CHALCOGENIDE-BASED MATERIALS AND METHODS OF MAIGNG SUCH MATERIALS UNDER
VACUUM USING POST- CHALCOGENIZATION TECHNIQUES PRIORITY The present
nonprovisional patent application claims priority under 35 U.S.C. 119(e) from United States Provisional
patent applicafiéh tdditig’serial mimber 61/346,515, filed on May 20, Zof&Tb‘ngéﬁaﬁ%t al. and titled
CHALCOGENIDE-BASED MATERIALS AND METHODS OF MAKING SUCH MATERIALS VACUUM
USING POST-CHALCOGENIZAIION TECHNIQUES, wherein the entirety of said provisional patent

application is incorpQ iRy | RIELD, OF [T H BODE resent invention
relates m methods éﬁ%%%%%%%%A Bhotoa a. %%%@@@%Am gs to photovoltaic

devices that incorporate these matefalg g spesfiealyntegmrasenkinvention relates to methods for
making chakogenide-based photolosorbing materials, desirably in the form of thin films as well as to

photovoltaic devices that incorporate these materi@oRrirTwhich a precursor film is prepared.and then

converted to the desiredphotoabsorbing compasitian via a.chalcagenizaiionfigament
BACKGROUND OF TH WW&I%% Bot gn-typeﬁ%hcaléogenide{;rgwaterials and/or p-type

chalcogenide materals hEAh et viiaSaketRERionph R TE BT H6 RS BHibtoabsorhing
functionality). Thesematerials sisaibdssiientlght andgenaciietah eléchieloutput when incorporated

into a photovoltaic device ' ide: [ terials have

been used as the %%9@@?@2@%%@%%%%@%&%%%@%?&%@.gl%ﬁative p-type

chalcogenide mateHalEREGS IHNDER SEIEHIABYd (BINUFOEE (e -F<PeFdE4d B in some

embodiments, SSingigRies et l: inhelna2eddn combinatipnayiy selenium), andior tellurides
liu

CD of at least onc or more of copper (C), indium (l), gallium (G), and/or aluminum (A). Specific
chalcogenide corPRSERIEHE RSB EFEFFEECto by acronyms such as CIS, CISS, GIGS, CIGST,
CIGSAT, and/or CIGSS compositions, oFIBENIKe; WIPrEESAE{Re constituents of the composition.
Photoabsorbers based upon chaleogenide compositions offer several advantages. As one advantage,

these compositions tend e mewes EoalGHRIEzE (oS EetiBH 1 BsSarsRTIRCHEht light. This means that
a very high perceptiagenef-ineidentilight eahde paptundddisdivalbagemige-daten absotser layers that
are very thin. For ﬁé%!:%&ﬁl%@}frg% GRention relates to methods for making chalcogenide-based

photoabsorbing matertals, desirably in the form of thin films as well as to photovoltaic

devices that incorporate these materials, in which a precursor film is prepared and then
converted to the desired photoabsorbing composition via a chalcogenization treatment,
BACKGROUND OF THE INVENTION

Both n-type chalcogenide materials and/or p-type chalcogenide materials have
photovoitaic fanctionality (also referred to herein photoabsorbing functionality). These
materials absorb incident light and generate an electric output when incorporated into a
photovoltaic device. Consequently, these chalcogenide-based photoabsorbing materials
have been used as the photovoltaic absorber region in functioning photovoltaic devices.
Tllustrative p-type chalcogenide materials often include selenides (S), sulfides (also referred

| 1o as S; in some embodiments, SS indicates that sulfur is being used in combination with
selenium), and/or telturides (T) of at least one or more of copper (C}, indium (D), gallinm
(G), and/or aluminum {A). Specific chalcogenide compositions may be referred to by
acronyms such as CI8, CISS, CIGS, CIGST, CIGSAT, and/or CIGSS compositions, or the
Ii-ke; to represent the constifuents of the composition.

Photoabsorbers based upon chalcogenide compositions offer several advantages.
As one advantage, these compositions tend to have a very high cross-section for absorbing
incident light. This means that & very high percentage of incident light can be captured by

chalcogenide-based absorber layers that are very thin. For example, in many devices,
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chalcogenide-based absorber layers have a thickness in the range of from about 1 pro to about 2 p.m.
These thin layers allow devices incorporating these layers to be flexible. This is in contrast to
crystalline silicon-based absorbers. Crystalline silicon-based absorbers have a lower cross-section for
light capture a@ #e#&3% must be much thicker to capture the same antoUAt B HEEERt light
Crystalline silicon-based absorbers tend to be rigid, not flexible. Making photoabsorbing
chalcogenide compositions with industrially scalable processes is quite challenging. Industry has
invested and continues tq invest considerable resources in developing this.technology. According to
one proposed ma%ﬁé?ﬂ?‘fﬁ%atgg{(}:ﬁrfﬁug, Bvapora |\$%O%é‘(e: Sﬁ?(%lférsan %%%%n %%Ogel c?i%%he film -
constituents at a hight Sulsstthtes tbim paratelfersirrirehaeamending fesetany pylifieeS flly during

growth. According;tg analtesnative:hyarichmethosbihedfilnsyaraifermechbysspeiietinghfrem. one or
more metal targe'[%c!” th?o?stgesé 1(?1? (}(ﬁé@eﬂ% ilil"gn an%”g%%’{aﬁ;‘:‘l%%%%’?&é&!ﬂkﬂ%@% Q&N@{ﬂgr from an

evaporated source. Unfortunate ly, the nventional evaporation approaches are not easily scalable
for industrial applfeaaEHEARHFEHGHH T L S PRR0 GRITREE Y UM Sifftering typically
requires that enodlgtitggas be used to supply the desired chalcagcn content in the precursor film plus an
overpressure of Cha'¢°%a[?<in%ﬁm%éﬁo%mgiarﬁhﬁg%aﬂ@E&QMBMWM@MM@@&H& equipment
degradation and ehalcogen (e.g. S0) buildup, target poisoning, instabilities.i control (resulting
in composition ardrate 15515%161?%?3%3&%:@]%%?%{% n rglgr?ft (edage%bongft%%pﬁgl%%gslljgo%%%%gﬁle indium
selenide compourdsrtevieferlovaedhiveripeinsh AseslinHg IREraReTERBHESRTE® due to electrical
arcing. An altesnaitive mattfaetatingapproaeh tndohse sinftialbpfoimsimgabapigeursor film of the
desired metal congfifents, Thisim.may inchide.ene.er Mese:layars &halsagen(s) are incorporated
into the precursor at a later frocessjnngtage ufgdf&c {;}%iy%?& effective fo.incorporate chaleogen into
the film and convaFESFEB% R ST Ye PRy B AL ehafcopyrite b ase” Due to the incorporation of
chalcogen into theditrmessieargste hsarfnssai oplowR BPEFSREN MBp HRs @Rt E b igasn
"post-chalcogenizatjpriappieactnhisappiaachappeais todpersasienteiitegrate ityindustrial scale

processes. Yet, seriys challenges remain. A1A5aR.APalsNGS MARYKaaNE apREoaches tend to
practice post-chaicogcnlzatlen within relativeI%/&Eég?Q FgEﬁres%ure re%inrﬂeegésgu& gs.on EQ%eOrder of a few

torr to atmospherfPrEasReE BA IR &R B PR AT AR BT iR And Sc during
postchaleogenization jseauproblemividelyereresyrzEehalsages. inGimstry medhadalessi-challenging to carry
out the pest-chalgagamizing eairoenwithauluneigadons afdane opdaty dditesamatesials. It is
belleved that onclogs MEEHANSN ACGUIS WARRINANIGRGARAGHIR JRrRyIaUIS species that are lost

to evaporation.. 'Ipﬁiesofloirlﬁﬁatlon 0 5/31_% e species is consistent with the obs(r:‘r; ation, that retention,
problems tend tolFechm&mdhe dsaerid fdiiie spasly pdHH SHRgLy, the 585 halcogenization
techniques practicec:\vithosiasonabladlicdenseavhighrs pressipdscefiteriare not directly translatable to

use at lower pressures.JQiiRsiRe sanuRcuel hlpasmAYSiH raskly hengr aeticing fnprocess strategy

at a lower pressurg.even though that same jechnigue provides accent Indglentiqe at a pressure in
the range from aﬁgt&? ‘if‘f%n“%%gdi%%“t%ﬁ?“UMMARv %F THEH\?VENT%%?S ?yne resent invention
g

provides strategié% FACFKIMGTAGH GERmtSPTH A SRrtapagaE PrBEstsmsiAg €6hBositions from
sputtered precursenfilorss phdlhearacutsoisara cornvees itéatintydird Ehatendenidenstismabsorbing
material via a chalgegenizinglreatmaatdalsernatesedioasifipesi-ghrleagenizatianiiincluding, mg.,
“post-seienization when Scis Used andiot. post.aulfulization, when Srisusadlsingechniques that
allow the postché’?@éﬁagn%ﬁg teatment to occur under atypicaIIIJy and sur{‘)erlsingl low pressure

conditions withou® BRHEs AHEHEIRITE S eHH Set AR the Sty OPTEE 150&Rtion are readily
incorporated into batchfrecessisgr, centibususprosdssesidophradisapikitohptsitgsriredas occurring under

vacuum. The pregent, invantien:is Heafih altaks Rilot RlanhoandindusikialsealRfspheritn one aspect, the

present invention provides a methog. of making a chalcoaepconaining PigaRSerbing composition,
comprising the steps of

chalcogenization is a problem widely recognized in the industry. It has been challenging to

carry out the post-chalcogenizing treatment without undue loss of one or both of these

materials.



a) forming a workpiec;e comprising a precursor of the chalcogcn-containing photoabsorber; b) forming
a cap on the precursor, said cap comprising at least one chaiefogen; c) heating the capped worispicee
to cause elmlcogenization at a pressure of below about 300 millitorr (mT). In a preferred aspect of
the invention yeatingdswarried out in the presence of at least one gas SCTAPBIHEF Eomprises a
chalcogen. Preferably, the gas or vapor comprises or ItSe. In still another preferred aspect of the
invention, heating is carried out in an In yet another preferred aspect of the invention, a solid cap

incorporates a chalcogen in Ele ental form. In yet anothe%ref}erre(goggg%gﬁfqg fhe invention, a process

. . Jt 15 eved that one loss mecHanism opcurs when In ag
accordlng to the mventlgrlu B%CUI'S N a continuous an&for sernicontinuous ro -tO-I'O|_|. manufactur-ing

process. Such prefétfedradpsdbisnagibie piraetrtien ifoRRrraton el s rHEREFHEEEYHE be practiced. in
combination. BRI RESGRERTFHRNEF lebbBRAMA NESome mPlecaiioudomentioned and other

advantages of the,aigaat InyeNion..A0ckie AR o phaieiag il besome more apparent
and the invention itself will be better un erstgod b){a{%E{ence t%the followir(;g dgg&rli&tion of the
I £

embodiments of m%})m%ﬁ'ﬁ% ?g%'ﬁreiﬁoégmﬁ C%%]ﬁ s %use at Jower pressures. Hor

_ or € accompanying drawings, wherein: Fig.
1is a schematic dieigréniositeay Hilisnativepshsteirbied eraevica sl HeBRFEPAtESHAtitiples of the
present inventionihough fi@saisAtsehematicesiagiamishonindpan exessplantistructurerior a substrate
thr?ntcrin?gsboef l':r?:darg) u%%t%g\%c%g[ Fig. 1 h and  Fig. 3 Is a schematic diagrarr_l i_IIustrating how the
ayer useful i the device of Fig. .. DEVARERCCH PN BE PRESENTLY PREFERRED
EMBODIMENTS The present invention provides strategies for making high quality chalcogenide-
based, photoabsorbing compositions from sputtered precursor film(s). The precursors are
converted into the chalcogenide photoabsorbing material via a chalcogenizing treatment
(also referred to as ”post-chaicogenization," including, e.g., "post-selenization” when Se is
used and/or “post-sulfurization” when § is used) using techniques that allow the post-
chalcogenizing treatment to ocour under atypically and surprisingly low pressure conditions
without significant indium loss, Consequently, the strategies of the invention are readily
incorporated into batch processes or confinuous processes such as roll-to-roll process
oceurring under vacuum, The present invention is useful at lab, pilot plant, and industrial
scales. | ‘
In one agpect, the present invention provides a method of making a chalcogen-
containing photoabsorbing composition, comprising the steps of: '
a) forming a workplece comprising a precursor of the chalcogen-containing
photoabsorber;
b) forming a cap on the precursor, said cap comprising af least one chalcogen;
¢) heating the capped workpiece to canse chalcogenization at a pressure of
below about 300 millitorr (mT).
In a preferred aspect of the invention, heating is carried out in the presence of at
least one gas or vapor that comprises a chalcogen. Preferably, the gas or vapor comprises
" H,S or HlSe. In still another preferred aspect of the invention, heating is catried out in an
inert gas. In yet another preferred aspect of the invention, a solid cap incorporates a '
chalcogen in elemental form. In yet another preferred aspect of the invention, a process
according to the invention occurs in a continnous and/or semicontinuous roll-to-roll.

manufacturing process. Such preferred aspects may be practiced singly, or two or more of

these may be practiced in combination.



The embodiments of the present invention described below are not intended to be exhaustive or to
limit the invention to the precise forms disclosed in the following detailed desuiption. Rather the
embodiments are chosen and described so that others skilled in the art may appreciate and
understand thepagidipdeé®and practices of the present invention. All patetftd/Fétdifty atent
applications, published patent applications, and technical articles cited herein are incorporated herein
by reference in their respective entireties fcr all purposes. Fig. 1 schematically shows an

illustrative embodiment of a photovoltaic device 10 that is repar % rding to principles of the
present invention. Device 10 desi%@?&ﬁéﬁﬁi‘@%@é‘ﬁ% ’ﬁ!@?&%‘% o(%)e mounted to surfaces

incorporating some curvaluie, INRISISIEA IBPENIENS ARsel insuficientudleiriie o be

wrapped around a mand avlnglra,dlameter of 50 cm, preferabl -?b;?ut;ﬁ,o gm, more preferably about
25 cm without cratidirieeempraermestosstertsaiied o meriaela Ey e incident face 12 that
receives light raysukéramnel dybatksidadftiedolidving dBeirden 20t clitpd snantsvalep §ERIBE  contsining
photovoltaic absogfer fegigine.farmes: enanpaundedyingsistrate 18, Substrate 18 generally refers to
the body on which the GI9 3 precuiser i s omed ad s sareetalesmultiledayers. One

illustrative embodiment ofa mlt’ ayer structure for substrate IS is shown in Fig. 2. In the illustrative
embodiment of FiffPilesiPater 8- gBHEHNY inchuics support 22, barrier region 23, and backside
electrical contact regionF24 2Suppmh2R deybetkgideon Hesdblerystnadeskabipistfieiidle in those

ernbodimerrts in. whigh. the Hetovaliaicagyicemay be used in combination with non-flat surfaces.

Support 22 may be frmed fiom 3 wide range of materials, THESE HGNER.JASS: Al Oher ceramic

materials, polymers, metdis, fetal afioys, mtermetallic compositions, woveh or non-woven fabrics,
combinations of these asd thBiicates ditess SralfEpPRILASEP IS L IS B P4 bly is cleaned

prior to use to rempPpg, gontaminants, such as organic contaminants. A wide variety of cleaning

techniques may be ysed As:AHEEERMARPIES MrSLRPINGrRECR MY iAFNeDRITHNasMa, would be

suitable to remove organic contaminants from metal-containing supports. Other examples of useful
cleaning techniques incirideriendatehing, inetche mieslibathiniysddbthedike intendddte Ysarrier region 23

helps to isolate the photovaltaic ahsorber redion A0.EQNHie SURRQIAR tRIRIANEALgRAtamination. For
instance, barrier region 23 can help to block the n%‘%ratio gf F% nd fggp(% co%&gy%%%from a stainless
S

n iock the miar
steel support 22 iftSHRECALEBKEM PGB 36 HE BEF T egion ors §

 barrier region *aldd can protect the support 22
against Se migatiohnit:Swisecisedif wisrinh i orins Pl phsteiorafcbaBESTHEREEBN’30. Desirably, the

barrier region 21 gisathelpaiie prenmaieiatdhesiopBeivaen: tihelisupporn2 2dantlabuerlying layers of
device 10. Barriel gegiof 23 can. B med o Ana A1 ore: 0. B Rpagphimaterials. Exemplary

materials include Nfo; Cr, and Al203, combinations of these, and the like. A film comprising Nb
desirably has a tH®RAESs of at least about 30 am, preferably at least about 50 run, and more
preferably at least abouFig0Usehvmahvditishrasslosusntivneadimastfaiirier el #eufFdBout 1000 urn,
preferably less thap: abeu.4QQusriane metg pieferablydessvihamabetit3A0itimbinione embodiment, a

Nit bartier having,a thickness of about 150, A WOHI0L R SUIANEeing The dAklside,electrical contact

region 24 provides a convenient way to electrically cquale,tgee q)ewce 1Q to eétglrrpagl %'rcuitry (not
shown). The bacR&i&& ¥ ERECIPEBh SRR D SIS HR1BE 10 18 STARRTHE D tSvSHSic absorber

region 20 from theasuppditr@et@! 50 cm, preferably about 40 cm, more preferably about 25 om without
cracking at a temperature of 25°C. Device 10 includes & light incident face 12 that receives
light rays 16 and a backside face 14, |

Dévice 10 includes a chalcogenide-containing photovoltaic absorber region 20

formed on an underiyiné subsirate 18, Substrate 18 generally refers to the body on which
fha CIGS pﬁ'ecursor film is formed and often incorporates multiple layers, One illustrative
embodiment éf a multilayer structure for substrate 18 is shown in Fig, 2. In the illustrative
embodiment of Fig, 2, substrate 18 generally includes support 22, barrier region 23, and

backside elecirical contact region 24. Support 22 may be rigid or flexible, but desirably is



ze cross-confamination. As is the case with any of the regions of device 10, region 24 may be formed
from a single layer or multiple layer using a wide range of electrically conductive materials, including
one or more of Cu, Mo, Ag, Al, Cr, Ni, Ti, Ta, Nb, W combinations ofthese, and the like. Conductive
compositionsviigcipdfatitlg Mo may be used in an illustrative embodlmé‘)r‘tt)I sz %ewblr(fm optionally
may incorporate one or more agents such as Na, Li, combinations of these, and the like. Na, for
instance, is believed to favorably impact the rotvth of crystalline grains in the formation of the
photovoltaic, abs rber region 20. talso is belie that f mobilizing
agent to facilitate tHE foPSton" o Sanu% t)g/l (tﬁ]ig C%ggh%&%%%%fﬁ%{%ﬁ%&é@f?q %r%z{iterlals Na
might also contribifteaitapfes the electronic performance of the chalcogen-containing
photoabsorbing materiglgyport 22Maj@eaismstithras Wdy taigantitotethé iKbesn gl Bdrporated into
reglgn 24; ina Vflgtgttg %fgyigiaéw%g@mg R(aWalT-S gﬁmg%amtﬁgeaﬁ&tﬁxé&mrcmwﬁm@tmg r'\llaF f
Na-dopcd metals, or the like may be incor rated into re exist on the top o
region 24, be buWQ&cﬁf’%ﬂ?ﬁ) “BENET TSRS rebal%sn EPesg’r n("%lLEg}ai1 iéev?r%lﬁ \%\(/?tltslt:ér?%e layer. According to
another approacbr@ﬂ@é—@%?ﬁﬁ@%é?@@?%ﬁyiﬁ@@d’%ﬁdﬁ%ﬁ %F‘B‘fﬁé?ﬁtﬁg’é”?:gh(‘fﬁ%éﬁtly supplied with
one or more eIe@fg@ﬁH}&&%ﬂhb@ﬁﬁ/%M&t@«ml@ﬁ@fmmtelwasmw @tdedstha pertion of the resultant

sputtered region Smhie RalRReS talgek $oLRINIAG AL Al omit: Rateent Me-and datamic percent Na
can be sputtered ton% a suitable film haV| a thlci) ess of alte é use?l?gy&?ﬁ? am, preferably at least

about 50 am. Suﬂ?*ﬂ“ﬂﬁ‘??‘ﬁgg%‘ﬁ? F?ﬁ%taé“tﬁ% LEoriessthan a out 2000 mn, preferably loss than
about 500 am, Ine@hteqmbekdﬁm@nﬁ@uw%‘ta*@@ﬁ%@ﬁmfe%‘ﬂt%%‘Fowde a film that is about 350 um
thick. Referring again. maintydgok 3. 1éips halepgenidecontainrgophotaiol #dabderber region 20
absorbs light e”er%g’%ft'}hb"d'edﬁ?a%@%&%&cf@y%}Qs@iﬂget%ﬂepl%@t&wt@@@ély Gonits this light energy

18
into electric energy eglor}3 can he a sin le mtegraﬁ% Sse S |IIustrﬁteg ar can lt))e formed from one

or more layers. m‘@ﬁ@‘@ﬁfﬁ?&é‘ﬁ@mé"ﬁ YR dich gB?y fcorporates at least one
03-111Bchalcogepice?&ubi amm&gbmBisbtewrd@@te%i%i@?é&ﬁt&@%s%‘ﬁ@fé?on if Se is

IlI-1IM-selenides- &u@ﬁ%t@@t&%uﬁ@@m@@t@ae@fﬁ@wﬁ imdinesiyalydfor galtiuegiin many
embodiments, th%sgsm)atenals]r are present in t@‘é’e}(‘&wﬁ@&ﬁ%‘%ﬁ% ?ﬁyg,@g@lmtg}mclude sulfides

or seleniclas of copper gha dlum i\ddstlona | embodime ts mclude selenid s§>r su fldes of copper,

indium, and galhﬁﬁ’i‘%ﬁ‘@&ﬁ&%ﬁéﬁfﬁ%@%@%%’%ﬁt BPE Rot t‘éaagﬁootz%}%tf)%at indiim sflaenldes copper

indium gallium aelenidisscbelper GakidimisalenitesticoppdkhedivhibedifdesTEoieriiffium gallium
sulfides, copper Q@'Héé%ﬁ&'H!Q%%hx&i@ﬂﬁ%ﬁ’Hﬂ@b&d{ﬁbﬁuﬂﬁdaxﬁqﬁmﬂ& achppesgailium, sdlfide selenides,
and copper indium aII| eas%s%w ides,lit Cﬁﬁg&%g&gg@ﬁg{gm@mg@gmge materials

optionally may inCiid& Ailimmum, teflurium, and the like. Aluminum cou §and:£ instance,
ope

instead of or in aﬂ@tﬁéﬁo&ﬁ@aﬂ’ﬁ?ﬁﬁﬁa@d&% t@ﬁ‘h‘f@%‘ﬂéﬂ%@ﬁ?ﬁt@?fﬁl?ﬁ%@% i With other
materials, such asiNm,dnk; drhiitihent]keHtoesivh andes p&l@tﬁt&ﬁ@@%ﬁ%ﬁﬁ?@ﬁﬁ‘%dlment& crc2is
materials have pgypg.characteristics. Oxygen (0) is technically a chalcogeu according to its

placement in the periodic. able,of the element SR, Qe e dekodp & Cracogen o

purposes of the presen mvaé ion inasmuch as oxygen does not contn?ute 0 photoabsorbing
functionality to \WAerROhedadEI0 1PTRPS Syt PRESERBh BF fREUIREFEHZICOERS such as Sior Se.
Even though oxyggendaesdiatps to isolate the photovoltaic absorber region 20 from the support 22 to

minimize cross-contamination, As is the case with any of the regions of device 10, region
24 may be formed from a single layer or multiple layer using a wide range of electrically
conductive materials, including one or more of Cu, Mo, Ag, Al Cr, Ni, Ti, Ta, Nb, W
combinations of these, and the like. Conductive compositions incorporating Mo may be
used in an illustrative embodiment. |

Region 24 optionally may incorporate one or more agents such as Na, Li, H,
combinations of these, and the like. Na, for instance, is believed to favorably impact the
growth of crystalline grains in the formation of the photovoltaic absorber region 20, It also

is believed that the Na acts as 2 Se flux and/or mobilizing agent to facilitate the formation of



promote photo_absor_bing functionality to the same degree and/or in the same manner as Se or S,
oxygen may still be incorporated into chalcogenide photoabsorhing materials purposefully for other

reasons such as to contribute to electronic properties, as an artifact of d/or the like.
Indeed, many%ﬁé[ﬂyé‘é(ﬁ%aterials incorporate at least some oxygen, eﬁ?@#@%%@?@r%c percent to
a_bout 5 atomic percent based on the total composition of the region 20. One preferred class of
eitaleog,enide photor_dasorbing materials may be represented by the formula _

Cualnl,Ga. AluSepgieyNaz(M Whereiiif,#hisdained.as-hidheniwilaid Somsbesably 1.05 (0 1.65 "b"
IsO to 2, preferably 0.8 t0 1.3 "c"is 0 torg).g Breferably 0.05to

B

| ) , preferably 0.05 to 035*d6i 0t
0.35, preferably dE B ENREE PFIETHOFS B?g?g?% %f/ %C% PEINote. \%i’%l(???y or substoich films)

materfals.
Materials such as Na, Li, and/or the like may be incorporated into region 24 in a

vartety of ways. According to one approach, a separate layer incorporating NaF, Na-doped
metals, or the like may be incorporated into region 24, This layer may exist on the top of
region 24, be i)uried at any other location in region 24, or mixed evenly within the layer,
A_cdording to another approach, & Na-containing target may be co-sputtered or otherwise
concurrently supplied with one or more electrically conductive materials to incorporate Na
into at least a portion of the resultant sputtered region 24. For instance, a target containing
97 atomic percent Mo and 3 atomic percent Na can be sputiered to form a suitable film
having a thickness of at least about 30 nm, preferably at least about 50 nm. Such a film
desirably has a thickness of less than about 2000 nm, preferably less than about 500 nm. In
one embodiment, such a target is sputtered to provide a film that is about 350 nm thick.

* Referring again mainly to Fig. 1, chalcogenide-containing photovoltaic absorber
region 20 absorbs light energy embodied in the light rays 16 and then photovoltaically
converts this light energy info electric energy. Region 20 can be a single integral layer as
lustrated or can be formed from one or more layers.

The chalcogenide absorber region 20 preferably incorporates at least one IB-IIIB-
chalcogenide, such as I3-IIB-selenides, [B-1B-sulfides, and/or IB-IIIB-selenides-sulfides
that include at least one of copper, indium, and/or gallium. In many embodiments, these
materials are present in polycrystalline form. Some smbodiments include sulfides or
selenides of copper and indium. Additional embodiments include sefenides or sulfides of
copper, indium, and gallium. Specific examples include but are not limited to copper
indium selenides, copper indium gallium selenides, copper gallium selenides, copper indium
sulfides, copper indium gallium sulfides, copper gallium sulfides, copper indium sulfide
selenides, copper gallium sulfide selenides, and copper indium gallium sulfide selenides. In
some embodiments, such chalcogenide materials optionally may include aiuminum;
tellurium, and the like. Aluminum could be used, for instance, instead of or in addition to
gallium. Such chalcogenide materials alsc may be doped with other materials, such as Na,
L1, ¥ or the like, to enhance performénc& In many embodiments, CIGS materials have p-
type characteristics,

Ozxygen (O) is technically a chalcogen according to its placement in the periodic
table of the elements. However, oxygen is deemed not to be a chalcogen for purposes of the

present invention inasmuch as oxygen does not contribute to photoabsorbing functionality to



WIS 0 or more, preferably at least1 and more preferably at least 2 to 3 "x" is 0 to], preferably 0 to 0.5
y"is 0 to-3, preferably U to 0.5 "1"is O to 0.5, preferably 0.005 to 0,02 die precursor The copper

indium seleuides/sulfides and copper indium gallium selenides/sulfides are ,Rrefer5§(q. Illustrative
examples of Bigcphatddlectronically active chalcogenide materials ma{ﬁ% rse:l([))lrle/se’h%:éd by the

f_ormula Cub6_,Cia,Se(24)_S_y(B) where x is 0to 1 and y is 0 to 2. As measured and processed, such
films usually include additional In, Cia, Se, and/or S. Advantageously, the chalcogen-contain ng,

photecbsorting mateils il 2xGelienl 53 Serlans ' ol absaguion dbaillow region 20 o be
promote photoabsorbing functionality to the same degree and/or in the same manner as S¢
or 8, oxygen may still be incorporated into chalcogenide photoabsorbing materials
purposefully for other reasons such as to contribute to electronic properties, as an artifact of
manufacture, and/or the like. Indeed, many chalcogen materials incorporate at least some
oxygen, ¢.g., from 0 atomic percent 1o about 5 atomic percent based on the total

composition of the region 20.

One preferred class of chalcogenide photoabsorbing materials may be represented
by the formula
Cus, I, G AliS e S TeyNa, {(A)

wherein, if “a” is defined as 1, then:

“(botd)a” = 1to 2.5, preferably 1.05 to 1.65

“b” i3 0 to 2, preferably 0.8 10 1.3

“o ig 0 to 0.5, preferably 0.05 to 0.35

d is 0 to 0.5, preferably 0.05 to 0.35, preferably d =0

wrcty) is 1 to 3, preferably 2 to 2.8 (note, (wx+y) < 2 for substoichiometric precursor

films)
"y is ( or more, preferably at least 1 and more preferably at least 2 to 3

. x"is 0 to 3, preferably 0 to 0.5
v is 0 to 3, preferably 0 to 0.5
“z is 0 to 0.5, preferably 0.005 to 0.02

The copper indium selenides/sulfides and copper indium gallium selenides/sulfides
are preferred. [llustrative examples of such photoelectronically active chaloogenide

materials may be represented by the formula
Cu}n(;_x)GaxSe(g.y)Sy (B)

where x is 0to 1 and y is 0 to 2. As measured and processed, such films usually include
additional In, Ga, Se, and/or S.

Advantageously, the chaloogen-containing, photoabsorbing materials exhibit
excellent cross-sections for light absorption that allow region 20 fo be very thin and flexible.
Tn illustrative embodiments, a typical absorber region 20 may have a thickness of at least
about 1 wm, preferably at least about 1.5 pm, Region 20 desirebly has a thickness of less
than about 5 um, preferably less than about 3 pum. '

’ The principles of the present invention are used to form high quality, chalcogenide-

based photovoltaic materials for use in region 20. These principles allow these maferials to
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In illustrative embodiments, a typical absorber region 20 may have a thiclmess of at least about 1 urn,
preferably at least about 1.5 um. Region 20 desirably has a thickness of less than about 5 um,
preferably less than about 3 urn. The principles of the present invention are used to form high quality,
chalcogenide-Wa3ed/ptistdvoltaic materials for use in region 20. These giiréipfed A6 these
materials to WO 7011/146301PC1711820 1036165 be formed at low pressuremanner that is
compatible with continuous roll to roll manufacturing strategies that occur under vacuum. The

methodologies of fhe invention lnclide atleast titee main:stages ek can Be piegticed sequentially or
at least partially co-curren?ly With one or more of the other stages. These stages include forming a

precursor of the dE&REF EHEICBHEHI DB REAGIBLETBIIY CompSSHIBIr M8 RG A ¢Rdi®bgemeontaining
cap on the precursshidend¢netireonvrting:thet cappatepiedsegomindty thet desiredghictoabsorbing
Taterial ’ A pE@J@ﬁ;@%H&QﬂM%%M%%%@g@iQ %éﬁ‘@sﬂé&@&@ﬁﬁéﬂ%ﬁnﬂég§§J§-§@Bﬁmaﬁcay?/
illustrated in Fig. 3, Referring now to Fig. 3, an.initial stage 100 invo reparing a precursor film
112. In many emg%% |Fﬁ{é%%§,%ﬁ? ?%1% @gt%%ﬁ%%%d %);{/n ai)sg’fnangfﬁlélnf)n r%%ﬁge%f'gfné%{t%%snﬁg% er the
constituents onto SuBEHBREIB wFEITH PrERtiPedhermpPes. Eﬁe@s‘bﬁfté‘mfﬁeﬁfévg&?ﬁffﬂpﬁfﬁ@gstep orina

sequence of two afamate steps. If multiple sputtering steps are used, these may occur sequentially,

::oncurr_?:]rtlly, orin overlf%qgji@fzrggm&% I;Iiggﬁ;g@g% g@g{@gyﬂgttg%gtgg&tg%%hwgggjuge (cj)_n::‘_ ortmore
ayers, if the precyrsor filpr as multiple Layers, the interfaces hetween layers may be distinct or
can be graded traﬂgfﬁgﬁﬁgﬁ% %o%%%%%“o?%ﬁ%‘?ﬂ%ﬁ?l | rﬁti‘%fg oS R

. SC [2 may De'l cgrpo%gted into the same
and/or different lagrerarsor filmd i puppswsoboHinnatitis, inretrgritadiat vring [8aiséh stage 100 to form
a precursor film likZwith psinghe layarnsiiucit entienaralyoihepresuriiar filln $nchudes the desired

metal constituents, and qptionally. at least.a.partign.f dhe.fesirediehalenoen.contens.Gansequently,

target 110 would have a composition that Is effective to d(—j-ﬁposn at Jeast the metal constituents of the
desired region 20 Tt TSI B SHORIBHE: EBPIREHRA O PR PG BCR JiBHT SO g, 1) is to
include Cu, in, anet<Gesarsimetalconstitientds targetbk0atthil thestremve Empbiient generally would
include copper, inglium. as-gallivmrinpapoitionseiestivaiadannaiecyrsnrt i ld including these
gjements. One sugll SHIARIG ASLLLDHMAL G 66, A0 a 1-ARPULRG-iarRieRg/cent Cu, about

50 to about 55 atomic percent In, and about O to about 30 atomic percent Ga. Other targets having

other proportionsl@fetﬁe constituents may also be used.
For purposes of illustration, a single target 110 is used in stage 100 to form a

precursor film 112 with a single layer structure. Generally, the precursor film includes the
desired metal constituents and optionally at least a portion of the desired chalcogen content,
Consequently, target 110 would have a composition that is effective to deposit at least the
metal constituents of the desired region 20 in the desired proportions. For instancs, if the
resultant region 20 (Fig. 1) is to include Cu, In, and Ga as metal constituents, target 110 of
this illustrative embodiment generally would include copper, indium, and gallium in
proportions effective to form precursor film 112 including these elements. One such
sujtable target 110 may include about 35 to about 50 atomic percent Cu, about 50 to about
65 atomic percent In, and about 0 to about 30 atomic percent Ga. Other targets having other
proportions of the constituents may also be used.

A specific embodiment of an exemplary target of this type includes 45 atomic
percent Cu, 42 atomic percent In, and 13 atomic percent Ga. In one exemplary mode of
practice suitable for iﬁccz’poraticn in 2 roll to roll manufattoring strategy that oceurs in its
substantial entirety under vacuum, such a target can be ‘nsed to form a preoursor film 112
including Cu, In, and Ga having & thickness of at least about 0.75 pm, preferably at least
about 0.8 pm. Such a film desirably has a thickness of less than about 2 pm, preferably less

than about 1 pm. Such a film 112 in many embodiments may have a target mass of about



A specific embodiment of an exemplary target of this type includes 45 atomic percent Cu, 42 atomic
percent In, and 13 atomic percent Ga. In one exemplary mode of practice suitable for incorporation in
a roll to roll manufacturing strategy that occurs in its substantial entirety under vacuum, such a target
can be used twfowmia4specursor film 112 including Cu, In, and Ga havin§ & hiékéss 6t at least about
0.75 pm, preferably at least about 0.8 pm. Such a film desirably has a thickness of less than about 2
pm, preferably less than about 1. lan. Such a film 112 in many embodiments may have a target mass
of about 65 mg to about 75 mg of G ateri er 4 |nc , X 4 inch.area,of t strate 18. The target
containing 45:42: 133 6MEH ggé@‘hf' Cﬁdﬂ amcag R e gl LTS ?Fce)rsgsguaa %g%me period, such as
about 3 minutes, t@i‘&?ﬁéﬂé@rﬁmﬁé?}"t%églﬁﬁg@tpmm'ﬁén&é@ﬂ%@ﬁﬁ?ﬁﬁfﬂ@?ﬁgy bigEEPat any suitable
pressure. For inceepodadiomaiena sel-ia=s0l proeaasica eitalse pressure may be at least about 1

millibar (nBar), preferably, %L%a%srafm%%@;B@rfom%@rmw@p@w@w iadlessdan about 10 nthar,
preferably less than about 5 mBar. A pressure of about 4 n oulq n%ﬁ bsu%aﬁgzge) for instance.

Sputtering desirabl§f E’)&?}Ut‘%rfﬂiﬁﬁ%"ﬁ‘f’e%@ﬁ%@ed??s%uffla%f)ee’Eétpu erlﬁatgas sup at a suitable flow rate
to establish the desifeehipreSserehonrd eldem Bhahy: sperteeriivgrefds islurdon 2i1 Writlérstood that the flow
rate(s) used are afungtionafmnnbenohiastersdnsloding: puBpingSpeediant the configuration of the
chamber. Sputtering occurs ttgrm% Fodl @9% o&@?n?%@Bgsél%@f%uﬁ%i%&%ﬁ% g&@&ﬁ&%@&a suitable

sputterlng power, SUcmh as a out recursor 1im onal constituents such

o form a
as Na, Li. To, and/Hihls fiRe W&Vﬁf%lﬁgqﬁéjﬁ ‘Eﬁ?ﬁ?‘é“‘ﬂlfﬁt@?)%%ﬁ?g&r FHTEE0E &5GTtering or other
techniques as well il isputerbtiatttre Sevcrrbeintorpobatdeninte tobsaphBdaryetluditeor supplied from
additional target(s).pal:shewns @ptinnalwistsadeiienakponstitients: arevaniadpiaiion of the metal
constituents can be sypplied yia o '?8 SOUrces: SUER A3 RN SRVHGHNG IR, e RS $eREE, Of one-or more

Suitable gases or vapdrs \ccor Ing to alternative embodiments, precursor film 112 could be
formed from Multfﬁ)’fé1 W@@@%l‘}é‘ﬁ He-a pair of confocal targets. Using this strategy, for instance; a

Cita,' target and an In targficelddnbivaseshdoniSedily o fofnr dediE @preahsbedhacAlternatively, the
precursor film maﬁ@@ﬁé&f&?ﬁx&(@@ WM&M&I@%&&@@M@@%@gstha;smwwdtmug&m aeplurality of
sputtering zones., Orm m%%}tf:asraqgt or oth%r %té%;peg ft ds[trmel %ﬁm%} &%&H s are also useful in

some embodlmenrfm pre- mcorporafe a%e east a portion o content of the desired region
20 (Fig. 1) into at@é‘a@tﬂgb’p%ﬁ?dﬁd@f%%?%ﬁﬁ@w’fﬁ?ﬁ“fﬂ“m Oﬁ%}?’é‘ﬁ BHPIESEESHIIRY to this strategy,
a, precursor film inggitpbratitgevetall aadubstoiphiotnetribameunt of eelemumsiiiebldhe film includes
less than one chalcogen atom for each metal atom included in the composition) is formed from
confocal first and second targets, where,in the irst ar et mcngigﬁ%wgggg@oa tiop Cu*Sey, wherein X

cording 1o alfern tzvc Ti BCUTS O
is approxmately 2 and y{‘is ap OXIma d‘% econ target mcorporates Cu, In, and Ga

according to the f@#ﬁﬁlﬂﬁf@%ﬁﬁﬁ&dﬁdﬁﬂﬁ‘é?%ﬁ?ﬁ&%@ﬂéﬁlﬂ%ﬁ%%‘ﬁ@’efﬁ‘dﬁ%%ﬁtcﬁ %10 about 1.
Details of incorpasafing:chalcegendnia precdrsefofikily blizrarcTinthescdesdiibed in' Assignee's

co-pendingUsS. Pﬂ%&éﬂ@ F)If'étgx@&@%phﬁ@'gﬁ@ R SHRALNGs R H 334068 MNDine

2011/146301PCT/US201.1/0 lMar hl7 2010é titted "CHALCOGENASED MATERIALS AND
IMPROVED substrate throu ﬁ:VQ spufiefifg zonds.

Confocal target or other multiple-target strategies such as this are also useful in

a plura

some embodiments to pre-incorporate at least a portion of the chalcogen content of the
desired region 20 (Fig. 1) into at least a portion of the precursor film 112,

For example, according to this strategy, a precursor film incorporating overall a
substoichiometric amount of selenium (i.e., the film includes less than one chalcogen atom
for each metal atom included in the composition) is formed from confocal first and second
targets, wherein the first target includes the composition CuySey, wherein X is approximately
2 and v is approximately I, and the second target incorporates Cu, In, and Ga according to
the formula Culn,Ga.p,, wherein p desirably is in the range from about 0.5 to about 1.
Details of incorporating chalcogen into precursor film 112 are further described in

Assignee’s co-pending U.S. Provisional Patent Application Serial No. 61/314,840, filed



METHODS OF MAKING STICH MATERIALS" by Gerbi et at the entirety of which is incorporated
herein by reference for all purpose,. Multilayer embodiments of precursor film 112 also are further
described in US. Provisional Patent Application Serial No. 61/314,840, filed March 17, 2010, bearing
Attorney DocRE® RBIBIO¥RA0027/P1, in the names ofiennifer E. Gerbi, MaFgHUE%{}ﬁHPc}@GSRObert T.
Nilsson. Still referring to Fig. 3, a chaleogen-containing illni also referred to herein as a cap 114 is
formed in stage 102 over the precursor film 112. Desirably, the cap 114 is in the form of a solid cap

ncluding one or mere shalsdins J1 AElGERBoUsS.f pRRHEe: BacRRIERrPOTates Se. Te

and/or S. Se and arepreferred. Se s most %erred c and S are used, the atomic ratio

of Scto Sin |Ilusﬁr§cﬂ@&%%éﬁﬂ%ﬁ‘t§ AP REAR MQ&?F&W&M&@%@& fshut 1000:100,
preferably about 10AQ:B:imabiot) HE06:EG0THieehacolybilidayarsbeopreservf imecapel 14 as compounds

and/%r in e'ementﬂmté J&%r@mw%tmlmeé%ﬁﬁmr pazeﬂmpam%atsemﬁ@k‘é%gen(S) incorporated
into the cap 114 relati 0 stol ric amount ne o] 10 can 'my over a
S R TS B Ao RSB UE AR 1P A

wide range__ Howe(e amount cha W, lesser amounts of In and/or

is t
Sc may be incorpersed el E. %ﬁtt%ﬁ?@g?@ﬁ%tﬁﬁ??ﬁgt@ﬁ%ﬂdesrred Also, the reproducibility of
the stage 102 may be less @iaridesiad, Gantraly ciisidesiabithetthétchpeind inefudes at least the

stoichiometric amQAt{l). pf; c@@%@%@é&es@gsm rPnversubsiantaly theantirety of the precursor
film 112 to the desired tetr ona

hotoabsorbrrrfg ﬁ)r?ase tallérrn%mto accoun tl%hta en content that
might already be ﬁ?@é’éﬁf‘m S i %eemp BBty PG SEARIEthat at least 2x, and
more preferably atidasirpooess thd stbhidmetrdsniounrseferhl Ssdemepaieicdfporated into the
cap 114.  Fromsa thereticalperapestivestharesgencraliysie:ne uppetitionit oy thenamount of

chalcogen(s) used in fhe, 6an L. Indepd. B9 sRIsE SIciEhiomaIs SX6assdsompre desirable and

provides multiple "benefits. First, using a greater excess tends to ro uce mare u Jform chalcogenide
photeabsorbing B S L R S Brodé<s BB rt?oergnc%tﬁisr%%nty Additionally, the
reproducibility of ¢etragdriehforpreftionlis less sensitive to temperature fluctuations in the course of
subsequent chalcogenizgfign.uHQWaNRbaRRiRIAsHERI MAMRY c4jsingraxeassitkely greater amounts of

chalcogen(s) n cap | ¢l han, s requierl ot sIplelomel.6an e MASIE e, ereyicing suficient

incremental bene onsequent itisp d that the cap incorporates no more than'about 100x,

preferably no mdféﬁt@??%@fﬁ%@%%@féf%ﬁ?%‘ﬁ%?& ﬂ‘?%f?fﬁ'ﬁ%ﬁ’?%)%n BReSE IR Blotnetric amount of
chalcogon(s). In iHustrativéiembesirents;eirsiaf Gabagehvith dsed . BiR, Oy repRdudipitg el or 50x of the

stoichiometric amgupl,0f ghale Naen %WM&B besuiiahle s TheraivigieiRedsae amekadsaf chalcogen can
be calculated bayd upon ihe relaive AMOHAtS: OBl S QAR DR O N REAGHISR"

entirety of the precursor film 112 to the desired tetragonal photoabsorbing phase, taking into

account chalcogen content that might already be present in the precursor film 112, More

preferably, it is desirable that at least 2x, and more preferably at least about 5x the

stoichiometric amount of chaloegen(s) are incorporated into the cap 114.

From a theoretical perspective, there generally is no upper limit on the amount of
chalcogen(s) used in the cap 114. Indeed, using greater stoichiometric excess is more
desirable and provides multiple benefits, First, using a greater excess tends to produce more
uniform chalcogenide photoabsorbing materials over time as the process is carried out more
consistently. Additionally, the reproducibility of tetragonal formation is less sensitive to
temperature fluctuations in the course of subsequent chaleogenization. However, as a
practical mater, using excessively greater amounts of chalcogen(s) in cap 114 than is
required for stoichiometry can be wasteful without providing sufficient incremental benefit.
Consequently, it is preferred that the cap incerporates no more than about 100x, preferably
no more than about 60x, preferably no more than about 30x, of the stoichiometric amount of

chalcogen(s). In illustrative embodiments, using a cap with 1.0x, 1.5%, 2.0%, 2.5%, 108, 253,
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Often, a cap 114 with a suitable stoiehiornetric excess of chalcogen(s) has a thickness in the range
from about 15 dm to about 20 um. The target mass desirably involves depositing an amount of
chalcogen(s) effective to provide the goichiometric quantity (Ix) relative to the precursor or the desired
excess of chaleoygeri{gp(e.g., about 2X to about 50X. in illustrative embggﬁ%@ﬁ&yq’%ﬁ]ﬁﬂve to the
precursor. The cap 114 may he formed by evaporation from a resistively heated stainless steel
boat or ceramic crucible. The pre-weighed substrate is suspended facedown over the crucible. Based

on calibration, the amount of selenium needed to achieve the desired cap.igjoaded.into the crucible.
The chamber i5 ﬁ‘tﬁ%%cﬁhfioﬁg‘ écg}éetﬁlrceasnégﬁlfgcc? {lgggﬁﬁ%z%%loutef&amBar,ear?d then the crucible is

heated to greaterthzm Hlsbiitsaoen(brrskal s Aoshiper e R SA ARy o Bhermocouple immersed in
the molten chalcagemyerdhia fidpselenium load is evaporated. In some modes of practice, it may he
desirable to form a cap,}14 fray MutipleJavers syt sirs inelugig ta.ephance uniformity, to
accommodate equipment limitations, t% Opﬁ enttra}c1 L%Eiyg hea i@qﬂgf m&%gps%gg}lgg over extended
deposition times, S ﬁ%?%?lgxzfmplé, in Cases cfﬁ‘arger caps, the crucible may he loaded two
or more times toifeeivesiievesitrrpngounisrichelsrsps) TEHIE MM IRTITRTHRESFEER be desirable to
rotate the workpigegibaiwaen:geanihsriursinstancesitkdernringfcageddbfdne twowimental layers,
rotaing the workpigce, 160,AMERN LN MR SsiiablEesor n a further stage 104, the capped

precursor film 108 Is subjected to chalcegem%atlon Qondigons %@%&&é‘(%%&f%}{%g gtgtgeprecursor film
112 and cap 114 to the de&iReld AT B egieh B T hid stage alsd may be referred to as a "post-
oho | oogenizationdt treatrmanttoidontertetighefeabtapisrisrrkifectiaunfeittSccurs Mier precursor
formation. For example, Bha€ ds Lginginantparmiedrintethenpesatrsehithaistdgaed 62 can be referred to
as a post-selenization tregtment, | ikgwise, If.8,15 heingdnsarppraled i therRiesuisar: the stage 104
can be referred to as a post-su(ifud_zatlpn. Generally, this tagg &%4 occurs under thermal conditions
effective to also BReaItHEChHpE TR ﬁ%@?fﬂ@?%a& t(Lf%"?‘ﬁ?’é“rjtln e IS o |Fﬁ§|%fiz to the desired
tetragonal, chalcegijritéphagertothepitentitbictip pudepréegrsen ddesHorknsadyrhEve that crystal
structure at this g;glggﬁgapnsequently, stage 104 also may be referred to as an annealing treatment to
recognize the conversion of the precursor Ji'@m&%i&%&t&@@%&%ﬁ%dc lcapyritenigtratrortal phase.

Chathogenization generz;\\sﬂlgl/‘2 occurs by positionirig the capped film 108 |n a suitable processing
chamber (not shiue ifrvigh e faasrsdagipies it Fraes W ERsEEY t8CREMIAT S8HRITGhs effective to
convert the precuissarisniodhephotainse g rdgionupdaFlreet hapnisd demate tHessame or different
from the chambeg(g) usegl o form-atherlavessphihe coppediipidAg e lagantinueus roll-to roll
process oceurring under vaeuum, the capped. i, 408 aensral. sdransfriar fam:aeapping staron
to one or more dedicAted, downstream stations at \ﬁfm chalcogenizatjon occurs, The sample
temperature desRaBKFIgNTRIRRAFRREHED SR TPt SIITRHRAG e & ler to avoid undue
loss of In and/or BmeAts] exem platghidelinsssthsd Skatmske tamvipe ratube deriyolse about 150C or less,
more preferably about jopt o less.d4inehihadanstekshh @R exespigyemoede of practice, a transfer

temperature of about 80C would be suitable. . The temperature of the capped filg, 108 is then
increased to ari SRHSETHG 18HS Iéc%fﬁ}?ée Sffactive 1o causes the desired cor?%?sion. The rate at which

the temperature desiréranmstmiofiraianmie div Rereram EATHhIS4EE th&%hcorporation of In and/or Sc
into the resultantipregesiatitiedamperatoneoratin atdtesis roddow, tirttagssortiihd/or Sc may

occur. On the otp;%ammmr@w&{m@,aﬁg@i;@sww@m@ B SeurRdies Gia could occur.

Other problems that may be encountered inehMe pinholing, af the final filo, It colld. also be possible
that damaging n%i%ﬂh%h%f%f%ndeﬂl% PREBITHSM Vo Igﬁlfgl%%ﬁtb %%nsﬁtuenst’s %fgtlhne%é%f%%ed precursor film
e

108. Balancing thdeeneshisesnias ek desirabrorshariiR farptratlireiom S Fae8 ¢ tfeast about 1T/ min,
preferably at leaghaboub206 Avie; theone! prefikabbffatiedstabauwedtirrireed Sdmmbst preferably at least

about 60"C/min. Adglitionally..he.smpesaie rammr@is desiablydessiianmheus 800Chnin,
preferably less than afgout 40 C/rwr% gnegm% 18 %{X fg&g%gﬁ@tmﬁ&@%@%&mn. In one illustrative

embodiment, a iR P& RFEBEIFSIETN 16 about 60Chnin would be suitable. In another illustrative
embodiment, a réenys TS HREEDLES HIA TEYIBOES TR VS AF S SaRARIE e 0 A50R1E  E ge of annealing
temperatures cagmhersiseek iethecannetting 1emper dtsiredishttverioite; oerointdrporation Se could be
observed. Additionally, the conversion of the precursor film to the desired tetragonal phase may be
less complete than is desired due to unreacted starting materials or formation of stable byproducts
including binary chalcogcns. On the other hand, constituents of the precursor film 112 and/cr the
substrate 18 could be unduly lost or degraded if thé hnnealing temperature is too high. Balancing
these concerns, the annealing temperature desirably is at least about 450C, preferably at least about
500C, and less than about 600C, more preferably less than aboat 550C. Significantly, preferred,
modes of practice allow annealing to occur at atypically low temperatures. Thus, in another example,
an annealing temperature of about 350C would be




suitable such as when annealing with a Se cap in the presence of a chalcogen containing gas such as
H2Se. Annealing generally occurs for a time sufficient to chalcogenize the filial and to convert the
film to the tetragonal phase to the desired degree. In many embodiments, annealing occurs for a time
period of at |e&8t AbBl#tIP¥inute, preferably at least about 5 minutes, blﬁ%@%ﬂ%%’b%‘ut 36 hours,
preferably less than about] hours. Desirably, a suitable control strategy is implemented in order to
maintain the annealing temperature at a steady level during the course of annealing. Feedback control
using PIE strategies would be suitable. Advantageously, stage 104.c in.a. low-pressure
regime that is compatibf iR eﬁesm%lﬂ%(%%so'%f’rgr%lgggég?%gdggﬁg%mﬁn%ﬁ%%éﬁﬁn. Iti.s quite
significant to find proteiss dembli Gt sSFmDorkithiareeaerd o (e eRmadfLmth as process
strategies that wagsafihigirer pressuresds: petnecessardyliranisiatditosgaoddniiprocesses. Generally,

the risk of In loss jigieaseeyl MSMEsHIRALsIane.d0dsdng IN N algkband, the pressure is
too high, it could be harder to practically anlqpé?tconﬁmicalgycintg%rate stage 104 into %Cpontinuous

roll-to-roll proces§a86?ﬁﬁﬁhboﬁ'nﬁearc\95%ﬂﬁﬁ%. a arﬁci?lrﬁcﬁ%esbgucor?tuélﬁr?rsY s'[uzn‘félﬂét %‘ﬁa‘a)esirably occurs at a
pressure no greafémtigreabely BEGHHitS from e taprBarsreferatty Wil dhan about 100
millitorrmBar), meks.pieferabbsnogiertenibagahnch bQmillitbrs(602 wetBar)raksmbst preferably no
greater than aboul,J.2, LN (A& WAL BIEIR'Abl: We prersw s idhigaskabablubmiliior (1ed

mBar), more preflenri'lgby at least about | millitorr (162 inBal), ang moOost gre;eralbl at least about 3 minor
(163 rata). In an §ﬁeﬁ‘ﬁﬂ’éﬁ‘9p§iﬁ’t¥8@ﬁh‘éﬂﬁ’t?’§sﬁ@%ﬁ%pwtﬁ oup" «er%hﬁ%rro( 6(§rﬁ§’<j:1%m\w/?/ould be suitable.
In another exempiafireimbbainieHe; e predsinetof et TOmBHTLB2MBANNGEY be suitable.

One or more gasgs,¢anheinkeducadiinipdhetrastompessel in order to help establish the desired

pressure during the couse, of chalcogenizalian AR AIGRINA - AWKS il of strategies can be

used to accomplish this. }fc%%?glng to one strategy, annealing and chaleogenization occur in the
presence of a flowrercarikereeis Suerabeds B e TR IntHBaESI TS Re ERRbE “For instance,
annealing at 505 Giashiedqihe senetngfich36rsoamatimpotio e wpitaite] i and/pidaliprdeessing
chamber, this f'O%J@&&%éhﬁ&@ﬁmpéa%@ms%um&fza&o,qmw@ millibarsadiecerding to another
mode of pracice, annegling apd chaleogenization oceu.n (i pLEseRce.of aRe oy gk gases or
vapors incorporsfif& ond oF Mbre chalcogens introduced into the champer. These gases may serve as
additional sourcessacRalBonecres Bietinen bs SPBeHtd raor el REHH AR R s &L B this type
include 1-125, H2BebaponmLrdialolatednSranoroconidiaticyfatedBslinomivitatisiyw s tiese and the
like. Combinations of these siialaiesRIsemakeMsas.fal instiansei-anperliageaneccur presence

of a combination of one or mere inert gases and one or more chalcofren-conta gases,,  Gases
containing Sc redﬁ’ﬁ'%r?ﬁ%lf’emégff%ﬁgloﬁta;n Haiek rgr?%ga%gsieiﬁr‘\% E%:I:E? Vet it iséstill de?fsirable to

ng S
incorporate selerffashas HeGiorRodAesoraTRly & [sreraira tioadof iriendE ifolves capping the
precursor film 112witharSeepp kiwihildyanndalingoin 1B Hres erdeblvdesuifar @ontaining gas such
az Hzf- This If_ppiES’t@H&b}éi%BﬁH%\6@9&&&@@1@#@4@8@&@%ﬁ@@@;@iﬁ@ﬁ?ﬁﬂéﬁﬂ&s&éﬁ@é%%Bfﬁlﬂn&ﬁ@rS S:QnifiC?fm t
advantages. First, the Sc cap provides sufficien o selenize ilm while supplies sulfur to
sulfurizegthe film AR EESRG 5%38831 LB f%@% ﬂ"?—%%h as}lﬁﬁ%ée' r%lsa?gth]rﬁrul%%%égieesr Fophandle than
a Se-containing gasotitive, conversioh 18P thenise et Rt et 1 BREES using this strategy has been
observed to occur at lowe¥:demaperatiies) it nasdowsasi3b0ted. If t@renfalbtefnppabling
clialcogenization L sqpe SRGRAIMERE Bk ehrlhen hadrarie) walsamishita or cooled. As

non-limiting examples, either hot-walled or cold-walled chambers can be.used to accomplish
seleuization. CoI8EW%fﬁ@J%&%fg?geﬁifgd&ggﬁ%%ﬁ? Use %ilbger}]est?'fémg g?tc?i %nrﬁse%?érgicess of chalcogen(s)

in a cap is greatemttatehiotinEXapraiardbnpiaaetaba et s e ety Geater than about
10X. Cooling of aplensihepoitiotadiberedtio maats caim be actortiplisheedir Hevpldésired fashion.
Water-cooling is ong;suitaplg fechnigue Inadypisalameds.aforastieaitin ceelesbwatis, may be

maintained at a temperature in the range of about 10 to a 25 re ragpl 1?5%@30ut 22C. As the
capped sample i&'heHEd" fef@%eﬁt&r?)%eﬁ‘%%lyol? et é’%‘iﬁ?ﬁ%ﬁgﬁ rgf%%pyiéeefpé%%d to evaporate.

Evaporated selemidrtrsyére ity (B moe beferpldedie Bethedrporated into the final film in a-

chamber with chilled walig,ishatheravaldd be genetallyliexpentdohdeohecplatedrdutipivthe cooled walls
of the chamber. A benefit of using, cald.wall regctors: i dhatitheAxaess seleniurm iscandensed onto the
chilled-walls thereglf preventing it from entering the put aping system or other system components and

causing corrosion or damage to them.
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Hot-walled reactors are desirably used when the szoichiometric excess (if any) of chalcegen(s) in the
cap is below about 5x, preferably below about 4x, more preferably below about 3x. In a hot wall
reactor, at least some of the reactor walls are at temperatures above the sublimation/evaporation
points of the S&{eriLMM46Bkis is expected to create a dynamic selenium aRREAIRRE HidtdEphere.
Selenium that evaporates from the surface of the capped precursor generally would not be expected to
plate against the heated walls of the chamber but instead may contribute to a gaseous selenium
environment which t %n C%ntrilﬂutes tolthﬂge ,(-:‘Mapsorationﬂvs. rea%igpagw%rrgcso% glglsglenium at the
CIGS surface durfﬁga Srnation. o %an%aﬁﬁg Gnd Bhaieogenizaion convert the capbécf precursor film
108 into the desir&iphdtdabsorber region 20. After this stage 104 is completed, the workpiece 108
can be cooled down, or alleviad jeaelbl dewsiandnberfrithjestbadgduirthes fiifoeessing to complete

device 10. Generally, this. iBvply&s £oQING e SAMPIR AR IR A0PHEAIAG M has been discovered
that if the cooling rate is too rapid relative t %U{n th% surroundin e%trgpig ere ellggnental Sc could
u

condense at the SHPFALRESFREYISH S8 RAIRAEBURTLITIY P FiEvies” HEBTRCBR the other hand, if

the substrate cootsingisscidkey theteboet 86 BeinmaEralinbsspheraebSe éarevolve from the surface of the
substrate which may undesystmpadniden csnfunsliegy Balgnciagdhrseiecneatnsintis preferred to allow

the workpiece (o gagl RasshvalvhelpIs URSIRIING.L fom e shalconenzalianciasper. The cap

124 and the temperature ramp to the annealing temperature singly or in combination can help allow
chaicogenization %t EhAREEGERR S48 pressure in a manner that is compatible with roll-to-roll
manufacturing strategiesdvegessingstiseier Jacuureruhinthivubsercerafivaha ivantdioy practicing
ramp rates that agg:fQe-sianuofl00.-fastraubsefuentghalecganzationjsmugititaare gifficult to carry
out effectively. I oIRASARAIAREN, (HRARL. %3915@%@&%@%&%9{%;g&é‘s‘l%%a%%ii?‘ser}ﬁfe|y deficient with

respect to In if ch%lcogenlzatlon and annealing occur at low pressure, e.g., at a. pressure below about
300 millitorr, pref&iahR) HEIATEBEE OB HRTSA BT BB BRIERr b SUE B0 fiflitnni. This is
believed to be attritsutaiblesaileasti pantestirefctagaflithiopybiatilenfidivh-beortaiiting species, such as
InSe and/or InS, thateasiMelatilize.and wadostlauy i1 LAdditionaly.genegeporation also is
poor, s0 that the tesultant egion, 20 dependentiv ay.be defisient i Asnechigise. | In contast,
use of cap 114, op”tlona y with an apprgprléite tempgrature ramp rate, arc eatures that singly and in

combination enabieEe a2 IR AAG SFHBANSTOT BREBPILlRUMIIHE t(¢'B¥2ur at low pressures
feasible for contintideshizacumeaactatoaboll: phicelses ( By uBing mocapeéndiprapprsptiate temperature
ramp rate under low,DfERSIHESHCRAIGROR ZARR: CRAGIINS, dNdestds Significantivtesiiced, and
ncorporation of baif In.A08 3% IS1e (eealianl JL0Ian SR QUGB AMPIONE hororpif €xMPle, In the
absence of a cap fz; it Was foun t?ga emirying out chalcogenization T'a‘Cif:&ﬁ‘ﬁl‘m precursor at
250C in the presérEetsrtplos 2 aRmk a esirrrEHR EdaarPeesUR IR (65sBEBF almost 50%
per analysis of Cli/i catiosatsingR@R:(industivelf toupied Has(fe ofticalendissiorieBpectroscopy)

techniques. Carrying.aut chaleegeniiation:at R096-0R Bd e Hiasfilm Wikh e sialeogen cap has
been. observed t&{gﬁg't in ft complete loss of in per ICP analysis. :

One or more gases can be introduced into the reaction vessel in order to help
establish the desired pressure during the course of chalcogenization and annealing. A wide
variety of strategies can be used to accomplish this, According to one strategy, annealing
and chalcogenization occur in the presence of a flow of an inert gas such as Ar, or the like,
introduced into the chamber. For instance, annealing at 505°C in the presence of 136 scom
Ar would be suitable. In a typical processing chamber, this flow rate of Ar corresponds to a
pressure of about 10 millibarr. According to another mode of practice, annealing and
chalcogenization occur in the presence of one or more gases or vapors incorporating one or
more chalcogens introduced into the chamber. These gases may serve as additional sources
of chalcogen to be incorporated into region 20. Exemplary gases of this type include H;S,

H,Se, mono or dialkylated S, mono or dialkylated Se, combinations of these and the like.
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In contrast to this data, capping a CIO precursor film (i.e., a precursor film containing Cu, In, and Gs.)
with elemental Sc prior to annealing in I-12Se or 1-12S gas substantially reduced the less of Indium.
For example, a precursor film with an initial In/Cu ratio of about 1.3 capped with 2 times the
steichiometricvthwaht4sElemental Sc requirechto form a CIGS photoab86fiifigf Hiatehal was
annealed at 350C in 5 miliiTorr 112Se. The resultant CFOS material had an In/Cu ratio of greater than 1
per ICI" analysis The same process carried out at 10 milliTorr produced a CIGS material with an In/Cu
ratio greater than 0.9. When tjh% same proc?ssesr\évere C rriedtcut at SE%an (:;Lacx)l r[;(lnrllrm%1 respectively,
using a 25X cap S EIRRTETET AT THFE TG TRAEY et Wwad greater than LTor the resultant films.
Similar data for Ireretasi sabiviainben oS EIRS S HsERNteTcatty Salerraiedtitfatiou of
precursor films caataining Cu, In, and Ga capped with 50X elemental selenium. Annealing occurred in

> mi litorr 125 at 150C 420G 226061 gll 2Rl led Wb AUR.LINE seaullant C1CS

material per [CI' analysis was greater than 1.2, Data obtained from anne ﬁn(%th? precursor Films
containing Cu, in,ﬁ%é(gigﬁi}%ﬁdf“éﬁbﬁéta WIRH B RS & dh QFS?S%'HOKX@&’%%%% annealing temperature
profile impacts theratireimbiotchatbagbrrtbarsamiainsZoritor fregratéstonpnsliimntie. For example,
when annealed a} 18060 theresuiantixgaionaO.bag arbetpsrsatiosotianty abeud 0.5. This is indicative
of poor Se IncorpALAAN SRS SRl AR DR RS M Sjplchiamelc aount of Se needed

to convert the pregur%%r into a photoabsorbing C1GS material. An annealin temﬁgn%ture of 150C is

generally too low Bt €t cBESiathP EBHeBRARE TR E PSR S TE A SURE P RHUYS % "G S material in
any event. In contrastsingtendgnnéating, tindefotherwise ideitoahcosiditiorsdt 8808 Se incorporation
improves. The resuitantseeHom2Q shawed:a, e Gl yatiReai-b:6o andsiQianaly sis-dpgieated the
presence of the es"%g%ﬁg%&%{%'@,s 6%‘6‘56-&95 iQCOQQ%@ggggBa&proves further when annealing
under otherwise if&htical conditions at bOOGT T e (ésﬁﬁant region 20 showed a Se/Cu ratio of 2.5. The
region 20 was in the forAredpee pnreinethalsraietios & rsanbodingits PRSTRSHBPBAGtS absorbing region
20 on substrate 18;cadeliticnal dayetsranddéatunes-taitinesfonied ¢tthedmiplatedhecdévice as shown in
Fig. 1. For example,ouifer fegion 2o, ganeallcampises:An. rchine-semisondusiasmaterial with a
suitable hand gap to helg orma -né'tl#nctionsl:())%\ﬁl ‘ g)ne}irg%i%b%grl?gr (5 i%gnza Oapglxthe buffer region 28.
An optional winddii r&GTBH S E AN TRAY BEBrasent. Optiohal Window region 26 can help to protect
against shunts. \Winlshregitn e aige iayproteer Birmaraegion 28WihgCuiBasttient deposition of
the transparent ceadugtivedayae 3Q-dmaehiofthesesegithslis siiodwriresiaismgl@antegral layer, but can
be a single integral layar as ilusHASH-RLcA PEIRIMEALPH.ONE, MRN8 AYB Say be One or more
electrical conductors are incorporated into the e¥i%e %90];3% glgg gg,llgctigp &)fl cgreggo%gnerated by the
absorber region SRR FAHGS BF S BRI EonAtciors may be ugdd: Ge eraﬁ’y, electrical
conductors are irfSfifd e B dapebltieinibsmiet aniahbaricridibstaedrtie Be8iber region 20 in order
to complete the dagied &leelsigaar@uitpdnthelbacksidelowexedmple; dacksidebelection] contact region
24 provides a bagkside elecirical gontact in.represenialyaambediments: Qrihg light incident side of

absorber regien 20 in representative embodiments, device 10 incorporates a tr arent conductive
laver 30 and collé&HBHGFESE 5 8a8RAR EP %‘f?f?;% Vaé%ﬁfgt&%ﬁ{}aé%?%rb(;gn% ﬁ‘i’%@f@d?ﬁ) may also be

used to electricaltyléoupkeacilici ek 36 solearisapelect caiccBnrititbe!s therdkhrotective barrier
system 40 desirakily.dsipsamidec-«the: otasibie; bathe bsybiems4o o pasitioned averghe electronic grid

36 and helps to iggg%ﬁ%gg}%gggégg&%_device 10 from the environment, including protection against
water degradation. T

e barrier system 40 ogti&%%all)é algo ay ineor orate cla%s' m%ilp features that
help to reduce the risk BP B HEREE TP At AR AR THATIOR Strasa&s” Suth as might be caused
by thermal cyclingrelrmtafsioesitzen ishrdes uehsasmligiibelesibes Hy RHSREEHSH hail and or
localized point logglframthe Weight: etarisstaligesrsdrepped taols dulingeinstatfatioms  Additional

details and fabricg{on SItalRaIes ol MAKIO0AELs A0 iEal o8 26 2fkill.3b.and 40 are described
in U.S. Provisional Patent Application Serial No. 61/258,4%6, filed Norem@grﬁﬁgﬁig%%?gy Bryden etal.,
A

entitled MANUFAZFURESEREPHIRE ARRP RS GERTDE COMBESTHBR USES IN
PHOTOVOLTAIC:REMMEES S Provisidnal Ratertalpphieitisrsdhiahnsd 81294878, filed January
14, 2010, by Blownhet:alu eatitedMASTURE RESS TANIPHOT@MOWTA GDHEVI.CES WI | E
EXPOSED CONDUCTIVE GRID; L.S. Provisional Patent Application Serial No. 611292,646, filed
January 6, 2010, by Pope et al., entitted MOISTURE RESISTANT PHOTOVOLTAIC DEVICES WITH
ELASTOMERIC, POLYSILOXANE PROTECTION LAYER; U.S. Provisional Patent Application Serial
No. 61/302,667, filed February 9, 2010, by Feist et &, entitted PHOTOVOLTAIC DEVICE WITH
TRANSPARENT', CONDUCTIVE BARRIER LAYER; and U.S. Provisional Patent Application Serial
No. 61/302,687, filed February 9, 2010, by DeGroot et at, entitled MOISTURE RESISTANT
PHOTOVOLTAIC DEVICES WITH IMPROVED ADHESION OF BARRIER FILM, each



of which is independently incorporated herein by reference for all purposes in its respectiv entirety.
The present invention will now be described with eferenee to the following illustrative examples.
Examples :cation of CIGS solar cell in a roll-to-roll tool Substrate preparation: A roll of 430 series
stainless AO®ldgdoadettinto a continuous roll-to-roll vacuum sputtering?sy&t&t “i&éactive side of the
web is first cleaned with fen etching and then is coated by magnetron sputtering with a Kb barrier
Myer, a dual layer of Mo for a back contact and a isTaF layer to act as a sodium source. The back side

of the web is coated gvith Cr. as an adhesion layer, and,Mgf%asglteas a,§%%@f5@u@%gr during the

o contribrtes to the evaporation vs chion dynamics 10rH urts
selenization process. ultarge alr ngement e w IS tchen transféteddlnto a CuilniGa precursor

_qutt_ering chamBeinSewtiqsulsed DC magnetrons are arranged in four zones. Each zone has
individual gas control. Zheaxeh:is ttarspeitedosequentialtytrprehutoeflouttiitestdEach of the first,

third, and fourth zanes has, 2. MaoRelons. 1hs $RGeRdIZeNeHasR, 1R MRARL ARk this example, all

magnetrons are adjusted to sputter paralle| to die web. The w oyes from.magnetron number 1
through 7 Wherebﬁcﬁﬁﬁgﬂ"d’ﬁ’soﬁ%ﬁﬁg T)?Oﬁl ofe' vﬁ%‘*%ﬁ‘?’d@f?&"@%ﬁ% )N ?ﬁgg%[g Zone 4) have targets

of composition 4818013 s (G S dkjhitdrrs st syatadsrsieen 8% Eompositions of
35:46:20In stationakyn testsnaers thasvelis netimeving theipairsd tatgetsshdnga -15% overlap in
the sputter depogition,whil. (NG four 20NER A1 AIR'SIRICSePARISc ReRAiaNAfIGS precursor
impair device function. On the other hand, if the substrate cools too quickly relative to Se in
the atmosphere, Se can evolve from the surface of the substrate which may unduly impair
device function. Balancing these concerns, it is préferred to allow the workpisce to cool
passively before transferring it from the chalcogenization chamber.
The cap 114 and the temperature ramp 1o the annealing temperature singly or in
combination can help allow chalcogenization and annealing to occur at low pressure ina
manner that is compatible with roll-to-roll manufacturing strategies cceurring under
yacuum. In the absence of cap 114 and/or by practicing ramp rates that are too slow or 00
fast, subssquent chalcogenization is much more difficult to carry out effectively. Indivm
incorporation is poor, and the resultant region 20 may be severely deficient with respect to
In if chaleogenization and annealing occur at low pressure, e.g., at a pressure below about
300 millitorr, preferably below about 100 millitorr, more pre:ferébiy below about 54
millitorr. This is believed to be attributable at least in part to the formation of volatile
Indium-containing species, such as InSe and/or InS, that easily volatilize and are lost at fow
pressure. Additionally, Se incorporation also is poor, so that the resultant region 20
independently may be deficient with respect to Se.
In contrast, use of cap 114, optionally with an appropriate temperature ramp rate,
are features that singly and in combination enable chalcogenization and annealing of CIGS
precursor films to occcur at low pressures feasible for continuous vacuum roll to roll
processes. By vsing a cap and/or appropriate temperature ramp rate under low pressure
chaicogenization conditions, In loss is significantly reduced, and incorporation of both In
and Se into the resultant region 20 is greatly improved.
For example, in the absence of a cap 114, it was found that carrying out
chalcogenization of a C:L:G {ilm precursor at 350°C in the presence of HoSe or HoS gasat 5
milliTorr (7¢” mBar) can result in In losses of almost 50% per analysis of Cu/In ratios using

ICP (inductively coupled plasma optical emission sﬁectroscopy) techniques, Carrying out
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The precursor film containing Cu, in, and Ca (CIG film) is sputtered between 6e-3 to 8e-3 mBar (4.5 to
6 mTorr) in Argon with a maximum web temperature of -80C. The flow rates of the Argon and throttling
of the pumping system are used to maintain the pressure range in each individual sputter zone.
Depending upgh2i@&¥éifiguration of each zone, it may be desirable to 58}?15?%?&66“? {8%, pump
seltitigs, or the like, in order to maintain, desired pressure(s) in the zones, In. this example the flow
rates (throttling) Ar of the individual zones arc 380 scum (90" throttle or full open) in zone 1, 600 scent

(25 open throttle) {jn retie,2, 650 SEEM 25' throttlgﬁi}nW nec??1 geﬁ‘% seem (. thupftle or open) in

zone 4, The targé S exlslf)alﬁltcfrér%d at 600 tVatts with no pﬁfsmagg%stralght DC). The final film

stoichiornetria ratksfbntheoprdtaiee s iy ELmHksHH/Cu 0.95-1.01 and GWCu 0.32-0.34, as measured
by ICP on representative ealibsatioiisdutn sappiap forhtagienueer flecirsopThiswycarrying the CIG
precursor film is franslated info 2 selgRikGYARARANRE WL Rk ARRIDasoR B8 g-selenium cap. The

selenium evaporation unjt includ staiﬂe s steel boat with a effusion slit at the tap-yith the slit
being -1-2 cm frosrﬁbfﬁgﬁéﬁﬁ?%cﬁge% &b’ a%:e“,xﬁ'h‘;eOWé%I}%?ﬁ&b%r%‘t}aqurS@%%lt actively controlled. The slit

has enough widtheteicfietaat tAeanpid eith béres Hsiterbipapenssonre dommsasH e ho pressure of
selenium vapor igdauikdings Rdinside g minit)al Thesselaniuns 5iltis hébfed HBOTIBOSC. In this

experiment, ICP dag shojs AN AVPIA0R RRACHIGIORINEFaRdsidh Ll Xaioighiometric excess of
selenium) with deviations in Se/Cu from 11 to} E&X ;9 8.5X F’tOiﬁ:hi? tri eXCess of selenium). The
%\ {ER Tate with an of

) 7
resultant productieE$/EE &hRitg 0&%@-‘?@5&%&%6 Anea <Ation

_ mgrf&fter application gfe?he selenium cap, the
resultant web carthgingoth® EchSenstatskeRsch A araied ftd 3 o W Bah rvRtirethis oven, the
pressure is estimateg toskedp loerhmildic(@ith, bl nadibrbasae thpohfar pressureigauge outside

the furnace zone oul i e, sams, ehamher, Adlacentehamaes piessuiBS At Maintained at le-3 math |
to 8 e-3 mBar(0.75to 6 mTorr). The heating zones are set to %:hieve a l\ﬂ%;ténelljﬁ@ rarpping rate of

-60t/rein to an avErGETHEsTE Al PEAT e B e BRI %

mapoég‘ngSr‘éﬂrgnge IS estimated based on
previous calibratieteof:the\systemanuaon Actilisty BdasLieE.dae toas Whalhrl configuration intrinsic

to the continuousaliite #RItRrQcasS.rThswamiTmeintRinagaiGaIpiages tempetature of 580-585°C
for -20 minutes before being coaled to -425"C at 60 'Chitin and then further to ¢:300C at a reduced

rate of 20Cimin, Data. The completed GIGS films are then transferred into additional process

chambers (all within th®¥ashepaes Gemasralmn  tar eI BB BIe 4y Wihdb i fayers before being
wound onto a finadgetevihfieX sermbvakied shev@Nhdrematheciurimovesrrolafiriopasystim. the Laos films

are analyzed by JGR FipahiniGih ialios+anged: rarp-0.8.i00Q. Afnwhiler& atenprangesfrom 0.27 to 0.33
giving final 1IPCu ralgs, from . 15.19.1,39, SeiCH fallos aaed 119, 2t 15291k /s samble

preparation for tHE" igestion is not specific to the active side VS, the back side., it is likely that
some of the stoidhiéHHierid BseESedtsrRRRsAR s 1S HERITHHE BT SRS PRSP MRS form of
elemental or reactedeedtingsdd thesbackisitecofithatsulpbttatbsohpe Biphigatin 4 a Ni-Ag grid and
mechanical scribjng 0 foan 804 tened e staelliynboloat vity.afithecmaleirlpsasdemonstrated with
efﬁ‘CienCieS typic?fillltx troa trllg ggzgnferg trencrgg_c?nz{f) CIGS material in any event. In contrast, when annealing under
otherwise identical conditions at 350°C, Se incorporation improves. The resultant region 20
showed a Se/Cu ratio of 1.6, and XRD analysis indicated the presence of the desired
tetragonal CIGS phase. Se incorporation improves further when gnneafing under gtherwise
idenﬁcal conditions at 500°C. The resultant region 20 showed a Se/Cu ratio of 2.5, The
region 20 was in the form of the pure, tetragonal CIGS phase.
After forming photoabsorbing region 20 on substrate 18, additional layers and
features can be formeﬁ to complete the device as shown in Fig. 1. For example, buffer
region 28 generally comptises an n-type semiconductor material with a suitable band gap to
help form a p-n junction between the absorber region 20 and the buffer region 28. An
optional window region 26 also may be present. Optional window region 26 can help to

protect against shunts. Window region 26 also may protect buffer region 28 during
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Example 2 - Fabrication of tetragonal GIGS in the presence. of 112S gas (112S) on a cluster tool at
6.6e-3 ntBar and 350C Substrate preparation: A stainless steel coupon is first cleaned by sonication in
solvent baths and dried with thy N2 gas and loaded into a multi-chamber vacuum deposition system.
The faze of thecsubstrswis further cleaned using 300W RP plasma etcBFIRAYESMCThe substrate is
then transferred under vacuum to a second chamber where a niobium adhesion layer and
molybdenum back contact layer are deposited by sputtering. The sample is removed from vacuum.

Targets The substrate is later introduced into a recursor spytte chamber, comprlsmg a single,
a precurcor sputtering cha

commercially avaTEBIEE SReEL MY IHrGREe %‘I%Lfftg{)%l re8pect to the Stbstrate to give a more
uniform coating thicknesssifgetargeisdBuana CinakarearHdsamplesteFdtied Buring deposition.
Deposition conditighs: h@ SakGraeursey film is sputtered at 75 Watts, in -4e-3 mi3at in Argon at

ambient temperature. The fnal (0 solChIANAGHEWIAMOKILA RIBRUAISIARgRS from IN'Cu 0.90-1.3

and Ga/Cu 0.27-0,30, as measure % P on representative callbratlon?] uns. Cap formation on

precursor The S%?ﬁ%“@éﬁfﬁ‘ibﬁfﬁ ?(?yffﬁﬁallés‘?@ﬁ%%% forft VAERIS ShErToa:

! oa@fed into a selenium
evaporation charmbérfos applicatidn Ehersieletvurcat apdTinessetdriutrlepapbrat okt includes an
open-top ceramig,gypnpgetesindg Jasisiivatieating Blement Jdhempubsitateisimennted face-down over

i cup on & mele e, 114 22 ShOL Anges 1 e 2 256 s I valen s evacuated to

<5e-6 Torr (7e6m§a e selenium crucible Is heated to >300C for sufficient time to allow the full
aliquot of shot toPHEEPGHE ORI T JRarE ML BRI £ o Al HHE ACIAHSE'$SF loading of a
second 22g aliqubtoefes elginilihisvptestine sammpbdiisenttaiedd d mprovetf airaniskitess uniformity before

evaporation of the second.fullsaliguotithe praces® yieldaaubexerRly conductive ribbon
‘ (not shown) may also be used to electrically couple collection grid 36 to external electrical
connections. '
A protective barrier system 40 desirably is provided, The protective barrier system
40 is positioned over the electronic grid 36 and helps to isolate and protect the device 10
from the environment, including protection against water degradation. The barrier system
49 optionally also may incorporate elastomeric features that help to reduce the risk of
damage to device 10 due to delamination stresses, such as might be caused by thermal
eyeling and or localized stress such as might be caused by impact from hail and or localized
point load from the weight of an installer or dropped tools during installation.
Additional details and fabrication strategies for making layers and features 26, 28,
30, 36, and 40 are described in U.S. Provisional Patent Application Serial No. 61/258,416,
filed November 5, 2009, by Bryden st al., entitled MANUFACTURE OF N-TYPE
CHALCOGENIDE COMPOSTIONS AND THEIR USES IN PHOTOVOLTAIC
DEVICES; U.S. Provisional Patent Application Serial No. 61/294,878, filed January 14,
201 0, by Elowe et al., entitled MOISTURE RESISTANT PHOTOVOLTAIC DEVICES
WITH EXPOSED CONDUCTIVE GRID; U.S. Provisional Patent Application Serial No.
61/292,646, filed January 6, 2010, by Popa et al., entitied MOISTURE RESISTANT
PHOTOVOLTAIC DEVICES WITH ELASTOMERIC, POLYSILOXANE PROTECTICN
LAYER; U.8. Provisional Patent Application Serial No. 61/302,667, filed February 9, 2010,
by Feist et al., entitled PHOTOVOLTAIC DEVICE WITH TRANSPARENT,
CONDUCTIVE BARRIER LAYER; and U.S. Provisional Patent Application Serial No.
61/302,687, filed February 9, 2010, by DeGroot et al,, entitled MOISTURE RESISTANT
PHOTOVOLTAIC DEVICES WITH IMPROVED ADHESION OF BARRIER FILM, each
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Anneal conditions, After application of the selen him cap, the substrate bearing the CIG-Se stack is
removed from vacuum and transferred to a selenization chamber. In this chamber, the substrate is
suspended face down and heated from the back-side with a radiative graphite element. The system
has water-cookst2NalI4662R5C recirculating loop). The base pressure is 3&FYRBEBHF to the run. The
pressure. in the system is increased to 6.6¢-3 mBar using 100%1125 gas prior to heating. The
substrate ramped up at 60C/min to abort 400 C and then at about 3-5 IC/min to a final temperature

>500C (estimatedig e, ahoubalntl i Sting heA pksBpk.far g uanhirheale at a previously

determined power duty cycle value. The temperature of the substrate is maintained at >500C for 30
minutes at which T#&¥he power supply is turned off. The resulting film is allowed to cooled to <80C
before transferring to a Vexuesatlachfouk thianmbe AdoribednaobakPra irhefslitydtte bearing the
completed CICiSfilm-sgvwesoaved. from the system and analyzed by ICP for elemental composition. The
In/Cu ratio of the film is 1.3 ((liti-Ga)/Cu 1.6) Whilﬂ[{ue %g/Cu is 1.7. Sulfur is not detected in the film by
ICP. Analysis of the X-ray diffraction pattern of the iith shows tetragonal CFCS, InSe, Cu, Mot Nb, and

Fe. Example 3- Foration of GTGS In 17258, ALOMT, 2957R. 3705 Substiate preparetion

xampie 1~ ar cell in aro

+  Substrate preparatiom
A roll of 430 series stainless steel is loaded into a continuous roll-to-roll
vacuum sputtering system. This active side of the web is first cleaned with ion
etching and then is coated by magnetron sputtering with a Nb barrier layer, a
dual layer of Mo for a back contact and a NaF layer to act as & sodium source.
The back side of the web is coated with Cr as an adhesion layer and Mo to act

as a sacrificial layer during the selenization process.

¢ Target arrangement o
The weh is then transiated into a Cu:In:Ga precursor sputtering chamber. Seven
pulsed DC magnetrons are arranged in four zones. Fach zone has individunal
gas control. The web is transported sequentially through the four zones. Egch
of the first, third, and fourth zones has 2 magnetrons. The second zone has a
single magnetron. In this example, all magnetrons are adjusted to sputter
parallel to the web. The web moves from magnetron number 1 through 7 where
magnetrons 1 (Zone 1), 2 (Zone 1), 3 (Zone 2), 5 (Zone 3), and 7 (Zone 4) have
targets of composition 45:32:13 Cu:In:Ga and magnetrons 4 (Zone 3) and 6
(Zone 4) have compositions of 35:46:20 CwIn:Ga. In stationary tests where the
web is not moving, the paired targets show a ~13% overlap in the sputter

deposition while the four zones are completely separate.

-+ Deposition of CIGS precursor
The precursor film containing Cu, In, and Ga (CIG film) is sputtered between
6e-3 to 8e-3 mBar (4.5 to 6 mTorr) in Argon with a maximum web temperature
of ~80°C, The flow rates of the Argon and throttling of the pumping system are
used to maintain the pressure range in each individual sputter zone., Depending

upon the configuration of each zone, it may be desirable to adjust flow rates,
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The substrate is prepared as in Example Target arrangement. Targets are used according to Example
2. Deposition conditions Deposition of a CIG precursor on the substrate is carried out as in. Example
2. Description of cap formation on precursor A Sc cap is formed on the CIG precursor as in Example
2. Anneal comditiornigisédter application of the selenium cap, the substrafEeaHHg H#E€10-Se stack is
removed from vacuum and transferred to a selenization chamber. In this chamber, the substrate is
suspended face down and heated from the hack-side with a radiative graphite element. The system

has water-cooled walls (<25C reci_rculatingiligé)p)) . The baseé)r%siur is 3c-7.inBar prior to The run. The
ﬂe- m 896 1 '

pressure in the system is iREFBAZEHH L SRSy S as BHor To eating: The

substrate ramped up to >3B0tiae200kiA Tprsamigrertinpotvel SeplyiorEegrptite heater at a
previously determined powet:doty Gyate: valuespkhardesmpe reituseo i theoseristeake iIsamaintained at

>300C for 20 minutes at whigh, time the powey ;sURRYY isitkinedLiboTReARULNG) flmyis allowed to cool
to <80C before transferring to a vacuum load-lock %hamber, {or rerpovz%l D tg h%substrate bearing
g B o ol

the completed CIGS film i< remidHEETAHTIRE S A& Sha analyPed or €lemental composition.

The In/Cu ratio of the film #nal fi(ineicigyGricradp fohihe rreuserceppestisr IXAaR&iY Of the X-ray
diffraction pattern of the filgshownisdetragonakedias 18w & ueiviesibyamntbbatons runs.

+  Cap formation on precursor
The web carrying the CIG precursor fitm is translated into a selenium
evaporation unit for application of a selenium cap. The selenium evaporation
unit includes & stainless steel boat with a effusion slit at the top with the slit
being ~1-2 cm from the CIG-coated web face. The web tcmperafurs is not
actively controlled. The slit has enough width such that the unit can be
considered open-source configuration (i.e. no pressure of selenium vapor is
building up inside the unit), The selenium melt is heated 10 300-305°C. In this
experiment, ICP data shows an average Se/Cu ratio for the cap is 14 {ie.
T¥stoichiometric excess of selenium) with deviations in Se/Cu from 11 to 17
(6.5X to 8.5X stoichiometric excess of selenium). The resultant product Ba

web carrying a CIG-Se stack.

+  Annealing
After application of the selenium cap, the resultant web carrying the CIG-Se
stack is translated into a hot-wall oven. Within this oven, the pressure is
estimated to be 1-10e-3 mBar (0.75 to 7.5 mTorr) based upon a pressure gauge
outside the furnace zone but in the same chamber. Adjacent chamber pressures
are maintained at 1e-3 mBar to § -3 mBar(0.75 to 6 mTorr). The heating zones
are set to acﬁieve a maximurﬁ ramping rate of ~60°C/min to an average web
temperature of 580-585°C. This temperature range is estimated based on
previous calibration of the system and not actively measured due to the dynamic
configuration intrinsic to the continuous roll-to-roll process. The web is
maintained at an average temperature of 580-585°C for ~20 minutes before

being cooled to ~425°C at 60 “C/min and then further to <300°C at a reduced

rate of 20°C/min.
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Example 4a- Annealing of C1G film in Argun demonstrating baseline for annealing CfG in vacuum
Substrate Preparation. As in example 2 Nature of .target/targets - arrangement As in example 2
Deposition conditions As in example 2 Description of cap Ib Mien on precursor No cap is used. Anneal
conditions, Thesubstratwbearing the sputtered GIG precursor is transfePf&dird c#Halédgenzation
chamber under vacuum. In this chamber, the substrate is suspended face down and heated from the
back-side with a radiative graphite element. The system has water-cooled walls (<25C recirculating
loop). The base pressure is 6e-7 mBar (4.5e4mTorr) prior to die run. The pressure in the system is
increased to 6.6e-3 rﬁB&?ﬂf“S ruT) using 100% Ar gas prior to heating. The substrate ramped up to
>350C (at 30Cimin (highesThenmeiettdrel@$ fitmareetieo 0@ isyestning dHiensbRiReesSupply for the graphite
heater at a previously detegminggsnawsishity eydexalueydhe) erapekitieobibe.stibstrate is
maintained at >350C for 30 Jiutes A WRISRADG e BOWeEE A pRly iskitbsd gl thegsulting film is

Q
cooled to <80C before transflerrlng 0 a vacuum'load-lock chamber for rem?val Data.
from the continmous roll-to-roll system, the CIGS films are analyzed by ?C%

Final In/Cu ratios ranged from 0.86 to 0.97 while Ga/Cu range from 0.27 to
0.33 giving final III/Cu ratios from 1.13 to 1.30. Se/Cu ratios ranged from 2.48
to 2.91 — as sample preparation for the ICP digestion is not specific to the active
side vs. the back side, it is likely that some of the stoichiometric excess of
selenium is not in the CIGS film but rather in the form of elemental or reacted
coatings on the back side of the substrate. Upon application of a Ni-Ag grid
and mechanical seribing to form a 0.47 cm?2 test cell, photoactivity of the

material was demonstrated with efficiencies typically ranging from 5-8%.

Example 2 — Fabrication of tetragonal CIGS in the presence of H,S gas (H)S) on &
cluster tool at 6.6¢-3 mBar and 350C

«  Substrate prsparatisnf
A stainless steel coupon is first cleaned by sonication in solvent baths and dried
with dry N, gas and loaded into & multi-chamber vacuum deposition system.
The face of the substrate is further cleaned using 300W RF plasma etching in
Argon. The substrate is then transferred under vacuum to a second chamber
where a niobium adhesion layer and molybdenum back contact layer are

deposited by sputtering. The sample is removed from vacuum.

+  Targets
' The substrate is later introduced into a precursor sputtering chamber comprising
a single, commercially available Cu:In:Ga alioy target tilted off-axis with |
respect to the substrate to give a more uniform coating thickness. The target is

45:42:13 Cu:In:Ga. The sample is rotated during deposition.

+  Deposition conditions The CIG precursor film is sputtered at 75 Watts, in ~4e-3
mBar in Argon at ambient temperature. The final film stoichiometric ratic for the
precursors ranges from In/Cu 0.90-1.3 and Ga/Cu 0.27-0.30, as measured by ICP on

representstive calibrations runs.
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The substrate bearing the completed CMS film is removed from the system and analyzed by LOP for
elemental composition. The In/Cu ratio of the film is 1.05 while the Se/Cu was 0.04. Example
0-Annealing of CIG film in H18e demncnstratrng loss of surface when annealing in toxic gas Substrate
preparation Awimzexarsiple 2. Nature of taruet/targets - arrangement As FféXaampiédEieeposition
conditions As in example 2. Description of cap formation on precursor No cap is used. Anneal
conditions - pressure, temperature ramp The substrate bearing the sputtered CIG precursor material is
transferred to a chalcogenzation chamber under vacuum, In this chamber, the substrate is suspended
face down and heated frém tHE AR EHE S a radiative graphite element. The system has
water-cooled walls (<25C résresbianiagasp ha@é Hisé praesdriéon sevraBHpPEeSBYET) prior to the
run. The pressure in the sysfiemsgtease ehiohiuter 3ppiBaktamTplaging40 0k k2&Stugas prior to

heating The subsirat rampegun|ouz2506,A4306imip (ahestsraeeralce eslfuaie 0 be about

400C) by setting the power supply for the graphite heater at a previously determined power duty cycle
value. The temperature of H&"&Hb<HBTE ST S AENEd A dﬁgﬁ{&ﬁf&e§5pr%‘?ﬁd?§§ atWhich time the
power supply is turned off. Mté&2resiitivids filedeStalbwe dSroto olhosxMiGssesordet fnstefring to a vacuum
load-lock chamber for remavial(7e mBar). The selenium crucible is heated to >300°C for sufficient time

to allow the full aliquot of shot to be evaporated. The system is allowed to cool
and then vented for loading of a second 22g aliquot of selenium shot. The
sample is rotated o improve film thickness uniformity before evaporation of the

second full aliquot. The provess yields a 50x cap.

¢ Amnneal conditions.
After application of the selenium ocap, the substrate bearing the CIG-Se stack is
removed from vacuum and transferred to a selenization chambier, In this
chaniber, the substrate is suspended face down and heated from the back-side
with a radiative graphite element. The system has water-cocled walls (<25°C
recirculating loop}. The base pressure is 3e-7 mBar prior to the run. The
pressure in the system is increased to 6.6¢-3 mBar using 100% HyS5 gas grior to
heating. The substrate ramped up at 60°C/min to about 400 °C and then at
zbout 3-5 "C/min fo a final temperature >500°C (estimated to be about 515°C)
by setting the power supply for the graphite heater at a previously determined
power duty oyele value. The temiaeramre of the substrate is maintained at
>500°C for 30 minutes at which time the power supply is turned off. The
resulting film is allowed to cooled to <80°C before transferring to a vacuum

load-lock chamber for removal,

¢ Data.
The substrate bearing the completed CIGS film is removed from the system and
analyzed by ICP for elemental composition. The In/Cu ratio of the film is 1.3
({(In+Ga)/Cu 1.6} while the Se/Cu is 1.7. Sulfur is not detected in the film by
ICP. Analysis of the X-ray diffraction pattern of tﬁé film shows tetragonal
CIGS, InSe, Cu, Mo, Nb, and Fe.
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Data. The substrate bearing the completed C108 film is removed from the system and analyzed by
11C1' for elemental composition, The In/Cu ratio of the film is 061 while the Se/Cu is 0.12. INO
2011/146301PCT/US20111036165 Example 4e- Annealing of Ckiw/2x cap in 11.255 demonstrating
improved indiwne retentidmwhen annealing a film with a 2x cap but no CIB8/aAHAfiéH et Substrate
preparation. As in example 2. Nature of target/targets - arrangement As hi example 2. Deposition
conditions As in example 2. Description of cap formation on precursor The substrate hearing the GIG
precursor film is removed from vacuum and low4ell into a selenium evaporation chamber for

application of the sel@‘ﬁﬁ?ﬁ"éa’ﬁ”’l‘%"%féﬁm i@\%ﬁ%f’éfi%Tu%ﬁf: ﬁ?@i&é@@ an open-top ceramic cup
nested in a resistive hedthgrdepeatiPhe substrate is mounted face-down over the cup on a metal
frame and 1.2 g of shot is l9aded:ta:giveabecann FRenpystem is evacuated to 2e-6 Torr (3e15mBar).
The selenium crucible is heated to 360C for sufficient time to allow the full aliquot of shot to be
evaporated. The system is allowed to cool and then vented for loading of a second 1.2 g aliquot of
selenium shot and rotatibfEePiieeElbtrate to improve uniformity of the selenium film thickness. The
evaporation process is repéatet {asel pressumsdeéMion(3el-6 inBar), maximum temp 331C) to yield
a 2x cap.

*  Deposition conditions

Deposition of a CIG precursor on the substrate is carried out as in Example 2,

+  Description of cap formation on precursor

A Se cap is formed on the CIG precursor as in Example 2.

¢ Anneal conditions. _
After application of the selenium cap, the substrate bearing the CIG-Se stack is
removed from vacuum and transferred to a selenization chamber. In this
chamber, the substrate is suspended face down and heated from the back-side
with a radiative graphite element. The system has water-cooled walls (<25°C
recirculating loop). The base prcssufe is 3e-7 mBar prior to the run, The
pressure in the system is increased to 1.4e-2 mBar using 100% H;Se gas prior to
heating: The substrate ramped up to >350°C at 20°C/min by setting the power
supply for the graphite heater at a previously determined power duty cyclo
value. The temperature of the substrate is maintained at >300°C for 20 minutes
at which time the power supply is turned off. The resulting film is allowed to -

cool to <80°C before transferring to a vacuum load-lock chamber for removal.

*  Data. ,
The substrate bearing the completed CIGS film is removed from tﬁe system and
analyzed by ICP for elemental composition. The In/Cu ratio of the film is 1.1
((In+Ga)Cu 1.4) while the Se/Cu is 131, Analysis; of the X-ray diffraction
pattern of the film shows tetragonal CIGS, InSe, Cu, Mo, Nb, and Fe.
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Anneal conditions - pressure, temperature ramp The substrate bearing the GIG/Se stack is transferred
to a ehalcogenzation chamber under vacuum. In this chamber, the substrate is suspended face down
and heated from the back-side with a radiative graphite element. The system has water-cooled walls
(<25C recircuiatings 1081 The base pressure is 6e-7 inBar (4.5e1 rnTorB@ 608 & 3n. The pressure
in the system is increased to 6,6e-3 rnBar (5 mT) using 100% 112Se gas prior to heating. The substrate
ramped up to >35012 (at 3012/min (highest temperature estimated to be about 400C) by setting the
power supply for the graphite heater at a igusly determined power dul cle value. The
temperature of the s (’B‘gff’é‘ig%%ﬁﬁﬁ%ﬁn‘ggrgg}g@ fggf’(‘;‘r‘%?(}"r%%%f’é% gﬁﬁ%fﬁﬁ%@%% power supply is
turned off. The resulfiffg#ilvecigsliowed to cool to <80C before transferring to a vacuum load-lock
chamber for removal. Data. The substrate bearing the completed GIGS film is removed hum the
system and analyzed bg&%}’m@ﬁ@%’%ma‘ composition. The In/Cu ratio of the film is 1.02 while the
Se/Cu is 0.37. X-ray diffraction analysis of this film included peaks for a cubic CIG phase, 1nSe,
In4Se3, In, and Cu, Exampie5™2 ¥ é&ample is provided including a GIG precursor film formed on a
substrate. The precursor film is capped with 25x Sc. Thermal annealing of the sample takes place in a
vacuum quartz tube .ovenniMdFikkiAhe©vendngiuees an 8" diameter X 54" long quartz tube inserted
in a 38" long tube furnace.A'glg&Qé ace has three heat zones (left right, and center) that are
individually controlled by Watiow controllers. The ends uf the tubes have stainless steel caps that are
sealed to the tube ends via o-rings. A vacuum rough pump in conjunction with a vacuum turbo pump
provide pressures mea$gpedidovenditiodsl millitorr (1.3e-4 rnBar). A mass flow controller (MFG)
connected to an argon gaseylindeprrovides pressure control between 0.1 and 50 millitorr (1.3e-4 in
6,7 e-2 nifiar). A liquid nitrogen trap located between the turbo pump and the tube traps selenium
vapor. Pressure is measured with a Barton gauge at a point along a 24nch diameter line between the
quartz tube and the selBATEHHEAY <2 FFREEHMERESN includes a stainless steel carrier rack that
holds multiple samples, althoughs oy a single sample is used in each run of this example. The rack
can be inserted from the cold end of the tube to the heated zone via a hook coupled magnetically to
the outside of the tube. Cor:h/ceors(g the sample can be removed to cool rapidly with the same device.

. * rohg, |~ . . . .
Two flexible thermocou%ﬁlél% are. p%csed directly in contact with the backside of the sample for accurate

temperature monitoring. STRAEHNEHRBESNBIES APEAL O3 BRIV oTEd Rts in the tube oven to
give the temperature profikoédirezauerchidikthendoesuplesiatestypabic thEohtoitdr and static oven

temperatures and pressur%@&ggqgggggvgglﬁ g@g@y@g{@@@&g@leﬂh dala.collgeting software.
remperatures connected dicelly o, e SAPIES RIS [eFAAELISING AN ANPAG AP system. Data

from these two sources ar‘é?ﬂ%n combined into an 4XC€ sprea )
base pressure is 6e-7 mBar (4.5¢™ mTorr) prior to the run, The pressure in the

systemn is increased to 6.6e-3 mBar (5 mT) using 100% Ar gas prior to heating.
The substrate ramped up to >350°C (at 30°C/min (highest temperature estimated
400°C) by setting the power supply for the graphite heater at a previously
determined power duty cycle value. The temperature of the substrate is
maintained at >350°C for 30 minutes at which time the power supply is turned
off. The resulting film is cooled to <80°C before transferr;‘ng to a vacuum load-

lock chamber for removal.

*  Data.
The substrate bearing the completed CIGS film is removed from the system and

analyzed by ICP for elemental composition. The In/Cu ratio of the film is 1.05
 while the S&/Cu was 0.04.
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In this example, the sample bearing the GIG-Se stack is placed on a stainless steel carrier, which is
then placed in the center of the oven. With the mass flow controller set to zero flow, the endplate is
attached and the tube is evacuated via the rough and turbo pump to about 0.1 millitorr. The furnace
temperature S&pYintd4arel entered into the controllers and the recorders Hr&StltAit&busly started.
The controller power to the heaters is turned on and the rube is heated. The pressure is maintained at
about 0,1 anon. The substrate is heated at a rate of about 20C/min. to 520C for 35 min, then the

carrier with the samples is removed tg the |.end of the tube outside the furnace and the power
turned ofT. The samﬁ?é"fé"%cf&éﬁ%%’r’?ﬁﬁﬁ? fé) Fc%ﬁ‘ﬁz é‘f%gg?'gffff’é@ng 9%‘2%%’5?%8%5 of four resultant
CIGS cells on the sub&tratevkme arecalesddiogid@dhese give efficiencies of 7.12, 6.54, 5.72, and 6.85%.
Example 6 An additional sample is processed identically as in example 5, except that the capped
sample is heated at @ r'%t&&fag%@gga{gghe annealing temperature. The efficiencies of four
resultant GIGS cells on the substrate are measured, and these give efficiencies of 6.84, 6.54, 6.62,
and 6.89%. Other embB8IMEATPEthis invention will be apparent to those skilled in the art upon
consideration of this specification or from pracfice of the invention disclosed herein. Various emissions,
modifications, and changas{ethe-princHlesangknembodiments described herein may be made by one
skilled in the art without de artingdll;rqglz;he true scope and spirit of the invention which is indicated by

the following claims. MCS LA WHAT s CLAIMED.IS:

+  Deposition conditions

As in example 2.

+  Description of cap formation on precursor

No cap is used.

+ Anneal conditions - pressure, temperature ramp
The substrate bearing the sputtered CIG precursor material is transferred to a
chalcogenzation chamber under vacuum, In this chamber, the substrate is
suspended face down and heated from the back-side with a radiative graphite
element. The system has water-cocled walls (<25°C recirculating loop). The
base pressure is 6e-7 mBar (4.5¢™ mT) prior to the run. The pressure in the
system 1is increased to 6.6¢-3 mBar (SmT) using 100% HySe gas prior to
heating, The substrate ramped up to >350°C at 30°C/min (highest temperature
estimated to be about 400°C) by setting the power supply for the graphite heater
at a previously determined power duty cycle value. The temperature of the
substrate is maintained at >350°C for 30 minutes at which time the power
supply is turned off. The resulting film is allowed to cool to <80°C before

transferring to a vacuum load-lock chamber for removal,

*  Data.
The substrate bearing the completed CIGS film is removed from the system and

analyzed by ICP for elemental composition, The In/Cu ratio of the film is 0.61
while the Se/Cu is 0.12.
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1.A method of making a chalcogen-containing plicrteabsorbing composition, comprising the stops of
5a) fbrrning a workplace comprising a precursor of the chateogen-contain irig photoubsorbing
composition, said precursor optionally comprising a ehalcogen content comprising at least one
cholcogen; b)fprtlihgi4&¥Rnd cap on the precursor, said solid cap and plpé? 1548 Qj‘éfﬁ%r 10comprising
at least a staiehiometric amount of at least one chaleogun to convert thop.- to the
chalcogen-containing photoahsorbing composition; heating the capped work-piece to cause

?halcogcnizr4 at a pressnr of belo¥v a{p 0 ;’;‘)}w}:%rml%slQ&H%@?zﬁgg%}?@@ 1, wherein the

. 'xalrt 2 for Anpeq f &% }z?m
process occurs Irx a rol -‘?O-I’O” manuF cturing process,
indinm retention when annealing a film with a 2x cap but no CIGS formation yet

+  Substrate preparation.

As in example 2,

¢ Nature of target/targets — arrangement

As in example 2.

«  Deposition conditions

Asin exainple 2,

+  Description of cap formation on precursor
The substrate bearing the CIG precursor film is removed from vacuum and
loaded into a selenium evaporation chamber for application of the selenium cap.
The selenium evaporation unit includes an open-top ceramic cup nested in a
resistive heating element. The substrate is mounted face-down over the cup on
a metal frame and 1.2 g of shot is loaded to give a Ix cap. The system is
evacuated to 2e-6 Torr (3¢ mBar). The selentum crucible is heated to 360°C
for sufficient time fo allow the full aliquot of shot to be evaporated. The system
is allowed to cool and then vented for loading of a second 1.2 g aliquot of
selenium shot and rotation of the substrate to improve uniformity of the
selenium film thickness. The evaporation provess is repeated (base pressure 2e~

6 Torr (3e”® mBar), maximum temp 331°C) to yield a 2x cap.
p p

+  Anneal conditions - pressure, temperature ramp _
The substrate bearing the CIG/Se stack is transferred to a chalcogenzation
chamber under vacuum. In this chamber, the substrate is suspended face down
and heated from the back-side with a radiative graphite element. The system has
water-cooled walls (<25°C recirculating loop). The base pressure is 6e~7 mBar
(4.5¢* mTorr) prior to the run. The pressure in the systerh is increased to 6.6¢-3
mBar (5 mT) using 100% H,Se gas prior to heating.- The substrate ramped up to
>350°C (at 30°C/min (highest temperature estimated to be about 400°C) by
setting the power supply for the graphite heater at a previously determined

power duty oycle value. The temperature of the substrate is maintdined at
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3. The method of any of the previous claims, wherein the heating ocours in the. presence of an inert
gas. 4. The method of any of the preceding claims, wherein the cap incorporates at least. one

ohalcogepi. in elemental form. 205.The method of claim 4, wherein the caé),c%gsﬁross?s glemental Se.
. ) 1D,

6. The metho&’@fl%f/l‘_gﬁ%]aims 1, 2, 4, 5, wherein at least the heating stbh d¢curs I the presence oft
least one gas comprising a clialcograt 7. The method of claim 6. wherein at least the annealing step
occurs in the presence:of a gas comprising trisS or H2Se. 25S. The method of any preceding claim,

wherein the heating terapezalce 1) (g 1808 RAARAROHLOGIP1PRAN BRO0GS. The method of
any preceding claim, wherein at least the heating step occu%? atll%réeﬁssure oP loss ﬂ?ag about WO,
81*6 Qad-

Miiii1017, JO.The method &F¥HYEAraEE Al Y& ohakit ¢ FESHfn Comp

rsorfilm comprises Cu, In,
lock chamber for removal.

«  Data.
The substrate bearing the completed CIGS film is removed from the system and
analyzed by ICP for elemental composition. The In/Cu ratio of the film s 1.02
while the Se/Cu is 0.37. X-ray diffraction analysis of this film included peaks
for a cubic CIG phase, InSe, IngSes, In, and Cu. :

Dxample §

A sample is provided including a CIG precursor film formed on a substrate. The
precursor film is capped with 25x Se. Thermal annealing of the sample takes place in a
vacuum quartz tube oven (VQTO), The oven includes an 8” diameter X 54” long quartz
tube inserted inr a 38" long fube furnace. The furnace has three heat zméwsv(lefts right, and
center) that are individually controlled by Watlow controllers. The ends of the tubes have
stainless steel caps that are sealed to the tube ends via o-rings. A vacuum rough pump in
conjunction with a vacuum turbo pump provide pressures measured down to 0.1 millitorr
(1.3¢-4 mBar)., A mass flow controller {MFC) connected to an argon gas cylinder provides
pressure control between 0.1 and 50 millitorr (1.3e-4 10°6.7 e-2 mBar). A liquid nitrogen
trap located between the turbo pump and the tube traps selenium vapor. Pressure is
measured with a Baratron gauge at a point along a 2-inch diameter line between the quartz
tube and the selenium trap.

The configuration 'inciudes a stainless steel carrier rack that holds multiple samples,
although only a single sample is used in each run of this example. The rack can be inserted -
from the cold end of the tube to the heated zone via a hook coupled magncticaﬁy to the
outside of the tube. Conversely, the sample can be removed to cool rapidly with the same
device. Two flexible thermocouples are placed directly in contact with the backside of the
sample for accurate temperature monitoring. Static thermocouples are also located at various
spots in the tube oven to give the temperature profile of the oven, All thermocouples are
tj'pe “K». Controller and static oven temperatures and pressufe are recorded on a computer
using Agilent data collecting software. Temperatures connected directly to the samples are

recorded using an Omega S309 system. Data from these two sources are then combined

into an Excel spreadsheet.
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30mid Ga. Il.The method of atty preceding claim, wherein the precursor comprises a Sub-
shichiometrit amount of at least one chalcogen. 12.The method ofany preceding claim, wherein the
heating Dears at a rate in the range fano about 5Cirninute to about 400Chninute, 35i 3,The method of
any precedind"614M3/f&ein the heating occurs at a rate having a substahtiaty &4 profile.
Replacement Page -28- 14The method of any preceding cJaint, wherein the workpiece is maintained
at cane or tome temperatures below about 100C prior to the heating step.

In this example, the sample bearing the CIG-Se stack is placed on a stainless steel
carrier, which is then placed in the center of the oven. With the mass flow controller set to
zero flow, the endplate is attached and the tube is evacuated via the rough and turbo pump to
about 0.1 millitorr. The furnace temperature setpoints are entered into the controllers and the
recorders are simultansously started. The controller power to the heaters is tutned on and
the tube is heatéd. The pressure is maintained at about 0.1 mtorr. The substraie is heated at
a rate of about 20C/min, to 520C for 35 min. then the carrier with the samples is removed to
the cool end of the tube ocutside the furnace and the power turned off. The sample is cooled
overnight to room temperature.

The efficiencies of four resultant CIGS cells on the substrate are measured, and
these give efficiencies of 7.12, 6.54, 5.72, and 6.85%.

Example 6

An additional sample is processed identically as in example 5, except that the
capped sample is heated at a rate of 5C/min to the annealing temperature.

The efficiencies of four resultant CIGS cells on the substrate are measured, and

these give efficiencies of 6.84, 6.54, 6.62, and 6.89%.

Other embodiments of this invention will be apparent to those skilled in the art upon
consideration of this specification or from practice of the invention disclosed herein.
Various emissions, modifications, and changeé to the principles and embodiments described
herein may be made by one skilled in the art without departing from the true scope and spirit

of the invention which is indicated by the following claims.
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15 The méthod‘ of any préceding claim, wherein the step of forming the workpiecc 5compriseS (a)

) - - - .- . the
cleaning a Metal lie support wider eandona effective to remove organic impurities and (b) fC@ing

workplace on a substrate incorporatin
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WHAT IS CLAIMED 15

L A method of making 4 chalcogen-containing photoabsorbing composition,
comprising the steps oft

a) forming 4 wark;:iiecé somprising & precursor of the chaioog;en-couminir:;g
photoal&sorbin‘g composition, said précursor optionally comprising &
chaleogen coﬁ_tcnt comprising af lsast one chaiéogcn;

b) forming u solld cap on the preqursor, sald solid cap and precursor together
comprising at least a stolehiometric amount of at least one chalcogen To,
convert the precursor to the chalmgan-cnnraining photoabsorbing |
composition;

€) . heating the capped workpicee to cause chalcogenization at a pressuse of
below about 300 millitorr,

2, The method of olaim 1, wherein the Process oecurs in o roi-io-rol) manufacturing
process, o
3. The method of any of the previous cluims, whersin the heating aceurs in the

presence of an inert gas,
4, The methad of any of the preceding claims, wherein the tap incorporates at Teagt

one chalcogen in elemental Torm.

5. The method of claim 4, wherein the «8p comprises clemental Se.

g, The method of any of clajms 1,2, 4, 5, wherein at leagt the heating step oceurs in
the presence of at least one gas comprising a chalcogen.

7. The method of claim 6, wherein at least the anncaling s1ep oceurs in the presence:of
2 gas comprising HyS or H,8e.

3 The method of any preceding claim, whersin the heating temperature is in the range
from sbout 300°C to about 600°C. |

A The method of any preceding olaim, wherein at leust the hearing step oceurs at 3 :

preseure of less than about 100 miltitorr. .
1. The method of an y preceding olaim, wherein the precursor film comprises Cn, T,
and Ga,

1L The method of aty preceding claim, wherein the precursor sormprises 8 gub-
stoichiometric amount of at least ope chaleogen,

12 The method of any preceding claim, wherein the bealing oecurs at a rate in the
range from 2bout 5°C/minute to about 400°minute,

13, The method of any proceding claim, wherein the heating ooours ot a rare having a
substantially linear profiie, |

Replacement Page -28-
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14, The method of any preceding claim, wherein the workpisoe iy maintained at one or
wore femperatures below ahont 100°C prior to the heating step.

15, The method of any preceding claim, whersin the step of forminyg the workpieee
comprises (a) cleaning a metaljiz support under conditions effective to remove organic !
impurities and {(b) forming the workpiece on & substrate inmrporating the cleaned metal ki

support,

Replacement Page -29-
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