS is about 5.43 g/em?, and the band gap of the
CIGS is about 1.2 eV,

Current Densities. The combination of matcrials used in the semiconducior junction,
e.g-, absorber layer and junction parmmer layer, are selected to generate a sufficient current
density (also commonly calied the “short cifcuit current density,” or J;.) upon irradiation with
photons with energies at or above the band gap of the absorber layer, to efficiently produce
electricity. In order to enhance J,, it is desirable to (1) absorb as much of the incident light as
possible, e.g., 1o have a small band gap with high absorption over a wide .energy range,rand (2)
to have material properties such that the photoexcited electrons and holes are able to be
collected by the internal electric field generated by the junction and pass into an external circuit
before they recombine, e.g., 2 material with a high minority carsier lifetime and mobility. At
the same time, the band gap of the junction partner layer is usefully large relative to that of the
absorber layer so that the bulk of the photon absorption occurs in the absorber layer, For
example, in some embodiments, the compounds in the semiconductor junction 106/108 (e.g.,

 the absorber layer and/or the junction partner layer) are selected such that the solar cclf
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generates a current density Ji. of at least 10 mA/cnt?, at least 15 mA/cm?, at least 20 mA/cn?, at
teast 25 mA/em?, at least 30 mA/cm?, at least 35 mA/cm?, or at least 39 mA/cm? upon
irradiation with an air mass (AM) 1.5 global spectrum, an AM1.5 dzrect terrestrial spectra, an
AMO reference spectra as defined in Section 16.2.1 of Handbook of Photovoitaic Science and
Engineering, 2003, Lugue and Hegedus (eds.), Wiley & Sons, West Sussex, England (2003),
which is hereby incorporated by reference herein. The air-mass value ¢ equates to insolation at
sea level with the Sun at its zenith, as shown, AM 1.0 represents sunhght with the Sun at zemth
above the Earth’s atmosphere and absorbing oxygen and nitrogen gases, AM 1.5 is the same,
but with the Sun at an oblique angle of 48.2°, which simulates a longer optical path through the
Earth’s atomosphere, and AM 2.0 extends that oblique angle to 60.1°. See Jeong, 2007, Laser
Focus World 43, 71-74, which is hereby incorporated by reference herein, |

' in some embodiments, the solar cells of the present invention exhibit a Jo, when
measured under standard conditions (25 °C, AM 1.5 G 100 mW/cm®), that is between 22
mA/em® and 35 mA/em®. In some embodiments, the solar cells of the present invention exhibit
 Jyc, When measured under AM 1.5 G, that is between 22 mA/om? and 35 mA/cm? at any
temperature between 0°C and 70°C. In some embodiments, the solar cells of the present
invention exhibit a I, when measured under AM 1.5 G conditions, that is between 22 mA/em’
and 35 mA/cm? at any temperature between 10°C and 60°C. For computing current density,
illumination intensities are calibrated, for example, by the standard amorphous Si solar cell in
the manner used to report values in Nishitani ef af., 1998, Solar Energy Materials and Solar
Cells 50, p. 63-70 and the references cited therein, which is hereby incorporated by reference in
its entirety.

In some embodiments, the materials of the absotber layer and/or the junction partner
layer of the semiconductor junction 106/1 08 have electron mobilities between, e.z., 10 cm?V's'
and 80,000 10 cm?V's', -

Open circuit voltage. In some embodiments, the solar cells of the present invention
exhibit an open circuit voltage V. (V), when moasured under standard conditions (25 °C, AM
1.5G 100 rnW/cmz), that is between 0.4V and 0.8V. In some embodiments, the solar cells of
the present invention exhibit an V., when measured under AM 1.5 G, that is between 0.4V and
0.8Y at any temperature between 0°C and 70°C. In some embodiments, the solar cells of the
present invention exhibit a Vi, when measured under AM 15 G conditions, that is between
0.4V and 0.8V at any temperature between 10°C and 60°C, For computing open circuit
voltage, illumination intensities are calibrated, for example, by the standard an;xorphous Si solar
cell in the manner used to report values in Nishitani ef al., 1998, Solar Energy Materials-and
Solar Cells 50, p. 63-70 and the references cited therein, which is hereby incorporated by
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reference in its entirety.

1.3.1 Thin-film semiconductor. junctions based on copper indium disclenide and other
type I-III-VI materials ‘

" Continuing to refer to Figure 10A, in some enibodiments, the absorber layer 106 is a
group [-II-VI; compound such as copper indium di-selenide (CulnSe;; also known as CIS). In
some embodiments, the absorber layer 106 is a group I-HI-VI; teary compound selected from
the group consisting of CdGeAs;, ZnSnAs,, CulnTe,, AglnTe,, CulnSe;, CuGaTe;, ZnGeAs,,
CdSuPs, AglnSe;, AgGaTe;, CulnS;, CdSiAsy, ZnSnPs, CdGeP;, ZnSnAs,, CuGaSéz,
AgGaSe;, Ag]nsz, ZnGeF;3, ZnSiAs;, ZnSiPs, CdSiP,, or CuGaSz of either the p-type or the ne
type when such compound i known to exist.

- In some embodiments, the junction pariner layer 108 is CdS, ZnS, ZnSe, or CdZnS. In
one embodiment, the absorber layer 106 is p-type CIS and the junction partner laver 108 isa
type CdS, ZnS, ZnSe, or CdZnS. Such semiconductor | Jjunctions 106/108 are described in

- Chapter 6 of Bube, Photovoltaic Materials, 1998, Imperial College Press, London, which is
incorporated by reference herein in its entirety.

In some embodiments, the absorber layer 106 is copper-indium-gallium-diselenide
(CIGS). Such a layer is also lmowﬁ 2s Cu(inGa)Sey. In some embodiments, the absorber layer
106 is copper-indium-gallium-diselenide (CIGS) and the junction partner layer 108 is CdS,
Zn8, ZnSe, or CdZnS. In some embodiments, the absorber layer 106 is p-type CIGS and the
Jjunction partner layer 108 is n-type CdS, Zn8S, Zn8Se, or CdZnS. Sl.K.:h semiconductor junctions
106/108 are described in Chapter 13 of Handbook of Photovoltaic Science and Engingering,
2005, Luque and Hegedus (eds.), Wiley & Sons, West Sussex, England, Chapter 12, which is
incorporated by reference herein in its cntm:ty In some embodiments, CIGS is deposited using
techniques disclosed in Beck and Britt, Final Technical Report, Janvary 2006, NREL/SR-520-
39119, and Delahoy and Chen, Angust 2005, "Advanced CIGS Photovoltaic Technology,”
subcontract report; Kapur ef af., January 2005 subcontract report, NREL/SR-520-37284, “Lab
to Large Scale Transition for Non-Vacuum Thin Film CIGS Solar Cells”; Simpson er al.,
October 2005 subcontract report, “Trajectory-Oriented and Fanlt-Tolerant-Based Intelligent
Process Control for Flexible CIGS PV Module Manufacturing,” NREL/SR-520-38681; and
Ramanathan ef al., 31" IEEE Photovoltaics Specialists Conference and Exhibition, Lake Buena
Vista, Fiorida, January 3-7, 2005, each of which is hereby incorporated by reference herein in
its entirety. )

In some embodiments the absorber layer 106 is CIGS grown on a2 molybdenum

conducting material 104 by evaporation from elemental sources in accordance with a three
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stage process described in Ramanthan et al., 2003, “Properties of 19.2 % Efficiency
Zn0O/CdS/CuinGaSe; Thin-film Solar Cells,” Progress in Photovoltaics: Research and
Applications 1 1, 225, which is hereby incorporated by reference hercin in its entirety. I some
embodiments, the layer 504 is a ZnS(0,0H) buffer layer as deseribed, for exarple, in
Ramanathan et al., Conference Paper, “CIGS Thin-Film Solar Research at NREL: FY04
Results and Accomplishments,” NREUCP-520—37020, January 2605, which is hereby
incorporated by reference herein in its entirety. ,

In some embodiments, the absorber layer 106 is between 0.5 pm and 2.0 prh' thick. In
some embodiments, the composition ratig;= of Cu/(In+Ga) in the layer 106 is between 0.7 and
0.95. In some embodiments, the composition ratio of Ga/(In+Ga} in the layer 106 is between
0.2 and 0.4, Insome embodiments, the absorber layer 106 is CIGS that has a <1 10>
crystallographic orientation. In some embodiments, the absorber layer 106 is CIGS that has a
<112> crystallographic orientation. In some embodimments, the absorber layer 106 is CIGS in
which the CIGS crystals are randomly oriented.

1.3.2 Semiconductor jenctions based on amorphous silicon or polycrystalline silicon
_ In some instances, layers having reference numerals other than 106 and 108 arc used to

describe layérs that may be in a semiconductor junction 106/ 108, It will be appreciated that
such layers can be used insiead of the layers 106 and 108 that are depicted in Figure 2. In some
embodiments, the semiconductor junction 106/108 comprises amorphous silicon. In some
embodiments, this is an n/n type heterojunction. For example, in some embodiments, referring
to Figure 10B, the semiconductor junction 106/108 comprises 5n0a(8b), the layer 512
comprises undoped amorphous silicon, and the layer 510 comprises n+ doped amorplious
silicon. ‘

In some embodiments, the semiconductor junction 106/108 is a p-i-n type junction, For
example, in some embodiments, the semiconductor junction 106/108 comprises a layer 514 that
is p* doped amorphous silicon, a Iayer 512 that is undoped amorphous silicon, and a layer 510
that is i amorphous silicon. Such semiconductor junctions 106/ 108 are described in Chapter 3
of Bube, Photovoltaic Materials, 1998, Imperial College Press, London, which is hereby
incorporated by reference herein in its entirety.

In some embodiments, the semiconducior junction 106/108 is based upon thin-fiim
polycrystaliine. Referring to Figure 10B, in one example in accordance with such
embodiments, Iéycr 510 is a p-doped polycrystaliine silicon, layer 512 is depleted
polycrystalline silicon and layer 514 is n-doped polycrystalline silicon. Such semiconductor
junctions are described in Green, Silicon Solar Cells: Advanced Principles & Practice, Centre
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for Photovaltaic Devices and Systems, University of New South Wales, Sydney, 1995; and
Bube, Photovoltaic Materials, 1998, Imperial College Press, London, pp. 57-66, which is
hereby incorporated by reference in its entirety.

_ In some embodiments, the semiconductor junction 106/108 is based upon p-type
microcrystailine Si:H and microcrystalline Si:C:H in an amorphous Si:H context, 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.

In some embodiments, the semiconductor junction 106/108 is a tandem junction,
Tandem junctions are described in, for example, Kim et al., 1989, “Lightweight
(AlGaAs)GaAs/CulnSe2 Tandem Junction Solar Cells for Space Applications,” Acrospace and
Electronic Systems Magazine, IEEE Volume 4, pp: 23-32; Deng, 2005, “Optimization of a-
SiGe Based Triple, Tandem and Single-junction Solar Cells” Photovoltaic Specialists
Conference, Conference Record of the Thirty-first IEEE, pp: 1363-1370; Aryaef al., ZOOO,
“Amorphous Silicon Based Tandem Junction Thin-film Technology: a Manufacturing
Perspective,” Photovoltaic Specialists Conference, 2000, Conference Record of the Twenty-
Eighth IEEE 15-22, pp: 1433-1436; Hart, 1988, “High Altitude Current-voltage Measurement
of GaAs/Ge solar cells,” Phoiovoltaic Specialists Conference, Conference Record of the
Twentieth TEEE 26-30, pp:764-765, vol.1; Kim, 1988, “High Efficiency GaAs/CulnSe; Tandem
Junetion Solar Cells,” Photovoltaic Specialists Conference, Conference Record of the
Twentieth JEEE 26-30, pp: 457-461 vol.1; Mitchell, 1988, “Single and Tandem Function
CulnSe; Cell and Module Technology,” Photoveltaic Specialists Conference, Conference
Record of the Twentieth IEEE 26-30, pp: 1384-1389, vol.2; and Kim, 1989, “High Specific
Power (AlGaAs)GaAs/CulnSe; Tandem Junction Solar Cells for Space Applications,” Energy
Conversion Engineering Conference, IECEC-89, Proceedings of the 24" Intersociety 6-11, Pp:

779-784, vol.2, each of which is hereby incorporated by reference herein in its entirety.

1.3.3 Semiconductor junctions based on galliuin arsenide and other type III-V materials
In some embodiments, the semiconductor junction 106/108 is based upon gallium _
arsenide (GaAs) or other III-V materials such as InP, AISb, and CdTe. GaAs is a 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 [II-V junctions that can serve as semiconductor junctions
106/108 are described in Chapter 4 of Bube, Photovoltaic Materials, 1998, Imperial Coliege
Press, London, which is hereby incorporated by reference herein in its entirety.
Fusthermore, in some embodiments, the semiconductor junction 106/108 is a hybrid
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multijunction solar czlt such as -a GaAs/Si mechanically stacke& multijunction as dcscribed'by
Gee and Virshup, 1988, 20“‘ IEEE Photovoltaic Specialist Conference, IEEE Publishing, New
York, p. 754, whxch is mcorporated by reference hergin‘in its ent:rety, a GaAs/CuinSe; MSMJ
-four—tcrmmal device, consisting of a GaAs thin film top celland a ZnCdSlCuInSez thin bottom

" cell described by Stanbery et al., 19™ IEEE Photovoltaic Specialist Conference, ,IEEE
~ . Publishing, New York, p. 280, and Kim et al., 20" IEEE Photovoltaic Specialist Conference,

IEEE-Publishing, New York, p. 1487, each of which is hereby incorporated by reference herein -
in its entirety. Other hybrid multijunction solar cells are described in Bube, Photovoitaic ,
Materials, 1998, Impcnal College Prcss London, pp..131-132, wh:ch is hm'eby mcorporated by

reference herein in its entu-ety

1.3.4 Semiconductor junctions based on cadmium tefluride and other type IE-VI materials
In some embodiments, thé semiconductor junction 106/108 is based upon II-VI
compounds that can be prepared in either the n-type or the p-'typ'e form. Accordingly, in some

embodiments, referring to Figure 10C, the semiconductor junction 106/18 is a p-n
heterojunction in which the layers. 106 and 108 arc any combination set forth in the followmg

table or alloys thereof

Layer 106 Layer 108
n-CdSe 7-CdTe
n-ZnCdS p-CdTe
n-ZnSSe p-CdTe
p-ZnTe n-CdSe
n-CdS p-CdTe
n-Cds p-Znte
pZnTe nCdTe
n-ZnSe p-CdTe
n-ZnSe p-ZnTe
n-ZnS p-CdTe
n-ZnS p-ZaTe

Methods for mmiufacturing a semiconductor Jjunction 106/108 that is based upon 11-VI
compounds is described in Chapter 4 of Bube, Photovoltaic Materials, 1998, Imperial College
Press, London, which is hereby incorporated by rf:fcren_ce hetein in its entirety for such purpose.

45



10

15

20

25

30

35

CuGa3S5 (p) 1.8 CoGasSet (0)2.0 CuGai Scsl.2 CuGaz
dn23S4Seqgl. 4 I n sone enbodi nents, the density
of the sem conductor materials in the absorber |ayer
and/ or the junction partner of a sem conductor
junction 106/ 108 ranges between about 2.33

g/ cnBand8.9 g/cnB.. In sone enbodi nents, the absorber
| ayer has a density of between about 5-5 g/cnB and 6
gloeshsersome enbodi ments the absorber | apgrysiohtGohddsies
CMS. The density of CIGS changes with its conposition
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14 e\ | m iment, the a or ber
sefm conduct or T'ﬁtﬁctl on 106/ 108 i ncl udes GI GS in which
the nole fraction (x) is between 0.2 and 0.6, the

density of the G@Wﬁﬁmﬁqﬂbﬁﬁﬁ and 6 g/crrB

and t bet ween .a
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20 dgnsit monl.y.cal | ed "short circuit .
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Riguehe. en dlugmpted aurRigere 3oamdlofigd)ed pHotolse dARE 80 & Srle that is
RO WﬁavéF‘ g nmg,lmax kln@nsfa{? Ph® ?@%%td%’eﬁsén%ﬁ rgns and

'“? : re aple to be 25col [ ecte er nal
EPECTTIE & Piclepepteg Eprir s devirg 19 e lqnawéw gimengiod / pxassds the

wigih (ljmg:r:,mg;( bieat fradt a Gt 4, tat lstfadicer bi5e0¢ arleLQTRINE6. & J. |
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e’F’PP&tm%‘F’ ‘&eﬁﬁedthﬁwbe rf of thpyebongated phiokraithaicidevide U & a efduidi 600
nilioéeNoradeOr fhiifdler O£idi, 3 cdnilndiddfor BBROY RRImeleRY¥iB ore, EP]fo
cﬁ}g,ﬁggj;grmow some enbodi nents, the conpounds in the
sem on uc&s?r junction 106/1og (e.g., 30 the absorber
| ay 12106 e phigtoxqlivip fevises 1P may bempdein yarigpsavagedne ve d
V@Q'@,Shhigkha;ses .t Tre sdalcells 12 sldbscribdherein may be so-called thick-film
soARORuIBEORRARE TMIRQ Sl current
density Jw of at- Iggé?lg%lg ngﬁ& eugest 15 mA cn®,
at least 20 mANcnR, at least 25 rnA/cn, at |east 30
mV cn2, at least 35 m¥cnk, or at |east 39 xnAlcnR
upon irradiation with an air mass (AM 1.5 gl obal
spectrum an AML.5 direct terrestrial spectra, an AMO
reference spectra as defined in Section 16.2.1 of
Handbook of Photovoltaic Science and 5 Engi neeri ng,
2003, Luque and Hegedus (eds.), Wley & Sons, West
Sussex, England (2003), which is hereby incorporated
by reference herein. The air-mass value 0 equates to
insolation at sea level with the Sun at its zenith,



10

15

20

25

30

35

20 the manner used to report values in N shitani et
at, 1998, Solar Energy Materials and Solar Cells 50,
p. 63-70 and the references cited therein, which is
hereby incorporated by reference in its entirety.

In sone enbodinents, the materials of the absorber

| ayer and/or the junction partner |ayer of the

sem conductor junction 106/ 108 have el ectron
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ﬁ\%% dfen%ggllgted in 15 Chapter
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p-type CIGS and the junctjon partner layer 108 is
n-type CdS, ZnS, ZnSe, or*’CcdznS. Such seni conduct or
junctions 106/ 108 are described in Chapter 13 of
‘Handbook of Photovoltaic Sci ence and Engi neering,
2003, Luque and Hegedus (eds.), WIley & Sons, West
Sussex, Engl and, Chapter 12, which is incorporated by
reference herein inits entirety. In sone
enbodi ments, CGS is deposited using 25 techni ques
di scl osed in Beek and Britt, Final Technical Report,
January 2006, NREL/SR-520- 39119 and Del ahoy and
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stage process described in Ramanthan et al., 2003,
"Properties of 19.2 % Efficiency ZnQ CdS/ Cul nGaSe2
Thin-film Solar Cells,"” Progress in Photovoltaics:
Research and Applications 11, 225, which is hereby

i ncorporated by reference hereinin its entirety. In
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88 1969 RedulyCee and Virshup, 1988, 20th |
Phot ovol tai ¢ Speci ali st Conference, |EEE Publi shing,

New York, p. 754, which isincorporated by reference
herein in it xeeRkkkeEYerrkpGS J:{@i MBI VLI
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of which is hereby incorporated by ref erence herein
inits entirety. G her hybrid muldjunction solar
celI's are described in Bffe, Photovoltaic Materials,
1998, Inperial College Press, London, pp. 131-132,
whi ch is hereby incorporated by 10 reference herein
inits entirety. 1.3.4 Sem conductor junctions based
on cadmumtelluride and other type I1-VI materials
I n sonme enbodi nents, the sem conductor junction

106/ 108 i s based upon I1-VI conmpounds that can be
prepared in either the n-type or the p-type form
Accordingly, in sone 15 enmbodi ments, referring to

s




n- ZnSSep- CdTe p-ZnTen- CdSe n- CdSp- CdTe n- CdSp- ZnTe

p- ZnTen- CdTe n-ZnSep- CdTe n-ZnSep-ZnTe n-ZnSp- CdTe

n- ZnSp- ZnTe 20 Met hods for manufacturing a

sem conductor junction 106/ 108 that is. based upon

11- VI conpounds is ‘described in Chapter 4 of Bube,
Photovoltaic Materials, 1998, Inperial College Press,
London, which is hereby incorporated by reference
hwoapasiiesrzi ts entirety for such purpose. pdifdszo08m05506
2008/ 136972PCT/ US2008/ 005506 1. 3.5 Semi conduct or
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TR G Slpe) UG BBty e s e re, PEG=SBhe
df"gﬂ“’b“@ﬁ described hrgin wffeteﬁﬁx i of ¢xpmploenly, et divensind is totbhe
Sigtibhlycy Gt Omy df Be bipeiisd A6Y, L0 vath e RaSEe SERQvalnts 1o
g&%ggﬂ£hhg§m§&km&pn For exanple referring to Figure

D, in 5 some enbodi ments, the sem conductor junction
106/108 conprises a |layer ofp-type crystalline
silicon 106 and a | ayer of n-type crystalline silicon
108. Methods for manufacturing such crystalline
silicon sem conductor junctions 106/ 108 are descri bed
in Chapter 2 of Bube, Photovoltaic Materials, 1998,
| mperial College Press, London, which is hereby
i ncorporated by reference herein inits entirety. 10
1. 4 EXEMPLARY DI MENSI ONS ~As illustrated in
Figures 2 and 3A, a nonpl anar photovol taic device 10
has a length | that is great conpared to the dianeter
d of its cross-section. In sone enbodi ments, a
phot ovol tai ¢ device 10 has a | ength (between I
centineter (cm and 50,000 cmand a width d between 1
cm 15 and 50,000 cm In sonme enbodi nents, a
phot ovol tai ¢ device 10 has a length / between I 0 cm
and 1,000 cmand a wdth d between 10 cm and 1, 000
cm |In sonme enbodi nents, a photovoltaic device 10 has
a length (between 40 cm and 500 cmand a width d

bet ween 40 cm and 500 cm In sone
enbodi nents, a photovoltaic device 10 has the planar
configuration illustrated 20 in Figure 8A. Referring

to Figure 4A, in such enbodi nents, the photovoltaic
device 10 may have a length x of between | centineter
and 10,000 centineters. Further, the photovoltaic
device 10 may have a width of between 1 centineter
and 10, 000 centineters. In some enbodi nents, a
phot ovol tai ¢ device 10 may be el ongated as
illustrated in Figure 3. As illustrated in Flgure 3,
an el ongated photovoltaic device 10 is one that is

50



25 characterized by having a | ongitudi nal di nension
and a wdth dinension d. In sone enbodi nents of an

el ongat ed photovoltaic device 10, the |ongitudina

di mension / exceeds the width dinension d by at |east
a factor of 4, at least a factor of 5, or at least a
factor of 6. In sone enbodi nents, the | ongitudina

di mension / of the el ongated photovoltaic device is
1oocemtissret ers or greater, 20 centi nmeter Spqfusbh@iaisty -
100 centineters or greater. In sone 30 enbodi nents,
teavisicnageemnsi on d of the el ongated photovoltaic
device 10 is a width of -500 mllinmeters or nore,
centineter or nore, 2 centineters or nore, 5
defirhoieelgicdeyee cqmprisingor 10 centi meters or nore.

The ' aphasuet einkgarchizaife; t he phot ovol tai ¢ devices 10 may
be ' [ OUsS and .have vari ous thjcknesses.
The. S0 2R AR B 0 g B Bt ige e o o
¥YUESI | ed thick-film 35seni conductor structures or a
SO- C&) hksiiohd solaf dell Bisedos BOSUGLOr Structures. WO

2008151 3R RECLMAAA0E! AP0 Bonon gt ol 1200t opg o e

enpnodl nents, a contal ner as a

gt eg%ﬁﬁﬂﬁgﬁmﬁo the dianeter dot its cross-section.

| n sehefisrbuaieneitiisthe ane @itina, ner 25 has a | ength

bet wegdeid the Msabslaind isQAiea @nd @ Wi dth between 1 cm
and 50,000 cm, | n some enbodi ments, a container 25

has a | efgtR -/ SREREEIPIS "orR Biidlenlaxsobresy srrands. %0 dit h
bet ween 1@regsatha peitaineQOQ0umS whemthelfillerdayersheandng cinaRBt S, a

contai ner has a |l ength between 40 cm and 500 cm and a
WAL n .cm and. 500 cm |In song _

£ 55 Bt Bl R0 o 7 B Bt Bpad ot » e pptins

RainE PR ¢iSidefe of at | east one cubic centineter, at
| east 10 cubic centineters, at |east 20 cubic

C et IRV devith of AN b, il YR | peter s, at. | east

50 gubic centi meters.” at ?g%ggdg%guggccpg%fh %&é‘riﬁe’f’ﬁ%'t‘é y
S At AP dEDFE™" 1. 5 EXEMPLARY EMBODI MENTS
One aspect of the disclosure provides a photovoltaic

|l ETWE ARG Bdvik Bbistrh 3, whBeid WL in bk agaﬂtgamg?%%wg’
n er

fel - ate, .the suybstrate and the o
lgygﬁgggééﬁﬁggggﬁﬁgmﬂgpf#FHﬁm?ﬁuinner volune, (iii) at
| east one solar cell disposed on the substrate, (iv)
2 Thé fhbievolkioyetce it ond 6rinsliSt bl id 50 80nelNA HQLBf o
de@lclor Wnlelli N the inner volunme, (v) a container wthin
the inner volune. The container is configured to
decrease in volune when the filler layer thermally
be Xipevholevoltaindtvich i bRaREof cRiméQ) S MR eM YR Tk BRtafnbd bbb coh@YE"
Vi oFad ikt ORI Bhliferer] N SOME i NStances, the contai ner
conprises a sealed container having a plurality of
ridges. In sonme instances, each ridge in the
7 pFhgmbdtivoleicievied of graromd of clainis |-G wheitinIHRAECEn@RA hhs 2 Hrdd
OfERiFBand WAErAR 68 Sivst dpbriidQSeedidd vl R6priR] MIA) &efiy Of ridges 20
are not uniformy spaced apart. |In sone instances,
the container is made of flexible plastic or thin
8- Hie PRy PlEicfigtiog|of any one of Flajms bfipvhensi G fivembisiper hit@ first
orguing @ | esconld agening, G@aEiRl Nner vol ume of at | east one
Cubiye aRENLI: | east .30 .cubic centinmeters, or
at le glgfdggﬂé%%csg%?dc@% gﬁ%{”%k’e"‘rgeg. m?’ A™some enbodi nent s :

t he contai ner has an opening and wherein that is

seal ed by a spring | oaded’!seal . 25 In sone instances,
the container has a first opening and a second
opening. In such enbodi nents, the first opening is
sealed by a first spring | oaded seal and the second

opening is sealed by a second spring | oaded seal .

In some enbodi nents, the container is a balloon. In
some enbodi ments, the container is nmade of rubber
| atex, chloroprene or a nylon fabric. In sone
enbodi nents, the container has 30 an el ongat ed



In sone enbodi nents, a solar cell in the at |east one
sol ar cell conprises a conducting material disposed
on the substrate, a sem conductor junction disposed
on said conducting 5 material, and a transparent
conducting | ayer disposed on the sem conductor
junction. In sonme enbodi nents, the sem conductor
junction conprises a honojunction, a heterojunction,
a wiehanspace junction, a buried hondj unct p@Pys@sddzdes N
junction, or a tandem junction. In sone enbog ment s,
the SRILANGHEREL chiddild Qon 3000 IAaée%%ﬁn absor ber

| ayer and a junction partner yer erein said
junction partner |layer is disposed on the absorber
|9y photbypligiodrzicd 6f 2eyiine di dakmt1s5, whdniin tadbBacii®dnet iy RilllodnS
copper-indiun}galliun}diselenide and said junction

i.S 1.n2Se3,. In2 ZnS, ZnSe, CdlnS,
%ﬁz“s "L%fa")[”? e oS A onqdf lgims ggs"hesﬁé‘? rshopejaingt ipade ofy
d*ﬂ‘ZﬁEB‘“mPfeﬂe‘mlfw’OS&h@ enbodi ments, the
photovoltalc devi ce further conprises an
t Y Spo n .t he_outer

! Rl R I SLBROL I A P68 Rl s
élr‘f{’ﬁafegﬁ“’é’é‘tﬁht‘)’é 15 coating conprises MyF2, silicone
nitrate, titaniumnitrate, siIicon nmonoxi de, or

st 9%\?512&10@@\!1&' u}'inlyt)fe of UBmS LIBr u‘{m rgt ’con‘allf}xer is tnade

ﬁbsiﬁate conprises plastic or g ass
S, the substrate conprises netal or net al

alloy. In sone enbodi nents, the photovoltaic device
f13J r'lthb PHotovalAR Bb\ﬁc%%f ﬁg o@@%l&h@ﬂ?ﬂl whidin B subhiis plmﬁn and the,

%mmgmnmﬁﬁé respectlve container In
Jmtlonal one. or eontainers is within the inner

volune. 20l n sone enbodi ments, the-at | east one sol ar
¢ The SRS @6vica oftiny b lof dwmplf-xzsﬁ)i;e&tn tBkubshratd 3 actnrtmﬂzf &d
{ED ﬁl@'! AOECQLCQ §|1r1u¥ X%Eﬁ En%rfﬁ{&l‘e]g erqac&\ie I a SO ar, cﬁp i% I;:%El%ﬁﬂ(}{lvo%lf Or;r?

enbodi nent Irst so
§8W§Pmﬁe?F¥“?§“§P%ctrlcaIIy connected in series to a

second solar cell in the plurality of solar cells. In
B0 MR QBRAMAIRACS of oy bk bkl ﬂrwﬁesln' the ol PUsoRbA L0 Y
ectri cal connect ed | aréf?%f

solar cells is
?6mgm§§%3ﬁﬁég ?m%%FI in the plurality of solar
cells. 251 n sone enbodi nents, the container undergoes
16D TheOphodoltMEdePRE SFARY one biR1aln® 185 Leire R R G ate haé’%oh&v Sre
LB RSLSen ﬂMmaEn#ma a forty percent reduction In

cont al ner vol Rowhen the filler layer is in
a first thermally expanded state and when the filler
17aYirphotsvolutic dviseanyhné el 1y, vhosh i@ GhE donto@bd hasN e
RRREEL o Dn S ELASHIE ALK S5, RIALOVOL Tal C

devi ce conprising (I u fer 3 ?ransparent casi ng,
(ii) a substrate, the substrate and the outer

18 Brohaeveltdic dodisd af gnydbed df olkimg 1-A7) wherElR § soved bell WBthe 4t iehsk Jne At
Sma&gtmg&%asolar ceII di sposed on the substrate, (iv)
a fuch%rt ayer t Eea s the at | east one sol ar cel
wi t Bi AP aE AR CRpeTe e 4By ). a contai ner within
the 3 S‘Ffﬁ%ﬁﬂd'tmt metion digpessdont 3 er aertioadiyed capduihizi ri@fal fand

S e ala8@nsphddt @hdi@ting M3 dREbsall of k6@ phrtivh B aid LA SncR N
uMRpe the container is configured to decrease the
cont ai ner volune when the filler layer thermally 35
expands and i ncrease the contai ner vol ume when the
filler layer thermally cottract WD

2008/ 136972PCT/ US2008/ 005506 = Anot her aspect of
t he disclosure .conprises (i) an outer transparent
casing, (ii) a substrate, the substrate and the outer
transparent casing defining an inner volunme, (iii) at
| east one solar cell disposed on the substrate, (iv)
a filler layer that seals the at | east one sol ar cel
within the inner volune, (v) a container within the

i nner volume, where the container has a first 5



Yet anot her aspect of the disclosure conprises a

phot ovol tai ¢ device conprising (i) an outer
transparent casing, (ii) a substrate, the substrate
and the outer transparent casing defining an inner
volume, (iii) at |east one solar cell disposed on the
substrate, (iv) a filler layer that seals 25 the at

| east.-one solar cell within the inner volune, and (v)
avoemdaiomer Wi thin the inner vol une. The pepiaisiks
has an el ongated asteroid shape and is configured to

decrease the container volune when the filler |ayer
e the container val une

i o Bl P B R 4, e B Ln compre
WRE“@EN@E‘S"J@CW NP FEONGIiiS R Bijed homojunctigd, la p-i-n junction,
sreferanpesdorCi t ed herein are incorporated herein by
reference in their entirety and for all purposes to
the same extent as if each individual publication or
pht’snroBrotpataist ol 1% uharedsaid sumioppiuetpifinstignl cgmprives an
atisefboy laghn ardla junttad paraibidd)ed, Ohehith shid RAETRH paithed thy&¥¥s disposed on
&ﬁ@gﬁggqgmln its entirety for all purposes. -

Many nodificati'ons and variations of this invention
can be made w thout departing-fromits spirit and

3l dpephoiqwligif debiches caippy wirteintsaid tyorbee lagde is| chielr-ibdiurb-Beflium-
Acleniacline sa&iﬁﬁﬁthffnlpﬁmﬁf‘ibﬁgis R, lﬁlzsie:glﬁ thntb{ﬁ gdigﬁ rcee zn,{st %,gseq,

Y 4@ X Y, i nv [ 'S
? Iggéstdg e %'6 r&o IEFIH’EZT(& ms of the appended
cl ai ns, al ong Mﬁth the full scope of equivalents to 5
wh mbh&bh@fﬂaldﬂeﬁbm adl dde &f&taintsll@@l funhMprisrgg %m‘m -

Barl2D 9§B¥Boﬁéé&mggvk&ﬁmﬁmﬁ%r'S'ng a) an outer

transparent casi b) a substrate, wherein
the substrate and the outer transparent casing define
2N Thearpheevolrad davies of claim 22, wiekindie ahtPARétivoReting Gbxﬁ&fns& gk,
sdic&ﬁgﬁﬁg tlQﬂiuﬁ) Qﬁ'aé L&hé&! rf"?Jngmdc gr silicon oxgil s { iller | ayer
comprising a filler composition that seal's the at
| east one solar cell within the inner volune; and
%) The phetevgiaiccigyieeaif mreongwfelaing 1-2h evhéreim the subilats R@tprisda ladic N
o pessfirst container is configured to: decrease the
cont ai ner volume when the filler layer thermally
expands, and increase the container volume when the
2% e ghotqvalipicdevicgef 1pylops,of elejms |-a% whereipthe Sihatratp bastpoisesttali C
odl@stil@oyof cl aim 1, wherein the first container
conprises a seal ed container having a plurality of
riﬁg 3. The photovoltaic device of claim 2,
ghoipveligic Kevice gy pie of sleimp) -2 Birther gomptising ag gdsifiopal ons or
mareichrggimsyand pleedractpasptcti G toRaitdd Infi@G&ditdhal bivcor fabie Séntainers
iGRMIhAleRBE-voifme, The phot ovol t ai ¢ device of claim 2,
wherein ridges in the plurality of ridges are not
uni formy spaced apart on a surface of the first
2% olie Bliotewqltaic BevicT bignp bre oHaihd lalécwitherin tieat iedst @ayolo Bl Of
clpeibel B pldrdiity MHaSEREIR tHal\Be rﬁénﬁﬁﬁma@?ﬁte@%t&ﬁfutd e ARG Of - a
plastic or a metal. 6. The photovol taic device of
ny one of clains 1-5, wherein the first container
éfé e gholewlitiasioist of pigitve Whsteits firtt eqdes bellgmibe pritrof solar cells
is glenvicalippb i ecied i sericliea Rl QIO i e RN sdbf cah@y One of
claims 1-6, wherein the first container has a first
openi ng and wherein the first opening is sealed by a
spring | oaded seal . 53.




8. The photovoltaic device of any one of clainms 1-6,
wherein the first container has a first opening and a
second opening, wherein, the first opening is seal ed
by a first spring | oaded seal; and WD
20081136972PCT/ 1352008/ 005506 t he second opening is
seal ed by a second spring | oaded seal. 9. The

phot ovol tai ¢ device of any one of clains 1-6, wherein
t we 20dsn®sd72contai ner is a balloon. 10. Th&Ttuszosmossos
phot ovol tai ¢ device of any one of clains 1-9, wherein

IZBJeTﬁel ph&&voﬁrﬁtl Heﬁbd'}f? Ela:h'xS.Z'I fl %zanﬁrs[ WRP& i ﬁi dr hl&%ﬁ ty of lsot!ar cells
: oprene on fa e photovoltalc
FURR PSRl o fhscPrloo ot bl A o eseb 1 ot
cont ai ner has an el ongated asteroid shape. 12. The
phoTie phdidval: da cﬁﬂxy@ﬁe FBYin@ 129, AherGih Bk Hﬁt contiiner erde.éées

Wg %rainQer(Qﬁt retdbc!tn%xtl m%g l' ? elb?rw cngz?when the F‘ Heé F;éﬁr ﬁgn a ﬂarst

I of ovol tai c devi ce one 0
, °T‘21 y WR%’P%% shicrEpb iy whea the Sl 19y iip aseand hermaiyrentfaptpdgate.
container is inrersed in the filler layer. 14. The

ph Oﬁﬁ)ﬂﬁbltdv&laﬁ; d%&'o@ﬁlfv glfle A ERfim@ 1L §9 %ergilll ﬁé A& cg'm%‘ner uridergoes

whwaert t he s¥ trate is nonplanar_and
CORE AT N EF o URYRR L optaingy ve!pee EFF"‘FF‘E‘P “ﬂh%ﬁ"ﬁé’tyﬁéeﬁ afjrst
germally epnpiedisite phpliipvheh the iler By issd Brond dbrnalhrchtkRel siate.
out er transparent caS|ng 15 The photovoltalc

SeVInG B, onecof cla t he outer
- fFaneh g%&oi?ﬂﬁcwcz of any gnctou s, }31 aereérh easﬁésmmé?ré]? opiFE
EPRatepipsing is riggl. The photovoltalc devi ce of any one of
clainms 1-15, wherein the substrate has a holl ow core

21l ol Lo DA Bl ] RLTER LI N 0L O COT &

evice or any one O

ot ovol faic
T”ipém“\i?fg\geﬁ'?fd‘f?fé ‘f’?af‘l"@f”aborrpo& tion has a volunmetric

thermal coefficient of expansion of greater than 250

3@ ¥ h@ph@(ovcﬁmc debBe of-EhﬁorQ Bﬂ,tlrﬂ){pll 53%&:&:{11%3 or ﬂp thn e

ar cell in the at | east
ns %ls‘erglc""smg C elalz'"(’"“&rrﬂ'r"%g'és °?40a8 ca(?ﬁ%"ﬁat'iel’ ing materi al
dlsposed on the substrate; a sem conduct or

j5u M fhedbvotthic OBESH afyonabf cladhs 1354 Releln @R 1R cof@intl ;s under less

ARSI JpgQBLeri al ; and a transparent conducting
| ayer di sposed on aII or a portion of said

sem conductor junction. WO
3BOUSTAGSGIFARENEST AYDROGTRAE 1-33. Ivherbi the BROLMY R bétkans an
isgshce of claim 18, wherein the sem conduct or
junction conprises a honojunction, a heterojunction,
a heteroface junction, a buried honojunction, a p-i-n
37 UFhetphadevoitagrdevicetoficiaiarh ywherir thasbstrat2@ plackle  phot ovol t ai ¢
device of claim 18, wherein said sem conductor ,
r|s .a bsorber |ayer and a junction
% uﬂ}%%ﬁ"q""r"% / a q Tt ot st 9op plap el ds rlpemfagpgplly; s
dﬁ?§ﬁd§8@“&ﬁ”§ard absorber | ayer. 21. The photovoltaic
devi ce of claim 20, mherern sai d absorber |ayer is

360 and_saj d junction
%f?%ér*‘?ﬁdy'%”ﬁ%?f%ﬁr%%s SR T SRR Bl et
Zni nt Sea, CdS, Sn02, zZnQO &Qa, or doped ZnQO.

22. The photovol taic device of any one of clains

adl 'Tga-phofobmttaila QdvicE BFERED $, |“rl]rgreiﬁ the mgéa(eqj :Jhggc'iehxe% by 8 ating
di sposed on the outer transparent casing. 25. The
phot ovol tai.c device of clgim22,  wherein the
antireflective coating co rises MgFa, silicone
nitrate, titaniumnitrate, silicon nonoxide, or
silicone oxide nitrite. 24. The phot ovol tai c device
of any one of clainms 1-23, wherein the substrate
conprises plastic or glass.



25. The photovol taic device of any one of clains
1-23, wherein the substrate conprises netal or netal
al | oy. 26. The photovol tai c device of any one of
claims 1-25, further conprising an additional one or
nore containers, and wherein each respective _
container in the additional one or nore containers is
wi thin the inner vol une. 27. The photovoltaic =
deopwersefz any one of clains 1-26, wherei recrioszodtoossos
| east one solar cell conprises a plurality of solar
colstsectibimbings @umichapé, Whereh thy biundigGhapt i@ Sirelad, aiijibe, a
load: : Vi o ' clal.m 27,
\?\ﬁpg%h, o@&@, ot Wh&%gl thJi{a&dBE ge}[a?e 1|9 thrgnlﬁe%zgl%ﬁ bofeSor ggre 5 oogh OCF%,. :

rein a first sol ar nthe plurality o
¢ » OF ¢ 81 Bt FFRYFISS connected in series to a second
solar cell in the plurality of solar cells. 29. The
ah Oﬂﬁm&!@hﬁ asled oAy Se o?élﬁlnm-zoz whitEh i3y lgyeI isf Eetl
solar cell in the prurallty of solar cells iIs
electrically connected in parallel to a second solar
8% | The phetoveligic gevipe af any gneof clajns be0, wherdinsthe fi9r layBhiea liguid.
phot ovol tai ¢ device of any one of clains 1-29,
wherein the first contai ner undergoes up to a five
percent reduction in container volune between (i)
when the filler layer is in a first thermally
expanded state and (ii) when the filler layer is in a
second thermally contracted state. 31. The
phot ovol tai c device of any one of clains 1-29,
wherein the first contai ner undergoes up to a forty
percent reduction in container volune between (i)
when the filler layer is in a first thermally
expanded state and (ii) when the filler layer is in a
second thermally contracted state. 32. The
phot ovol tai ¢ device of any one of clains 1-31,
wherein the substrate or the outer transparent casing
is rigid. 33. The photovoltaic device of any one of
clainms 1-32, wherein the substrate or the outer
transparent casing is made of a linear material. 34.
The photovoltaic device of any one of clainms 1-33,
wherein the substrate or the outer transparent casing
has a Young's nodulus of 40 GPa or greater.  35. The
phot ovol tai ¢ devi ce of any one of clains 1-34,
wherein the fuse container is under |ess than 500, Tot
of pressure. 36. The photovoltaic device of any one
of clains 1-35, wherein the first contai ner contains
an inert .gas. 37. The photovoltaic device of claim
1, wherein the substrate is planar. 38. The
photovol tai c device of claim1, wherein the at [|east
one solar cell is circunferentially disposed on the
substrate. 39. The photovoltaic device of any one of
clainms 1-38, wherein the photovoltaic device is -
el ongated. 40. The photovoltaic device of claim1,
wherein the substrate is characterized by a
cross-section having a boundi ng shape, wherein the
boundi ng shape is circular, elliptical, a polygon,
ovoi d, or wherein the bounding shape is characterized
by one or nore snooth curved surfaces, or one or nore
arcuat e edges. 41. The photovoltaic device of any one
of clainms 1-40, wherein the filler layer is a gel. .
42. The photovol taic device of any one of clains
1-40, wherein the filler layer is a |iquid.



