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 method gfmaking 8 chalcodsnsontaning phptgahserbing composition,
comprising the sfeps Of ay forming a workpiec.e comptising a precursor of the chalc%%cn-contammg

photoabsorber; B éserpgEoR AR SFP b el sereuzd iR 45 BoMHSH AR 48 SRE g iefogen:

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

materials.



c) heating the capped worispicee to cause elmlcogenization 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 or ItSe. In still
another prefewedmaspestof the invention, heating is carried out in an In Yet/EoH&rPréferred 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 continuous and/or sernicontinuous
roll-to-roll. manufacturing. process. Such preferred aspects maybe practic ' , or two or more of
these may be practiced. ﬁ?bfg?ﬁ’ w%‘“ic?‘rlﬁ I%ﬁg&aﬁgé%ﬁtfg%gﬁ %aléoﬁﬁg%%&}gv%NGS The above
mentioned and otteatikedveninsiesrsferidosreRsriany Bt HAY the ik iRer S P AAMHY Mimi, will
become more apparent R e rtiondsetbiailk badietterunderstoutklbyveferensesto the following
description of the.embagdiments of tha neenlien taken.in saniunctienwith.iresaseampanying drawings,

wherein: Fig. 1 Is a schematic diagram of an illustrative photovoltaic device that incorporates
principles of the pr8%BRIATVER A2 n%'ﬁlée.cgyig agsgaé%g%oaﬂlsg ¢ igoévr% 18 UE)e\}SVi\ré]lal glr%%n;g’mplary structure
for a substrate thatdwdy boes nspdihreet dbgicuasiomiga pogststratesf 7 » BTSTPEEREEic diagram
illustrating how the-psingiplesokthapegsentdnaesiion haychiton aedptesfabiichtesagelialcogen-containing
photoabsorbing I%éerf ygs%wu%t@%gevice of Fig. 1., DETAILED DESCRIPTION OF PRESENTLY

PREFERRED EMBODIMENTS The embodiments of thehp ent invention described below are

r
not intended to be exhaustive or to linfEHYRE MRS fﬁg%rércfé% forms disclosed in the following
detailed desuiption. Ralfer Ing chadinenina£hasan st faserihad seuiaatbers skilled in the ar

may gppreciate and understand the principles and practjces of thé% rﬁﬁ?s&er&t ir;v&ggc&)nb All patents,
pending patent aB%édﬁ@ﬁ%?sﬁﬂﬂr‘é?@a’%Sé‘f%rﬁtﬁé‘fﬁ’pﬁ?&g?fgﬁ%‘f%‘ﬁm ¢ Caf.la}?ﬁccles cited herein are
incorporated hereimbytakiesdioeildeidrebpodivéiegmistticsver ghalsogppgpgtreatmepty 1 schematically
shows an illustratiyg, ambadiment et anhotaveliaie deviee; xthabisspeepated anedseing to principles of
the present invention, Device 10 desiably s fexble jo.low deyiae A0 baJpaunted to surfaces

0
incorporating some ctrvatfe, m preferred embosdlments, device 10 is sufficientlg flexible to be
wrapped around SheagRFEPBETIREE BiesHEtEErERIE BrLERBIEAEBY PR ER A% hreferably about
25 cm without cragking siuéfitemipehatuves o 25@nBDovite 10thacuddbedRigir melgellyface 12 that
receives light raYEJaﬁyﬁggdW%%g@b%@s Lfeontinuous 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.



Device 10 includes a chalcogenide-contsining photovoltaic absorber region 20 formed on an
underlying substrate 18, Substrate 18 generally refers to the body on which the CIOS precursor film is
formed and often incorporates multiple layers. One illustrative embodiment of a multi layer structure for
substrate IS iShoaiLiH3Flg. 2. In the illustrative embodiment of Fig. 2, sbibstrate ¥&¢¥nerally inchuics
support 22, barrier region 23, and backside electrical contact region 24. Support 22 may be rigid or
flexible, but desirably is flexible in those ernbodimerrts in. which the hotovoltaic device may be used in
combination with non-flat surfaces. ort 22 may be for 2 wide range of materials.
These include glass, quartz, otherB&gFgm M‘i’s}‘lg %%E n}%ﬁe als, metal alloys, intermetallic

compositins, woven or AQRNANGI AISRs CAWONANRNS SlITESE-AINGIe Slalilass steel i

preferred. The support 22 desira lg/als cleaned prior to use to remove or]}%nggﬁ%nts such as organic

contaminants. A Wid&aRERrB BILAFARRF (BRRARESY Al PHE FELY KEORE éxample, plasma cleaning,

such as by using Rieplashe vieic belsithbiatsirsmsor Gibasideinptarthdats i metal-containing
supports. Other egg@ggm%,@www&@@@m@{@@pmw@m@mwﬂ@mn etching, wet chemical bathing, and
the like. The barrier e Ie %glion 23 helps 1o isolate f ﬁeuR@g@\{ﬂj}%ﬁgs&%%gg{%ggpm the support

22 to prevent contaminati Izor Instance, barrier region 23 can help to block the migration of Fe and
other constituentsfsiA!eE %f&?ﬁ!é%?%t‘é‘éqné‘&%port 22 into the absorber region 20. The barrier region 23
also can protect the supfigrt 22 against Sesmigatiomif:8 exgmbedsinde forarbvntoftie photovoltaic

absorber region %Qaﬂg%@my@hmm%mgqghgg 21 also helps to promote adhesion between the

support 22 and overlying.layers o 10. B | er. re f% qgsflgpme%&or more of a
wide range of materials. §xe|”?1% aremr%aten sfnlhcs de N Q%'}, § 3 r(Tzlt?)mblnatlons of these, and

the like. A film comprisimerdip %@éﬁ?&lﬂ9%%%%9tmékﬁé%pmt%b@%géwﬂﬁﬁélﬁﬁ#ﬁ@fﬁabIy at least

about 50 run, and:nrgye preferably at least about 100 am, The thickness of such a film desirably is less

than about 1000 urr,prefRRiyiesR IPALRIGHPAISHNTANAHRPIRRIRfarablyriess fan about 300 rim.

In one embodiment, a Nit barrier having a thickness of about 150 am would be suitable. The
backside electrical contagt teginuéquuidesacoruenidailay toetectrdatiesiodpléthe device 10 to

external circuitry (npfshawp), The begksids declyisalcopicissiondalsenelirdadsolate the
photovoltaic absorber region 20 from the support 22 to e Cro th]) nir g{tlj%g Aﬂs_l is the case with

any of the regmn§%f’8°é’9f’cﬁ@e HG ISR YA e SHmaY S AT yer or murftllg)je layer using a
wide range of eleetrivatispporidactidendestoniis, Hﬁ@@éﬂﬁ@%ﬁécﬁ?eﬁﬂ’;ﬁée@f%t IrertRy A, Cr, Ni, Ti, Ta,

Nb, W combinatigpgaitbesmaneihejikeimoposiriivereanmpotitions. ncorporatingitbe may be used in
an ilustrative embodiMent . i BRI ARUORANGIAY IGoLRQLale ARRAS Mgie agents such as Na,

Li, combinations of these, and the like. Na, for' instance, is believed to favorably impact the rotvth of
crystalline grains & Yormation of the photovoltaic, absorber region 20. It also is believed that the Na
acts as a Se flux andierfigobitkingigsmbto/facilisreiteceiodationodt MRRY it fgics 10
chalcogemeontaipieg; phateabserer watekipless Nawmightaisecontribuie favesabily to the electronic

performance of ﬂ}% QQL%% d&0 {%vﬁga‘fﬁlltn%m&'ig%%gﬂ%gs @?&%@ﬁlﬁrg some curvatare, In
preferred embodiments, device 10 is sufficiently flexible to be wrapped around a mandrel
having a diameter of 50 e, preferably about 40 cm, more preferably sbout 23 cm 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



Materials such as Na, Li, and/or the like may be incorporated into region 24 in a variety of ways.
According to one approach, a separate layer incorporating NaF, Na-dopcd metals, or the like may be
incorporated into region 24, This layer may exist on the top of region 24, be buried at any other
location in re§iéri@24/1Eethixed evenly within the layer. According to ano%ﬁgfﬁgﬁ%r%(g’gﬁ“a 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 atomi ) g orm a suitable
film having a thic@?ﬁ‘é%%lgghgfﬁgé‘g 2B 30 %%%ré%grosfﬁ%%g? %ﬁg{g a 0%%% %?n%g%i%ﬁll film desirably
has a thickness afifesetfauErseit 2000 mn, preferably loss than about 500 am, In one embodiment,
such a target is sputteraghga-opigearfindhatis aldoun35d uatethickThese REfdraRetagain mainly to
lFi% . 2, chalcogeﬁ%@g{;};@@ﬁg@?m%?m!tﬂjfg@a@ﬁmﬁrﬁ{l@g@@11%95,abzsmasmgm@aargysembodied in thhe
ight rays 16 and then photovoltaically converts this_ light en Jnt tri rgy, Region 20 can he
a single integral Pégygp 8"5“ﬁﬁj§f’ﬁ’£{b‘8% 168, 5O mafgons of [hese A tﬁ%xﬂgost%l%%bg L&l

r'tan be forme rom one or more layers. ___The chalcogenide
absorber region 26fprefeFabiynimeotheramby &t dsardorer (Pl BENEICOYERIR s e Hs
113-111B-selenidggankl3nlbidats ulfidias vatu/ of ddHiv: seleijce sisuifides tHetiriclude at least one of

copper, indium, and iumydn.manyemtedinantsithesesmateiassa e piesentiapolycrystaliine

lor.9al
fonn. Some embodf?rgéaf%s include sulfides or selenicls of cacr)ﬁggr ?ngﬁ!ﬁ]glie m, dditional embodiments
i

include selenideSBFEMHIEEG BEPFER HIAIBINPERS gallfum: Specific examples include but are not

limited to coppertéridiignessetbritdessicbppaieinbimrpbiiig @dBhies, copper gallium selenides, copper
indium sulfides, copperripdism.gadisams sulfide sseoppe pigallivmculiides raepp@drimditm sulfide
selenides, copper, qaljum, sullide-selsnides. 3d fanrer dikmaalim sulide selenides it some

embodiments, such cha c%gr@nl e materials optionally may include alymipum, fellurium, and the like.
Aluminum could BEE o %%%?ﬁﬁ&&%ﬂﬁff%&‘oﬂ8%ﬁ%ﬁ'§%%%‘f’8%5?81’8%[ |u}%{;ﬁgﬁ_ %rﬁglquenide
materials also mesgibe2dopechwitt ctier ¥helterieloraettihasmar 7, 3ot RO ERhZnce
performance. En manywemhediments giaismatesiats-haye potypaichitastenisticsgion Oxygen (0) is

technically a chalgogey, according (o iz plasamentin he.pasadiclablelibe slements, However,
(0]

oxygen is deeme fiot e a chalcogen for purposes of the present invention 'nasrpuph as oxygen
does not contribdiETter SEIoREEB SR TRIEIB AR 15SAG % iiﬂ%@éﬁiﬁ&ﬁlré%‘iffo the extent of
the other chalcogensisuthias SlorSedElSh, tobghtoryehettors! Hetitornbte piBtaMsorbing
functionality to the, SRIRe.HeH e RRAMGLIN R sAmeINanaTasmFer 0.8 dexygenmmay still be

incorporated into chalcagenide photoapsgrhing maigHials, RHPASIMARAINeIEEagPNS such as to
contribute to eleftFoNiE proper

ies, as an artifact of manufacture, andééjrlggetd%%b(l)gdﬁﬁd, many
ehalcogen materbestiHéS bl ket EaniRoBddn BYLROHT T RS PErEant 10 about 5 atomic
percent based omrthéntaiakebnipesitioNbohtte hegiar 2irkness ofrpeuptefarpetPeldss of eitaleog,enide
photordasorbing Jpaterials may be represented by the formula Cualnl,Ga.,AluSewSjeyNaz(A) wherein,
ff*ais defined as 1, th“ﬁ?e: backside electrical contact region 24 provides a convenient way to electrically
couple the device 10 to external circuitry (not shown). The backside electrical contact
region 24 also helps to isclate the photoveltaic 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 mote of Cu, Mo, Ag, Al, Cr, Ni, T4, 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



= _Ito 2.5, preferably 1.05 to 1.65 "b" IsO to 2, preferably 0.8 to 1.3 "c" is 0 to 0.5, preferably 0.05 to 035
dis O)to 0.5, preferably 0.05 to 0.35, preferably d = 0 "(w-x-t-y)" is Ito 3, preferably 2 to 2.8 (note, (w
+x-"-y) <2 for substoich films) "w" is 0 or more, preferably at least 1 and f at least 2to 3
x is 0 to], préﬁ’é‘ré(ﬂlvlé(%lo.%S "y"is 0 to 3, preferably Uto 0.5 "1"is O to%gé%p%%ﬁé?g?ﬁ% 0.005 to 0,02
die precursor Thg copper indium seleuides/sulfides and copper indium gallium selenides/sulfides
are preferred. lllustrative examples of such photoelectronically active chalcogenide materials may be

represented by thﬁgfloc[mpchaicogen-containing photoabsorber materials, Na might also contribute
favorably to the electronic performance of the chaleogen-containing photoabsorbing
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



Cub6,C?a,Se(24)Sy_(_B) where xis 0to 1 and y is 0 to 2. As measured and processed, such films

usually mcluc_je addltlo.nal In, Cia, Se, and/or S. Advantageously, the chalcogen-cohtain ng,

photeabsorbing materials exhibit excellent cross-sections for light absorption that oW region 20 to be
LoD

. . |
very Min andvleiblél4palilustrative embodiments, a typical absorber redi F\/%O&%%J’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

thase matorals (5o WB /0 H 1 SAPETTTLAD 1Mo o dbhERERAtctigee prineiles alov
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

7



be formed at low pressuremanner that is compatible with continuous roll to roll manufacturing
strategies that occur under vacuum. The methodologies of the invention include at least three main
stages that can be practiced sequentially or at least partially co-currently with one or more of the other
stages. These%talgesitiélide forming a precursor of the desired ehalcogEntd&BHEtst#5s0rbing
composition, forming a chaleogemeontaining cap on the precursor, and then converting the capped
precursor into the desired photoabsorbing material., A preferred methodology incorporating at
least these three stages I, sehematically llstrated InGid3 Refering, 00w i Figy 3 an initial stage
100 involves preparing a precursorfhfm 11550 many e oélments, this Is accomplished by using one
or more targets toRFREFTHE EaRaH RN CBRIBLLBE e TS P RMASHEAEDIHI. 2. Sputtering may
occur in one step orlincaseguéneenal twoeo tha crebstepsicH meyitple lsputtéravg stes @re used, these

may occur sequentialiy ORI St IRQYRFHaRRING fashion: Thrdesultant pracuesar ft im structure
may include one gr more rs, if the precursor film 112 has multiple L ayers, the interfaces between
layers may be dis Fﬁ%%?%%%gagnﬁ%%& tﬁ%ﬁg i0hs, Fé%gg’n%ﬁ%ﬁ%%%glfc%%glcﬁbﬁs%?ﬁﬁnai12 may be
incorporated into #idlS A aceT RTCPEITAGERCaPPedB PP BEE ORGSR W ElRgle target 110
is used in stage 1fi&deaform a precursor film 112 with a single layer structure. Generally, the precursor

film includes the deSife%’E%%%&ﬂﬂé&i&H&@? andeptiopallv.atdeastapodion ohthedasired chalcogen
content, Consequ_cfg#{ﬁ tgrge,t 110 would .effective to.degoosit at least the

ave a composition that i
metal constituents desitedy #%%‘f%‘%?ﬁ*?r?ég- ésagrfam f:)?r%%%r tﬁ?ﬁ%‘.’ﬂ%ﬁ hetanee, if the resultant
region 20 (Fig. 1) ieterderciiré | Sulnimaanintsdinein dtislicsnenlisind DY argera o 8Pthis illustrative
embodiment genesaly wepltinlude-copipaiindismtandogaliimdnsprapottionspefteatve to fonn
precursor film 112 including ese, elemenis. N8 Skeh sHiakle. araslihidQuray.nclide about 35 to

about 50 atornic percent Cu, about 50 to about 55 atomic percent |n, and about O t? about 30 atomic
percent Ga. OthePShd5rs HA( G OB BB oIS HL B HE ‘gc?ﬁ ﬁ%?ﬁ§ £ a? e ied. A
specific embodimertishafilexempraryacngbtiofthis waeliet deduBeatsmitipdiédnt Cu, 42 atomic
percent In, and 13 atQMoicyeelaRnkieRciHORRAXSMPIaRyoRaR D biacice.atitableitas. incorporation in
a roll to roll manufacturi ra that eecurs in i ial.enti \Yj , such a target
can be used to fol;%f 5olﬁsrq§uc%ﬁf§é$%r%u%§?ﬁé{|%§d{fﬁlag %ﬁg%%%a%%%é%ahwf\%ng%g%%ﬁ%mof at least about
0.75 pm, preferaﬂi\}‘e&% least about 0.8 pm. Such a film desirably has a thickness of less than about 2
pm, preferably less tharFaibpoukdss keiill8ueiva fifmeib 120t hdinpehibodinbitts ayehave a target mass

of about 65 mg tg,ahaut 7% Me PG GmaisHaknend. inehxid nehatasofithesubsttate 18. The target
containing 45:42:13.atomic, percent Ciln.Cia could be pre-sput d.for ifable time period, such as
about 3 minutes, %%Slﬁer&g{%%gr]lg?ﬁ%r% the tagﬁré) ﬁong%ﬁ%aﬁ%é%ﬁ%%rg%{% c%%ﬁe?n&a%}%g foCrJ?ned'at any suitable
pressure. For incORBEAHHHIFE roHSrdi T & cagres i fafiteiiree fraorial % k%t B8ast about 1
millibar (nBar), prefeiabiytatcleast tabduir3i mar 2 Gu dhe deprebsurerdesirdbljpisiesdfthan about 10 nthar,
preferably less thagaheuk R BBak.A pEessiaot aboubdmapswaldshesyitaple: foeinstance.

Sputiering desiraply gecurs IISRrEsence. of 3. suiabie. soulerig,as sypRlipd,at a sutable flow rate
to establish the desifed pressure. An exemp gry sputtering gas is argon. If'is understood that the flow

rate(s) used are ATRAGIBHCEFA YUMBER BFFRED AR By BE T resuedBRdthe configuration of the
chamber. Sputtetinigdeeuws fof asuitdide diowe3peridepsiichvas fondat Sut D8upfihttem et a suitable

sputtering power ssueh:asahaul 12aWde e auiesrsohdibandd? Omer hdditionak eaastituents such

as Na, Li, To, and/or the ik@ 1maét( also be incqrggrateg into precursor film 112 via sputtering or other
. operiions oI the constituents may aisd pe used. h .
techniques as Wéﬁ.lﬁ)spu tered, these can be mcorgorated into the same target 110 or supplied from

additional target(s) (not’sHs) cOReasrangT B i6ieal LehisHRfIAtYYF &v8AZ%ortion of the metal
constituents can pecsitjipliezlabmiothersou aes] suchias:hysPuttiring sretipbupresénde of one-or more

suitable gases OLMARArS:itable ALGRLINgAnale roRtMe IEmbeciment s cussaicfilny, 14 2 could be
formed from Multiple targets such as a pair of confocal t gets U§in this stratg fgr instance; a
SR Lk

s SUbsta aEre I VACIHI, SUCH 2 tatget can pe ussd a precursor 1 ]
Cita,' target and anﬁnnt%rge?lcgyu'f be'lised con oca%ﬁ/ to form a ﬁ?recursor iim. Alternatively, the

precursor film maielsditefrde. frstinbaTig e argets Byipuesbrythd stb il 8dgH a plurality of
sputtering zonesabout ¢Gerfosaliantet desiathetaudiiplestarfetstratelgies suchres tbisiese also useful in
some embodimepts, tg re-jacosparaiaat ieashaparionpiibeshalkoasy content8hihe 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 substoichiornetric amount of selenium (i.e., the film includes
less than one chalcogen atom for each metal atom ificluded in the composition) is formed from
confocal first and second targets, where,in the first target includes the composition Cu*Sey, wherein x
is approximately 2 and y is approximately I, and. the second target incorporates Cu, In, and Ga
according to the forriaula CulnpCra, wherein p desirably is in the range from about 0.5 to about 1.
Details of incorporating chalcogen into precursor fihn 112 are further described in Assignee's
co-pendingUS. Provisional Patent Application Serial No, 61/314,840, filed '



'WO 2011/146301PCT/US201.1/036165 March 17, 2010, titted "CHALCOGENASED MATERIALS
AND IMPROVED 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 de$apibad/i#s98. Provisional Patent Application Serial No. 61Y8TA8Adfied March 17,
2010, bearing Attorney Docket No. DOW0027/P1, in the names ofiennifer E. Gerbi, Marc 0. Langlois,
Robert 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, cap 114 js.in the form of a solid
cap including one%%&@%%ﬁc%@%&. RPaRprad b aed 8% Ebr%gggzgée,sﬁﬂw%ﬁ%%ggl ‘incorporates Se,
Te, and/or S. Se #meHcoSnteedieieifeionge 16 StpfefePrbbI PHOMYISEEARE SUPRITERY, the atomic

ratio of Sc to S in jbuslrakiuesepthorimaris ey daditicthierange from about 1000:1 to about 1000:100,
preferably about 1000:14), 1q,about 100050, TheehalGoasniGen ReRIESERMuRRlAA as compounds

and/or in elemental lota The elemental form'is preferred. Ttr;gogmouillgqf I%g%[ ogen(s) incorporated

into the cap 114 rBRMESTRE RS I A E T R e e th RO ipTate

e re(glon 0 can 'my over a
wide range_ HowevEralifthideastrbomiti oiiafosh e nesyur tidredp idas srmwwbaedserEounts of In and/or
Sc may be incorpgiateeing the esuliantzegior204hanmighithe wesiredudsie fthe reproducibility of

the stage 102 may be less than desiied, Generally. Jtisdesitableiibalhe.sap L inghides at least the
eogen(s

stoichiometric amount IXP};f ch needed to convert substantla%gll,the entiret(% of the precursor
) ,

N ( ) .
film 112 to the de&if&@ ‘@j&ﬁ%ﬁoﬁﬁi%%éb?%?ﬁiﬁﬁ BREUE: AKRGTRED2EESTRE Eaféden content that
might already be piesshtsincthbaptedimsondiintd 2 brstionefbsapnbeitabivesiriapidlifat at least 2x, and
more preferably aflaask gl staichionaticamean niehelcegarts) areiraorporated into the
cap 114 FOTR A SRIEN G, Sl PRe R 'S ARSI BANPRES Ui S amount o

chalcogen(s) uset! In the cap ed, using greater stoichiometfric excess is more desirable and
provides muItipIefB%?]éﬂ’t%c.“lﬁﬁ’éﬁhﬁéHg a greater excess tends to produce more uniform chalcogenide
photeabsorbing materiadsidiertivmetis:thephosesslis Tarridd dutliroreycdndistesstiseradditionally, the
reproducibility of {aiyaganal fermation ipless.sensillyedminmperature hiatuatioes tatbe course of

subsequent chalc}gg)eryrzgt %h.ﬁ'ﬁgﬁ%\é L %{51 ﬂ)%![%ctl%aelli Qg&gtg({diygsi{gqa%g@?%ﬁ%%eate_r amounts (_)f
chalcogen(s) in cap e than‘is required for stoﬁ?f’ometry can be wasteful without providing sufficient

incremental benefticraisaethertiionelsyorefeia g AR S HapSHRO RS HHE TR 67 ¥han'about 100x,
preferably no mosepthiadvahohir 60ix:prefdr alily spoianopeitiiapredoouto80n @it sttighiotnetric amount of
chalcogon(s). In iél‘;ﬁlgg@t@,ggogmbodiments, using a bap with 1.0; 1.5; 2.0x, 2.5; 10; 25x,
According to alternative embodiments, precursor film 112 could be formed from
multiple targets such as a pair of confooal targets. Using this strategy, for instance, a CuGa
target and an In target could be used confocally to form & C:L:G precursor film. -
Alternatively, the precursor film may be formed from multiple targets by passing the
substrate through a plurality of sputtering zones. .
Confocal target or other multiple-target strategies such as this are also useful in
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



or 50x of the stoichiometric amount of chale.ngen(5) would be suitable. The stoic' erne ne amount of
chalcogen can be calculated bawd upon the relative amounts of metal constituents in the precursor.
Often, a cap 114 with a suitable stoiehiornetric excess of chalcogen(s) has a thickness in the range
from about 15¥dh#40/At$étk 20 um. The target mass desirably involves dé’ﬁggfﬁﬂﬁlé%Géﬁount of
chalcogen(s) effective to provide the goichiometric quantity (Ix) relative to the precursor or the desired
excess of chalcogen(s) (e.g., about 2X to about 50X. in illustrative embodiments) relative to the

precursor. The c ! gjﬁkg% £va m I _ I §L '\/@%{@@é@d stainless steel
boat or ceramic %%?%ﬁe&%ﬁg Srg?we%g el s%sﬁ)r\git%%? susgﬁen%e%}“’fgcj(gbown over the crucible. Based
on calibration, th&EHiHE OF Seier HEBdEA TERAARRR e bt aliba RasTid @ Finto the crucible.
The chamber i5 prmpedidorarkiase plessdiieref pspthavabiaeldd mBanisafipktvesythe crucible is

heated to greaterghan ahoui 300G (AaseLOR 8 iermpeiaiMEeadjpademsi-thernocouple immersed in
the molten chalcogen). The full selenjum load is eyaporated | des;of practice, it may he
desirable to form 63%5138?[@%1 Eo%%%guﬁ?mgél%%%?g X}%%n\}\/e%tj??g% %)%?R?ﬁﬁlsﬁg@) enhance uniformity, to
accommodate edquiprnefenriicibid prdvereiatiRRehEAiHE sf the substrate over extended
deposition times, and/ogithefdendrorgxampig-inecasasitiddigen-oapbyrtde drmibleemray he loaded two

or more times to o5 16 GAR A HMA.ANSNALSSIERS: iR ProrpRisMRifaraily: i Gande desirable to
rotate the workpiece between growths. Fur instamée if for 'ngle%grpe 14vfrorﬁpetwgcglﬁrénental layers,

rotating the work(ER&! 760/ & BEA GRS TILS ° Aegesti g S e Y5y 104, the capped
precursor film 108s! stisjeoteditoSehbicagénivatiom¥entitfonsfetdcfiod féoﬁdﬁ‘%f@“r"?‘?hg precursor film

112 and cap 1144aithe.desiredfinahicmspliaging20 sThinstage aldodnay:hesyéferred to as a "post-
oho | oogenization” tg%%‘}&?&k%&ﬂ%%%%%b%a;ﬁkér%@l%hﬂfoﬁﬁér{%%%ﬁ%dé%ws Mier precursor

formation. For example; If Sc is being incorporated into thé precursor, theﬁtfagle Jr94 can be referred to
as a post-selenizAtHARSER & Pt RESHASE ShPd 18 BEmT THEG Bl 8 S Breturstr, the stage 104
can be referred telaseaaish supfatdzation. Generally, this stage 104 occurs under thermal conditions
effective to also anneahths.sappecfln g, therehy:aoniertiog the presutsarfilm 112 to the desired
tetragona, chalcgpyric phase 10 1ne exIEL e, (ARRSCRIERVISOL opsishaliepdydiave that crysta

structure at this stage.0 Conse uently, stage 164 also may be referred to as an annealing treatment to
recognize the coFf\?@?éi%‘ﬁ‘%f’ﬂ%ﬂﬁ?é?fﬁf)sﬁrﬂfﬂﬁ?ﬁf?’ﬁ“}f’évtﬁésﬁé’gi?&fscﬁ%ﬂ%?@ W&iP&trortal phase.
Chathogenizatiomgenesatynocturssyppositiodingaheighppdesifiid 488 ihcaepuitetbidiydcessing
chamber (not shewmhio whigk, tha-cARRRflm. IQBdei5xResretoithrimalepnditiensstective to
convert the precyls0r e e Potaehse bg dion A0 LIS Shamber aARAS,hegame or diffrent
from the chamber@s used 1o Torm other yers of tflegcappe film 108. In a continuous roll-to roll
process occurringftisae Faems et A e dbRfF I YdcgRe R bear et PRatF e &apping station
to one or more dedigatethicomnstreanhstaiibndratinwit olvchidicbgenizawofindérdioThe sample
temperature desifaRlyis maigtained @ka: suilahikie wirmperaiye dufingis mauler to avoid undue
loss of In and/or S¢. As exem A%%&{ge‘lme? the. sam%%&%%otgg%%urﬁ jnay be about 150C or less,

gipic &irc a COgEN(¥} are moo .
more preferably atgloﬁlf’ 86t 0T iess uring the I)rans eriin an exemp gry mode of practice, a transfer

temperature of about SHETdtAeresEpREIsREVe: therrenaptp S ypacs L R 4K RG A 108 is then
increased to ari aRneating tempetatureleffettiveliostggses: tectiesired compérsion. The rate at which

the temperature jgdngre Jadhe.anpealing:iernperaliie sandnpacd thes ngarareatian of In and/or Sc
into the resultant product. If the. temperature ramp rate is too low, undue loss.of In and/or Sc may
occur. On the otﬁg’lfl I :’,ﬁﬁp E"Iéi_@'lre rﬂ%{’r&%gr%é 3 _gg%sﬁﬁe l%lgl Toag\éégp if?ﬁ%éf %%aéqrmcia could occur.
Other problems #vatiFsagybé ekt neheitlis sk simg s (henaien fils ieebifi4lso be possible
that damaging micsphtisiSicaudone suiidronmsy of atitizatiancoflcgastitientsofalse sapped precursor film

108. Balancing these goncerns,if isdesitahiehatbe:teparaiugsamprateramat least about I/ min,

SL?‘E{%%YCa;H%a% %?Ia@lgl‘?qiitjo%ZOC/ Ain, more refe{%%&tl as(;[ bout 30t/min angmg?)gg&gﬁ{_eferably at least

¢ ] . nt indrem .
i R TP arAtlre ramp rate Is desirably less than abouf 500Chnin,

preferably less tifansanoul40G@r ekt HTSP SrTersbTy 1o SeE aBsht BEOERTIR M one illustrative
embodiment, a ramprafiesoftabioiok 3064ty (o0 abeuitb N fvdtiddcsuiteitearinuaidther illustrative
embodiment, a ramp, e Ot 9GNS MG Mg Wawld Hensuitable:, 2.0xA widexrange of annealing
temperatures can be used. If the annealing temperature is toe low, poor incorporation 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 startthg 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 the annealing 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 occéirs2fer/aitie sufficient to chalcogenize the filial and to coRGEIRE HIRSES the tetragonal
phase to the desired degree. In many embodiments, annealing occurs for a time period of at least
about 1 minute, preferably at least about 5 minutes, but less than about 36 hours, preferably less than

about] hours. Desﬁ%’é a SUitaQ{';% con .rogcﬁtﬁﬁgée% s, implemented ip order fo maintain the

annealing tempe?ra?gffg AR gfg’écé?/efeve durifg the se of annealing. Feedback control using PIE
strategies woulddeuwiitedtacozen cadizan A< upap BT E ARG TS bw-pressure regime that
is compatible withgantinmausaalctessoll processes occurring under vacuum. It i.s quite significant to

find process conditions;Ehat work Wosler sHeBlQw resskike - lasmush-as:EPRass strategies that work
at higher pressures do not hecessarily traq%late to vacy nl: prﬁ}(%g%%&%%ﬁ%%gg%%k , the risk of In loss

increases if the ﬁ?iﬁ%&fﬁfféﬂﬂ%@ﬁ%ifﬁlﬁ% bo on\}vﬁo'br?%eé%?ier i e pressure is too high, it could
be harder to practiciiby cenebition pornieaiyfipielerecr s eAERI104 MY EOHEIIGTET6II-to-roll process
occurring under yaguymx«Relareingnthesasancemnsstagedodf desirgblisdeeursat &¥pressure no

greater than aboyt 300 QI (AR URRARIESetRhlk pA@seateidian about 100 militorrmBar), more
preferably no greater than about 50 millitorr (66 retBar)l, and mast !pfeﬁggﬁg%g% gJreater than about 15

millitorr (261 mBar). PrefSreBIl tHasp P e SHRARIABSTH e ilitorr (164 mBar). more preferably

at least about | rhillitore2BR nB . ditd msostigisferaiedt ReUB ST RIAGE (63 rata). In an

exemplary embogiment A 85 skiis-Shalei-H militene(T63mBarjowdite: be sitabien in another

exemplary embagimen, & eresste Al aigut A0 MY 62 FEM i suable.  One or mor
in

gases can be introduce Nto the reaction vessel in order ‘tao h%fga éablcjsh tktle desggd pressure during
the course of chalRHgERiRERdH aHe AR AR AR TARSYE o s(?ri\ 85168 tan'be used to accomplish
this. According tesie Stratefymanmeddingrane dhicoejienidatiorrveciie ftFepresBALE of a flow of an
inert gas such agAf,@kihe like, introduced into the chamber. For instance, annealing at 505°C in the

presence of 136 scam At would,besiitableIn.a NRicalaLeeERang,Shareifiplow rate of Ar

corresponds to a pres‘su.re%ef%%out‘ mﬂfi%arr. According to another rlgpde of E}ra%:tice, annealing and
chaleogenizationeste i His e BreseRTEIEE Sha i BT Le L8 AR IO TS

Corporstine one or more
chalcogens introgigedinto thecchaites ithesegasabshamp se s biiaMisRaligslrces of chalcogen
to be incorporategipte,Legiomr 2 QxExanblaGases Ofahi smivpritIchiged dhak ti2&e, mono or
diallylated S, mone, 1 dialieyiated ey compinallans.ohihese A blNG: LrinaLens of these
strategies also sy b& Uised. For instance, annealing can occur presence of a combination of one or
mere inert gasededndioiie Brisre ReHEbERIso AR siaws i forpinzcar HSHISTHIGG Sc require more
careful handling deaengaresdinoclutingSyoreisit BSetibdesimbrdtonindorfrstaticselenium into region 20,
Accordingly, a preferreg mode QfpLaslice.inyplves-canping the prasiesandilm 112 with a Sc cap 714
while annealing iérli%lgeéé)[esence 1.a sug.ur.co taining 0as such ag H29,.Hhis appraach is believed to

yield tetraganol CIC n(f‘fﬁc:’f}n(:‘@ ?ggeg: 03%% ‘offers significant advantages. First, the Sc cap provides
sufficient Se to stsmizEnthE T wEne Hhe T 346 A RELSRTGEFIT SBIRiAZE e film, increasing bandgap,
Second, the aulfizcontaming gagismucheasibrtto hahdiertivandSectontaisiyg g, Third,

conversion of the capped Hrecurser i0.CHE SSsinagihisspalegyasdpenoRservagto occur at lower
temperatures, > i cmber faséﬁ(?%s 2 post IS AEIOr 'égﬁ’n%%{'Q%%%@&?%@%%&Qc@p%&@@ embodiments
e a e

may he whether ctor S arepgﬁ‘i ed or cooled. As non-limiting examples, either hot-walled or
cold-walled chaﬁ@b@ﬁre@ﬁﬁ‘ﬁeﬂm%@éé%ﬁﬁ?%ﬁ%é‘@ﬁFz&‘f%ﬁ‘.}%ﬁ@%aféeaef%{%%rss are desirably
used when the sigjgidorsetiic exesas-oiichaltogerifsitive & capasiepdutertivafilabdst 5X, preferably
greater than ab%ér%’c@%%&n@&a‘%s SGeRten ihamabemi 10X &aalingphat ieasta pertion of the

in

reactor walls can be accompljshe ny desjred fashion. Water-cooling,is.one.suitable technique. In
h : > that ir .
a typical mode oPTH&EP ?ﬁc!epé%cgf% vf/}gﬁlré&rﬁ{am eg%%%a%ﬁed_at a temper%tu%e in the range of about

10 to about 25 CSqpreterslnFtas (S hHBUT2RC FASIRE G BB e BRETR At atidtst a portion of the
selenium in the cap isiexpeateddamsxaporattinkEvaptratddisaiaiimigesaaiawould not be expected
to he incorporated into the final film in a chamber with chilled walls, but rather would be generally
expected to he plated out on the cooled walls of the chamber. A benefit of using cold-wall reactors is
that the excess selenium is condensed onto the chilled-walls thereby preventing it from entering the
put aping system or other system components andl¢ausing corrosion or damage to them.



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¥eHil#6FHis is expected to create a dynamic selenium aﬁﬁ%{ﬁﬁ(&%{?ﬁ%@phere.
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 then_contributes to the evaporation .ys..reaction d eSO, lenium at the
CIGS surface during fo%?ﬁ%‘ﬁf’mm,&ﬁ??g% fﬁﬁcalﬁ%%ﬁg éxgalg ?%QSFS pé%ﬁ%@%%%g?)ﬁe% precursor film
108 into the desinsdopisbaribabriiaptdgih Pohichértiruage P6x resiidteddhe workpiece 108
can be cooled dowsndinsaliawad:e cookdownandthenisybjectedtofurtiver2rddessing to complete
device 10. Generglly, fhis, involyes.conling. the sammpledand sp.aleu 2006 lfasdeen discovered

that if the cooling rate is too rapid relative to Se in ﬁhe s»urro‘undir[%m mospherg, elemental Sc could
condense at the SEPELEBrEqidH S5 MRIEACRT URETT fRpair tevice function. Oh the other hand, if
the substrate cooféntd@saickiyyris|ativséredSioinaproning on Erere R BdeKE-from the surface of the
substrate which ragysstnduly-impaic devicadunstion BalencirThihesgcensens; ieisgpieferred to allow
the workpiece to cool pagsivelybsfars uaRsising b ramhechalcaaenizalienehambear. ~ The cap
124 and the temperature ramp to 'tﬁe_ annealing temperature si{;glg or. i) mpigarggg can help allow
chaicogenization $nd aHiTERIRGEE e Y507 B RRTr R T S AT e Itﬂ}é%f?%r compatible with roll-to-roll
manufacturing stratégibly deouifitig oreedvamubaiamitheasenselsr Bage pirasHerdr by practicing
ramp rates that afg190 gloy:aniosr fasl subseguantehaleogenization is much more difficult to carry

out effectvely. Indium incorporalion is pear, and e iesilenlreaian 20 mafe severely deficient with
A

respect to In if chalcogenlzaf%n and annea occur at low pressure, e.g., at a. pressure below about
300 millitorr, preférapsREBEIRREBoGC1E0 TifteFed SABrE BRIy %g{%\g\t/%hg(gc&gng Hfittnni. This is
believed to be attiibistdle sicleastlingpanptothefernatiorboivotptitidnelimsdonfisiniegbspecies, such as
InSe and/or InS, thaieasiyvelatilizeandwe.last-ationoo b AdditipraliynSainces pagation also is
poor, so that the fesutant egion, 20 independently, pay.be deliseniith. esoatsfoge. In contrast

use of cap 114, 006 %hafy with arn ap‘proprlarf’é’ temperature ramg rate, arc features thagicfingly and in
g

combination enalsketEhRIETGErHEa S AN R fHEARE B feié preita P ¥rodEB it low pressures
feasible for contintious pragbidmaraliseshaigndessceByrassirfpa capikativo rEgpsbpeidtetemperature
ramp rate under lgw, pressiire chaicagenizatiomcandiionsety lessds-significanthniesieed, and

incorporation of both In and Se into the resultant r i impraved. ...k example, in the
absence of a cap™ 4% Wﬁ‘sl%ﬁ%bﬁlfﬂa?‘r/ AR a%‘)%@m’f e ey

ion, 2
emitying o&éﬂg cogenization of a Cil:G film precursor at
250C in the presénsetoii S aiorpbergaskrskiirsrhe) CaTe i irriTidees of almost 50%
per analysis of CiipdiatinsrusingiORs(ductivih, coupidd Plasmeebplitakenimsibrrspectroscopy)
techniques. Carrying aus, Ghalseopriiatign.at BR0EaneRIssIsATImwithnenebalsagen cap has

been. observed to result in ft complete loss of i ICP analysis. n [agtdothis data, capping
a ClO precursor fiff'g &t 8%?8‘&?55%?”?ﬂ%%8% t{%éﬂ%‘m Vi r??qénsa}%ébsi?) vlll\}iﬁ%%%r?wﬁgﬁtzﬁ Sc prior to

annealing in |-12Semdnd2S e srbatarhisipirda e me 1el Bt iR, For example, a precursor
film with an initial In/Cu satie-ef-abotinh:3iaa ppee:uiths 2atitnesdhdiste ichiatng triormmount of elemental

Sc requirechto foym, 2, CIGS photaabsorling.malesiakwas annealas, Ms35Rkindonili Torr I12Se. The
resultant CFOS material had an In/Cu ratio of gr ater ghg&elé her I%tle %’;@EX%@%@Q&%WG process
carried out at 10 FifSHBPUDESE B EIE S WARR Wik an In/C4 ratio greater than 0.9. When the
same processes werstehHistontaiss andretisneiHab Pt R G S RSE B elemental
selenium, the In/Gy ¢atimwasgreatanthantifosthesesitan filnis. iSimbarddtcfokiberetention was
obtained when Fi28 was used. lo.caity, out chaicaacihaliew donresusserdilpssestaising Cu, In, and Ga
capped with 50X elemental selenium. Annggl'n%@%c;ﬁgget%{}oé mi Elltg{r |EI §gtaag 12964,350C, and 500C.

In all samples, th@elﬁ‘?@ﬁﬁﬁftf%ﬁﬁg?g%ﬁﬁg T Atenal ﬁglfe ¢ ana f/Sls was greater than

and less than about 600°C, more preferably less than about 550°C.
Significantly, preferred modes of prectice allow annealing to occur at atypically low

tempemmres; Thus, in another example, an annealing tereperature of about 350°C would be
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1.2. Data obtained from annealing the precursor Films containing Cu, in, and Ga, and capped with
50X selenium also showed that the annealing temperature profile impacts the amount of chalcogen
that remains on or integrates into the film 112. For example, when annealed at 150CO the resultant
region 20 badve0SeICHGHH0 of only about 0.5. This is indicative of poor $SETACBHEIERI6N for a Sc cap
that included 50X times the stoiehiometric amount of Se needed to convert the precursor into a
photoabsorbing C1GS material. An annealing temperature of 150C is generally too low to successfully
convert the precursor wm %o the desire tet[t onal CIG mateg‘%aéljg (%n%oe\elgg\c;[mglnglgntrsast, when
annealing under S ?6%18 identicar cnanions at SB97C %es’l%%orpora |ong|mproves:f”‘ﬁ1e resultant
region 20 showed#!8e/Gteratio of 1.6, and MO analysis indicated the presence of the desired
tetragonal CIGS phase. S6a:hiap pasatipocimptowas:furitietewhechadnpeaingidendtherwise identical

conditions at 500G, Jh& esyltantd Reian.20sRowead @e.s%@éqé%@t.i%%% epbB@eaion 20 was in the
form of the pure, tetragonal CIGS phase. fger fo mlq%ﬁ otoa sown&&e&ggg 250 on substrate 18,

additional layers ANtFHEHROTRE i BRTBTHTEG S EohiBiite the Hebits 2 hSWh W ER. 1. For example,
buffer region 25 geineisall§rtierniasetodd & heyisersémidp e bio pbagtéAittvith a suitable hand gap to
help forma p-n junction bedvieen: the.alsonbertegions2aanddhe hufler tagitmia8ieAn optional window
region 26 also m%}{xgﬁi@g{?@%ﬁ@m@ﬁ'&@@a}ﬂ)%qg‘ﬁu?ﬁ%'&@ 26:6an hgledn, ProtgctReaiRgt shunts. Window
region 26 also may protect buffer region 28 during Subsequent deposition of the transparent
conductive layer gﬁ‘.‘%’ﬂ?ﬁ%ﬁﬁ&‘@ﬂ’%ﬁ?ﬁﬁ@t@%hown as a single integral layer, but can be a single
integral layer as illustratetvotagervdie formidd fronsconie olombressiayegime that@remeiire electrical
conductors are ingarRexaieshinto-the tevessd formihe cabectiomolicurentyeimeiatediy the absorber
region 20. A wide fage,of lectigal SONANEIOEs Mk HShl GSnerAll Aaglicalgenductors are

included on both the backside an I%ﬂt Incident side of the absorber region 20'in order to complete the

desired electric cifeTiE E B RS Q8T E e AR A TR EIRSHT R oAt dn 24 provides a
backside electricakkoftattinrepreséhtativerenabodiniéhistoOth @tigistctheidedt Kitle of absorber

regien 20 in represgaiativesmiodingnts rdeves kRingormewiasadiansramnigenductive laver 30

and collection grid 36, Optionalhyan gleciically conduchys ibbon(ngl o) g also be used to
@xterna electrical connections. A protective barrier system

electrically coupléné)oaﬂ%c lon gri 115;58'1{% . )
40 desirably is préftFaetf dreePrSrsRims atFEr AR b Ot A RS thB B tronic grid 36 and
helps to isolate apdfprbiect thetdeicetb0: imillieretvirofnenipinplfdiridy prateetiofizagainst water
degradation. The,parrignHsiaM:40@RICNAIN.SISR MaY;iRCaRArale. clastomaniadeatytes that help to
reduce the risk of damage tg,deyice 10, due Ip delaminaion sessess Such,asmigl pg caused by
thermal cycling an F localize s?rpesns such as might be caused by impact from hail and or localized
point load from tHeashligiit sEBPTEEIRP ) aro pred et arimytiresRamdior (AldHidnal details and
fabrication strategies desmpiakingbaiecstanddeatuzd @65 28160, (36, aba) 40 udddwseribed in U.S.
Provisional Pater @Qﬁg@p@,@g@,@@%L%g%/g@@sﬂg@@ﬁmwﬁgmp@@ 4809vwbyBryden etal., entitled
MANUFACTURE OF N-TYPE CHALCOGENIDE COMPOSTIONS AND THEIR USES IN
PHOTOVOLTAIéuBEIJ%\e/ICES; U.S. Provisional Patent Application Serial No. 61/294,878, filed January
14, 2010, by Blown] et 8¢ iR ERIORS PR RES ST AN BRI DI FATCIPEVI.CES WI | E
EXPOSED CONBUYEf e dedtDprksreRiomisibnalBate niakpgicationageratdog. 64 $¥282,646, filed

January 6, 2010,,y.Pop&aLaks SHILGEMOUSTHRE RESISTANIPHQFRYOITAIGDEVICES WITH
ELASTOMERIC, POLYSILOXANE PROTECTION%_ ER; U.S. Provisi Pat plication Serial

d ¢ nizati he presence o Ai%wa an, mnert Ssé}g)na%r %‘E@p
No. 61/302,667, filed EEHT ary@fofﬁ‘fd?by' &iet et at, e;ntltflred F 87‘ SLTAIC ICE WITH
TRANSPARENTHEORE B e tamaR RIE Refapoperealiig 4985 Pribhissrare 2fenif AsBlication Serial
No. 61/302,687, filegbiiebeuairy-@, 204 Qphy PeErdat dtuabae bt e ME S AURERESISBEANT
PHOTOVOLTAIG DEVIGES WMEPH IMBERQUERARHEMO N BARRIER&llMaRach of which is

independently incotporated hereln by teference forall pumases s respectiventiely.  The
present inventior? Wlﬁfﬁé\/\iaf)e JESEibed RMith Brérehee to the Tolfow g iﬁ)uslf?ajuve"examples.

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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Examples :cation of CIGS solar cell in a roll-to-roll tool Substrate preparation: A roll of 430 series
stainless AOCI is loaded into a continuous roll-to-roll vacuum sputtering system. This active side of the
web is first cleaned with fen etching and then is coated by magnetron sputtering with a Kb barrier
Myer, a dual |ay@eoiMessor a back contact and a isTaF layer to act as a*¥odimYSE8TES. The back side
of the web is coated with Cr as an adhesion layer and Mo to act as a saerificial layer during the
selenization process. Target arrangement The web is then translated into a CuilniGa precursor
sputtering chamber, Seven puI%ed DC magnetron are arran (%d in four onesbc%gch one has
individual gas contPBI i Wb P ERER SRS B8Y CeREaIN TS GGH tha four tIles. ré%éh of the first,
third, and fourth zoererchefs Porfawtietoifie Phecse BEH @26 1948 & MOt HARHSEOH M ¥his example, all
magnetrons are agjsted to sputter parallel to die web. The web moves from magnetron number 1

through 7 where magneyrons 1, (fone ). 24Zane Mu(man% FuiZane Ahandd (Gone:4) have targets

of composition 45:32:13 Cuiln;Ga and magnetrons 4. (Zone 3 adr_id 6 %Zon 4 aye ?ompositions of
35:46:20In statiorARestaRs WRABIEIAE HEH IS &t WRIAY, TRECHAIRSY 1argeTs show a -15% overlap in
the sputter depositisticwhilg whedminzzbnescareddmpletel) sépeamiét PEposlireFErGS precursor The
precursor film contaiging, Glbuifir s ing(kakeubiimyisssnutiespebhr wesaveed;iade-3 mBar (4.5 to 6
mTorr) in Argon iih & eXmUR e ISMOGrAE of ARG Lag fou.raigs ol grgon and throtting

of the pumping sy(éte%‘n are used to maintain the pressure range in each individual sputter zone.
Depending upon FREeHEGHAY SR BF LA %r@f‘i‘t‘”?ffﬁ?‘?)}é‘%é‘gi%{ﬁé“fé‘%&jﬂ%@ﬂﬁwl‘?ﬁg, pump
seltitigs, or the likispinnstimglendgem dievain, itesifecpregdur B(s] muhessinshamltHia example the flow
rates (throttling) Aefithe idividual zeoesase 380 5eu (900 throttiearsfulmpen)dsy kane 1, 600 scent

(25 open throttle) in retie 2, 650 seem (25! thrott{e%in zone, 3 and 400 seem (90" throttle or open) in
zone 4, The targe%%%?é%%ﬁt%%ﬂ%?m rvf/eélﬁfser\iv?tesh%gbﬁ S?F\Vgas(straight DC). The final film

stoichiornetria ratio for (e Brairssrensgleefar /e B L ENgRPEct 8P$975.34, as measured
by ICP on representativeizalibyatiens: casisd. As non-limiting examples, either hot-walled or cold-

walled chambers can be used to accomplish selenization. Cold-walled reactors are desirably
used when the stoichiometric excess of chalcogen(s) in a cap is greater than about 5X,
preferably greater than about 7X, mare preferably greater than about 10X. Cooling of at
least a portion of the reactor walls can be accomplished in any desired fashion. Water-
cooling is one suitable technique. In a typical mode of practice, the cooled walls may be
maintained at a temperature in the range of about 10 to about 25° C, preferably 15 to about
22°C. As the capped sample is heated, at least a portion of the selenium in the cap is
expected 1o e&;aporatﬁ. Evaporated selenium generally would not be expected to be
incorporated into the final film in a chamber with chilled walls, but rather would be
generally expected to be plated out on the cooled walls of the chamber. A benefit of using
cold-wall resctors is that the excess selenium is condensed onto the chilled-walls thereby
preventing it from entering the pumping system or other system components and causing
corroston or damage to them. ‘
Hot-walled reactors are desirably used when the stoichiometric excess (if any) of
chaloogen(s) in the cap is below about 5x, preferably below about 4x, more preferably -
befow about 3%. In a hot wall reactor, at least some of the reactor walls are at temperatures
above the sublimation/evaporation points of the selenium. This is expectsd to create a
dynamic selenium annealing atmosphere. Selenium that evaporates ffom the surface of the
capped precursor generally would not be expected to plate against the heated walls of the

chamber but instead may coniribute to a gaseous selenium environment which then
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Cap formation on precursor The web carrying the CIG precursor film is translated into a selenium
evaporation unit for application of a selenium cap. The selenium evaporation unit includes a stainless
steel boat with a effusion slit at the top with the slit being -1-2 cm from the CICi-coated web face, The
web temperategeisinegactively controlled. The slit has enough width sUHHECHE R can be
considered open-souree configuration (i.e. no pressure of selenium vapor is building up inside the
unit). The selenium melt is heated to 300-305C. In this experiment ICP data shows an average Se/Cu
ratio for the cap is 1 st0|ch|ometr|c excess of sel Wlth Vi e/Cu from 11 to 17
(6.5X to 8.5X stoﬁ%ﬁrig#%ttﬁé BREBSEE “s‘esler%acﬂmr% Ae Tesu tant 61#8 Jc%s@agv%]egf)}%grrymg a CC-Se
stack. Annealingi&ftédappiietation of the selenium cap, the resultant web carrying the CIG-Se stack is
translated into a hot-wakeyen, Mdthinthisieven cthepressyredisrestindtied! {8 be thd 0e-3 milar (0.75 to
7.5 naTorr) based Upon A RressUregauge Rutside dhe linacs.sene, utio-kbr.samechamber.

Adjacent chamber pressures are malntalni at Ie r(0.75.t0.6 mTorr). The heating

zones are set to KRS G RS FRSTSIAG Tard épe%f)\fw%@i%%oa%ﬁ%\; 8‘6’8%0%% temperature of
580-585C. This temmesanyie ﬂén@eﬂgﬂgt%a@ﬂ’lb@é§é@il%ﬁ#ﬁ@ﬁéﬁ§%%ﬁ%ﬁw thétsystem and not
actively measuregsdug tadhe-gynanmaconifigyratondntinsiddovthe Sontinuousndiigo-roll process. The

web is maintained at an aVErAge tEMRAKME AL &%% @é&%mgx&@)m@h&&%&ﬁieﬁe@eing coaled to
-425"C at 60 'Chitin and then further to c: 300C %’0 d rate of ZOC@?¥ %ﬁpv The completed

GIGS films are tHEH EHEFHSHI ORI TEHAP AL ESS trate’ BaYe PR Bsdih

cess™ e € same vacuum system)
for deposition ofthnﬁﬁlem‘amdevﬁndmmﬁyeﬁ@ibéf@?@fb@lﬁ@IW@{h’HWEﬁYB‘C& fasredie RREr removal of the
CM from the COHE%HQ%&%H tedRibsysten shehaassfesatecanakyred-byndCRokingl in/Cu ratios

arged om 08580 Ll\e SRy IAnae dam.ek a0 aideg na) |PCu ratlos flom 113 o
1.30. Se/Cu ratios ranéa@ rom 2.91 - as sample preparation for the T P digestion is not

specific to the active sid8 $8. tHeHhEK e TR erff’% S BPETENIE G 01 Mmetric excess of
selenium is not |mmhmﬁb@@ﬁ|hﬂpbﬂbmmmlﬂz@%w@ﬁ@?éﬁgéﬁmpma‘f@cteﬁ*@@a‘tmgs on the back

side of the substgate.\dRoR &%Hﬁaﬁm%ﬁ {Nirﬁgxgﬁidaaﬁdnme&gmmba@m@meto foam a 0.47 cna2
test cell phomac“‘"%o&t paterial é;"’a%%e %%r&ta%f#c}wﬁrﬁ}ﬁfﬁ%@mh?%&WA%@U&’M&Q'ng from 5-8%.
int

Example 2 Fabrication o etragonal resence. o S.(112S) on a cluster tool at

112S
6.6e-3 ntBar ané@%@%‘&ﬂﬁ%ﬁ’é{@%ﬁ‘éﬁ&%ﬂ%ﬁ“%} ?Péﬁﬂ’é@?’éf&éf%ﬂﬁ(ﬁ%{%w%t Cid¥Ked by sonication in
solvent baths anecoifiedtwitia thy N2i gasandlioaden Ihtonbrrgittehamivervadusived&position system.

The faze of the Ffﬁli?éﬁﬁégg&'ﬁ%!{m%@ﬁ%@%&ﬁﬁ%@@%&e&ﬁﬁp%m&gmw@b%w@m The substrate is
then transferred %(591% Vac““%“m‘i% %Oa u? mBFtIervr\fl?n 15 %e@é&@f%@l@s@%%&% layer and

molybdenum ba &onita ayer ep05|te s utt erlng he sample is,removed from vacuum.
millitorr, T}us is beheved to be attrxbutab at 1east 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 spectroscopy) techniques, Carrying out
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Targets The substrate is later introduced into a precursor sputtering chamber comprising a single,
commercially available Cu:In:Ga alloy target tilted off-axis with respect to the substrate to give a more
uniform coating thickness. The target is 45:42:13 Culn:Ga. The sample is rotated during deposition.
Dep(_)sition conditidmd4Hé GIG precursor film is sputtered at 75 Watts, iRCHES M SSIR Argon at
ambient temperature. The final film stoichionactric ratio for the precursors ranges from In/Cu 0.90-1.3
and Ga/Cu 0.27-0,30, as measured by ICP on representative calibrations runs. Cap formation on

precursor The Subsrate bearina lhe. CIG fim s Emoved oM yasuuIR,2ackioadadnto a selenium

evaporation chamber exrl%aﬁlﬁﬁc?a lon oﬁ‘na elenium cap. The selenium evaporation unit includes an
open-top ceramic¢eeupimestBE fp 1efistive Iﬁ@éﬁﬁé"@lement. The substrate is mounted face-down over
the cup on a metal frame candsP2 HiolishotjisitgadattorgmecnRBXi cap rFhessyigtem is evacuated to
S5 T o oD el e 0 2000 nsensime o slon e
eva . sysiem is allowe cool and then vented. [

second 22¢ aIiqu%%%%@?gﬁ'ﬁjiﬁ%eg%ﬁ%%%g%%% ?%aﬁg%zed&i rf%ﬁ?6§§ 1f?}lvrlr% t }ié%ﬁ%@f%gll?grrzfn? before
evaporation of theteeeiahelfulf sl ibdipre desOHErre E St 51 RAMLAISCSHEIBHE, After
application of thessgleTiiopaapsthesbighsateate Deaninglthet CIBCSesstétkois ¥eimoVied from vacuum and

transferred to a sglenizatien ehamber, In ihis.chayphat.Me.substiate is.suspendashace down and
heated from the back-side with a radiative graghng e Hg;ent. The §Xstqn%gggiwate{épooled walls (<25C

recirculating loop)oPHE BAEE Prasitiralid JerPinEar Q&

' . nBa prior §the rﬁn..aft_he pressdre. in the system is
increased to 6.6ct8rABaRhsirity 3009sTISByuE OBt Heatiny PrHelyBsksFabped up at 60C/min
to abort 400 C angithensat apepéianontilsawniie, arfinat temperatpre:a 300 C fe stimatéato be about 515C)

by setting the power supply for the graphite heater atARRYIRUs delesminedpower duty cycle value.

$
The temperature of the substrate is maintained at . .
chalcogenization of precursor films contaming Cu, In, and Ga capped with 50X glemental

selenium. Annealing oceurred in 5 millitorr Hp$ at 150°C, 350°C, and 500°C, Inall
samples, the In/Cu ratio of the resultant CIGS material per ICP analysis was greater than
1.2, ,

Data obtained from annealing the precursor films containing Cu, In, and Ga, and
capped with 50X selentum also showed that the annealing temperature profile impacts the
amount of chalcogen that remains on or integrates into the film 112. For example, when
annealed at 150°C, the resultant region 20 had a Se/Cu ratio of only about 0.5. This is
indicative of poor Se incorporation for a Se cap that included 50X times the stoichiometric
amount of Se needed to convert the precursor into a photoabsorbing CIGS material. An
annealing temperature of 150°C is generally too low to successfully convert the precursor
film to the desired tetragonal 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 annealing 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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>500C for 30 minutes at which time the power supply is turned off. The resulting film is allowed to
cooled to <80C before transferring to a vacuum load-lock chamber for removal, Data. The substrate
bearing the completed CICIiS film is removed from the system and analyzed by ICP for elemental
composition. Feedni@gaatio of the film is 1.3 ((liti-Ga)/Cu 1.6) while theBS&/ERFIEAP3¢1Sulfur is not
detected in the film by ICP. Analysis of the X-ray diffraction pattern of the film shows tetragonal CFCS,
InSe, Cu, Mot Nb, and Fe. Example 3- Formation of C7GS in 172Se at10mT, 25x cap, 350C
Substrate preparation The substrate is prepared as in, E % 53 %ﬂ arrang ment Targets are used
k!

according to Exatffe ™ tsepasHisESMeitHY 1% ‘8’%‘{? s &

precurs r O the substrate is
carried out as in siExarmieiz! erill@scﬂlbbl@nbef@aﬁﬂfeﬁrﬁéﬁwgﬁ Bﬁﬁ@béﬁré@?%@@fc‘d‘ﬁ li’§ formed on the CIG
precursor as in Examieg oA BNeatk eeaditions.

One or more electrical conductors are incorporated into the device 10 for the
collection of current generated by the absorber region 20. A wide range of electrical
conductors may be used. Generally, electrical conductors are included on both the backside
and light incident side of the absorber region 20 in order to complete the desired electric
gircuit. On the backside, for example, backside e]ectribai contact region 24 provides a
backside electrical contact in representative embodiments. Ou the light incident side of
absorber region 20 in representative embodiments, device 10 incorporates a transparent
conductive layer 30 and collection grid 36, Optionally an electrically conductive ribbon

‘ (not shown) may also be used to electrically couple collection grid 36 to external electrical
conuections. '

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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After application of the selenium cap, the substrate hearing the CIO-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
recirculating I86p}0MHésBEse pressure is 3c-7 inBar prior to The run. Thé praSEHEY e system is
increased to 1.4e-2 mBar using 100% H2Se gas prior to heating: The substrate ramped up to >350t at
20C/min by setting the power supply for the graphite heater at a previously determined power duty

cycle value. The E%Pﬁ?ﬁt%%pgﬁé%%ﬁ#ﬁ% Al IS mainiained.at %ggp&éggegg]q@y%ﬁggﬁag which time the

power supply is turne ilm is allowed to cool to <80C before transferring to a vacuum
load-lock chambéef#8ifemoval. Data The substrate bearing the completed CIGS film is removed from
the system and analyzebhbyd@R forwiarmehtaldoriposhtdnitTiséwkye tv v ibrie film is 1.1
((In+Ga)/Cu 1.4) whiledheo84Gdd. is 1.31. Analysis of the X-ray diffraction pattern of the film shows
tetragonal GIGS, ItiSc, Cu, Mo, Nb, and Fe. Exalgr}]ﬁg;;‘epé&a- 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 exampl epgsition condifi As in example 2 Description of
cap Ib Mien on precdt&8¥i4 ¢ ﬁbﬁcﬁ%"éza"f&%ﬁ%zﬁ Igﬁ?\g ifoHe Sl

+  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 bearing the sputtered GIG precursor 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 (<25C recirculating loop). The base
pressure is 68v@ mBar(@5e4mTorr) prior to die run. The pressure in the®Sy&ter 1¢iereased to 6.6e-3
mBar (5 ruT) using 100% Ar gas prior to heating. The substrate ramped up to >350C (at 30Cimin
(highest temperature estimated 400C) by setting the power supply for the graphite heater at a

previously determined power dut _gg%cle alye. The tem er{atu(g? of the subEt{at%%szo%gintained at
i IS

>350C for 30 minutes at WHIER IHREHE BSwer LE5ist L EAGd S Ths resulting film Is cooled to <80C

before transferring to a vadutinduatliobk Ararspeireilirgninel oY HH B bearing the
completed CMS film is remaxed fragvthasystempindoanalyeesdy LO Brfottetsiientalcomposition. The

In/Cu ratio of the film is 1.05.while thesSg(CH1¥a5:0: 4nd BHABRIRH-AnBARNNGHH G Hanbim in H18e

demncnstratrng loss of surface when annealing in toxicc%as Subs{rate s;gregr@ 'Ot}h@s in example 2.

Nature of taruet/targets - atraligEBER AP B BIE T DERLSHS ns As in example 2.

2 0 : NtASHM €Xa KRR RO A
Description of cap formatidinfilpreeahioreiio ehpis bepdopnraares famsrs - ioresstire, temperature
ramp and Ga/Cu 0.32-0.34, as measured by ICP on representative calibrations 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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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-cooled walls (<25C recirculating
loop). The basequressussis 6e-7 mBar (4.5e" inT) prior to the run. The pRESLUPE I/ HPd System is
increased to 6.6e-3 mBar (5mT) using 100% li2Se gas prior to heating. The substrate ramped up to
>350C at 30C/min (highest temperature estimated to be about 400C) by setting the power supply for
the graphite heater at a previously determined power duty cycle value. The temperature of the
substrate is maintained €f%350°C for 30 minutes at which time the power supply is turned off. The
resulting film is allowed to GdeltepNtGBefdibnsran dferdirmgler e WeuldiorsarIIgek chamber for removal,

Data. The substrate bearingythe£ompiatad Gel08filmiisramaved-depmihe sysiruand analyzed by

11C1' for elemental composition, The | Jatio of m ije. ' 2. INO
2011/146301PCT/USZOllf'd%gé)YGT%y Xg%g;%&{eg%%@g%@g %ﬁ%@éﬁ% e

improved indium retention WhBH&FRIEARTY r&”ﬁi‘i’ﬁ‘i}\}iﬂﬁsﬁnﬁh&&ﬁ%ﬁi%8&@@?&%&?;{?%(1;;? OSn j E)r;trlgtge
preparation. As in exampleEZnaNat(reatibtanget/ targ 618 ahiEngsinEr A iedaniBle!2. Deposition
conditions As in example 29.33 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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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 selenium cap.
The selenium evaporation unit includes an open-top ceramic cup nested in a resistive heating dement.
The substratevs mountediface-down over the cup on a metal frame andPEDEFHREREES loaded to give
a Ix cap. The system is evacuated to 2e-6 Torr (3el5mBar). 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 rotation of the substrate to
improve uniformity of th aé’érflé %‘ﬁ??ﬁﬁ“ﬁ%m hess. The evaporation process is repeated (base pressure
2e6 Ton (3el-6 inBar), masinerrstainpyaB oy 3G/ Emn arsneabiammsare sptiastsd tPressure,
temperature ramp The subsikatenbsagingithentaltelSe sipilisiransiraiad i akhattagenzation
chamber under vacuum. In,{his,6haRek e SHRBAIG I SHEPERJRLIRGS Aaun.apdifieated from the

back-side with a radiative graphlte element. The system has water-cooled walls (f<25 recirculating
loop). The base pressure i§ 88 ilBaPFPATEE S r‘ﬁ"f"Bﬁ"} BEoT RS RE I RS HREYIETH the system is
increased to 6,6e-3 rnBar &3t ubihg 2 00JedIeSeegdSynipr Thawesting. cTHaandistized ramped up to
>35012 (at 3012/min (highest-igetparatunmesiimaieshiadnsakast 4006) b satfibgthapower supply
for he graphite hearer a1 2 pigiPHs i SIRHTURGHRONSL Hbhay it YAl LG Iemperature of the

substrate is maintained at >350 Inutes at which time the power supply is turned off. The
resulting film is allowed to &0 ?gﬁéfﬁé‘?ﬁ?@%r‘gﬁﬁé?ﬁﬁgzﬁ?léq%é’éjﬁﬁﬁnﬂﬁ’&dhﬁ?clyz@hamber for
removal. Data. The substratewjearngithe campidibeiBlEsSSiniisrienoiedhoerithectytem and
analyzed by IC? for elemegial.qampasition:mi beriGitirmtiamfdhe 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,
Example 5 A sample is provided including a GIG precursor film formed on a substrate. The
precursor film is cappe&WﬁH SEIEUS Thermal annealing of the sample takes place in a vacuum quartz
tube oven (VOTO). The ovafrinplidesast 8¢ dizmeten tbiiilongeduaritz futid aSerteli in a 38" long
tube furnace. The furnace Rasfhres.heatzonesdeitraht and.cententhakare igdividually controlled
by Watiow controllers. The Iclandbs uf, ghﬁgbts%lgtg% Qgtvg]l%glp %eg& caps }hat are s sgalgd to the tube
ends via o-rings. A vacuum rougﬁ ncon 10N With & vacuam tur 0 pump rovide pressures
measured down to 0.1 mlll}féﬁa(@@‘é“@ ﬁﬁf’B%iF) “R%s@’ﬂ%%h‘ﬁ'é’i?é? Wé)”@bﬁﬁ%gféd to an argon
gas cylinder provides pressutetanty dobptfteerdpicane B0«Mititarp(br3etd b, The-2 nifiar). A liquid
nitrogen trap located betwgen the twbgRuMn ARGt bestrans &%&gwm@@gg pReggsure is
measured with a Barton g 9e atﬂep Lnt an a 24ncg meter line the quartz tube and the
r?fg S 3] téV?H

to ab ut45)0
selenium trap. The co ition At des o sflalﬁfiess stéel camer rac oﬁﬁs multiple samples,

although only a single san?éféi‘ilsﬁéé@llmt@a%?ﬁ’r@ﬁ?ﬁfﬁtﬁ‘@ S hpRstinr F%Ek‘%?ﬁﬁ petrserted from the
cold end of the tube to thetheeated zepewiaaitobk opppad-magnatiqatyidsthigteutside of the tube.

Conversely, the sample capbe semourdQ.caqk E@Q&Mwmméém deviceitwg flexible
thermocouples are placed d%cé%lln contact W'EQ Lh m kS|de oft e.samp Jb f;orrgccurate temperature

OWBI S V i
monitoring. Static thermocouples arg ml”% Ba &4 atVario fh e oven to give the
temperature profile of the &vekingifilenepEs tpresissre ﬁﬁgé? *Kf"?‘*ewf@l{@ﬁ&w"%é‘ﬂé oven
temperatures and pressurg-aresichraies naneamputer using Agilent data collecting software.
Temperatures connected directly to the samples are recorded using an Omega S309 system. Data
from these two sour.cesngge then combined into an Excel spreadsheet.

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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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 setpointssmsientered into the controllers and the recorders Bfé/SiHRAHEBUSly 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 to the cool end of the tube outside the furnace and the power

turned of T. The sam e EotBaBHani i S PabHTaEH Pafatdre™” 1he efficiencies of four resultant
CIGS cells on the substfatetarerrrreasored, and these give efficiencies of 7.12, 6.54, 5.72, and 6.85%.

Example 6 An additionghsamplg.is prpeessed dentically 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 GIGS cells on the substrate are measured, and these give efficiencies of 6.84, 6.54, 6.62,
and 6.89%. Othe'r edBHHHFHESTEBE this invention will be apparent to those skilled in the art upon
consideration of this specifitatiormenisd mqrdicficetohtiré ihvention disclosed herein. Various emissions,
modifications, and changes to the principles and. embodiments described herein may be made by one
skilled in the art withputéie arting from the true scope and spirit of the invention which is indicated by
the following claims. M @ET_} m\% &LFHISS CLAIMED.IS:

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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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)feeritgi&3and cap on the precursor, said solid cap and pré:mis8ridétfrer 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 pressnrrs of@elo ab millitorr, Js2.The method of claim 1., wherein the
process occurs irx a%‘ff{‘f’ofgfsé’ﬂ gﬁ%%’&%fﬁ#%g%%’éf:nefsi'éfmé(.tj%g%agﬂ?ogc{f %%ég y of ?ﬁé’g?rlevious claims,
wherein the heating 6oiriwrtiie. presence of an inert gas.

¢« Substrate Preparation.

As in example 2

+  Nature of target/argets — arrangement

Ag in example 2

+  Deposition conditions

As in example 2

¢ Description of cap formation on precursor

No cap is used.

«  Anneal conditions.
The subgtrate bearing the sputtered CEG precursor is transferred to a
.chalcogenzation chamber under vacuum. In this chamber, the substrate is
suspendexd face down and heated from the back-side with a radiative graphite
element. The system has water-cooled walls {QS“C recirculating loop). The
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 transferring to a vacuum load-

lock chamber for removal.

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

analyzed by ICP for elemental composition. The In/Cu ratio of the film is 1.05
 while the S&/Cu was 0.04.

3.
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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 cap comprises elemental Se. 6. The
method of any of claims 1, 2, 4, 5, wherein at least the heating step occurs in the presence oft least
one gas comp¥igirigladiicograt 7. The method of claim 6. wherein at |&4SY Y& Blie%fing step occurs
in the presence:of a gas comprising trisS or H2Se. 25S. The method of any preceding claim, wherein
the heating terapezature k in the range Scorn about 300C to about 6OOC S.The method of any

preceding claim, wherein at least the heatj IS, at res oP loss th ne about WO,
Miiii1017, JO.The mdtHER’sf ars Birskes g??? EE‘” gs”" "*S‘F’fu Fn“"’fi

reln iifs pre rso comprises Cu, In, 30mid
Ga. II.The method ofsaﬁym@evednvgaé?wm,me the precursor comprises a Sub-

«  Substrate preparation

As in example 2.

«  Nature of target/targets — arrangement

As in example 2.

+  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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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 preceding claim, wherein the heating occurs at a rate having a substantially linear profile.
Replacement¥@g8 1283014The method of any preceding cJaint, Whereiﬁct?f@%ﬂ(“ﬁ@ﬁ% is maintained
at cane or tome temperatures below about 100C prior to the heating step. 15.The method of any
preceding claim, wherein the step of forming the workpiecc 5ScompriseS (a) cleaning a Metal lie

support wider eandana effective to remove,arganic,impurities a I orkplace on a
substrate incorpora%é”?ﬁ% ‘g a’r%’eﬂ aﬁ‘&%@%&%g%? o LS @9,4,%}49[,{? %)g,&l}@,gw
indinm retention when annealing a filwm 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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>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 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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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 substrateé 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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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, whersin the cap incorporates at Jenst
one chalcogen in elemental Torm. l

A 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-



- MCSLLP
Fig.

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
5 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,
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