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More spec1ﬁca11y, the present invention relates to methods for making chalcogenide-based

photoabsorbing materials, 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
photovoltaic functionality (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.
Nlustrative p-type chalcogenide materials often include selenides (S), sulfides (also referred
to as S; in some embodiments, SS indicates that sulfur is being used in combination with
selenium), and/or tellurides (T) of at least one or more of copper (C), indium (I), gallium
(G), and/or aluminum {A). Specific chalcogenide compositions may be referred to by
acronyms such as CIS, CISS, CIGS, CIGST, CIGSAT, and/or CIGSS compositions, or the
like, to represent the constituents of the composition.

Photoabsorbers based upon chalcogenide compositions offer several advantages.
As one advantage, these compositions tend to have a very high cress-section for absorbing
incident light. This means that a 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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acconpanyi ngnabrgomtebiato batek peicesses or continuous processes such as roll-to-roll process
occurring under vacuum. The present invention is useful at lab, pilot plant, and industrial
scales.

In one aspect, the present invention provides a method of making a chalcogen-
containing photoabsorbing composition, comprising the steps of* | |

a) forming a workpiece comprising a precursor of the chalcogen-containing
photoabsorber,

b) forming a cap on the precursor, said cap comprising at least one chalcogen;

c¢) heating the capped workpiece to cause chalcogenization at a pressure of
beiow 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 HySe. In still another preferred aspect of the invention, heating is carried 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 continuous 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.



Fig. 1 is a schematic diagramof an illustrative photovoltaic device that

i ncorporates principles of the present invention; Fig. 2is a
schemat i cwoiagriamoshowi ng an exenpl ary structure for a abdiSeateddihiat may
be used in the device of Fig. 1; and Fig. 3 is a schematic diagram

illustrating how the principles of the present invention nmay be used to
fabricate a chal cogen-contai ni ng phot oabsorbi ng | ayer useful in the device
of Fig. 1. DETAILED DES B SRS EMBODI MENTS
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art may appreciate and understand the principles and practices of the present invention. All
patents, pending patent applications, published patent applications, and technical articles
cited herein are incorporated herein by reference in their respective entireties for all
purposes.
Fig. 1 schematically shows an illustrative embodiment of a photovoltaic device 10
that is prepared according to principles of the present invention. Device 10 desirably is
flexible to allow device 10 to be mounted to surfaces incorporating some curvature. In
preferred embodiments, device 10 is sufficiently flexible to be wrapped around a mandrel
having a diameter of 50 ¢m, preferably about 40 cm, more preferably about 25 cm without
cracking at a temperature of 25°C. Device 10 includes a light incident face 12 that receives
light rays 16 and a backside face 14.
Device 10 includes a chalcogenide-containing photovoltaic absorber region 20
formed on an underlying substrate 18. Substrate 18 generally refers to the body on which
the CIGS precursor film is formed and often incorporates multiple layers. One illustrative
embodiment 6f 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 electrical contact region 24. Support 22 may be rigid or flexible, but desirably is
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facilitate mhe If oraeatbodiment a Nb barrier having a thickness of about 150 nm would be
suitable.
The 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 isolate the photovoltaic absorber region 20 from the support 22 to
minimize cross-contamination. As is the case with any of the regions of device 10, region
24 may be formed from a single layer or multiple layer using a wide range of electrically
conductive materials, including one or more of Cu, Mo, Ag, Al, Cr, Ni, Ti, Ta, Nb, W
combinations of these, and the like. Conductive compositions incorporating Mo may be
used in an illustrative embodiment. |
Region 24 optionally may incorporate one or more agents such as Na, Li, H,
combinations of these, and the like. Na, for instance, is believed to favorably impact the
growth of crystalline grains in the formation of the photovoltaic absorber region 20. It also

is believed that the Na acts as a Se flux and/or mobilizing agent to facilitate the formation of
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chal cogeni de phot’oabsorbi'ng naterial's nmay be represente orrrul a
Cual nbGkAl dsslusi Teyehighlgieenide materlals also may be doped with other materials such as Na,

Li, H or the like, to enhance performance. In many embodiments, CIGS materials have p-

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

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



wherein, if "a" is defined as 1, then: "(b+c+d)/a" =1 to 2.5, preferably
1.05to 1.65 "b" is O to 2, preferably 0.8 to 1.3 "c" is 0 to 0.5,

pr ef er ablwoQo051463®10. 35 d is 0 to 0.5, preferably 0.05 POoTQS3E,1/0p6165 er abl y
d =0 "(wx+ty)" is 1 to 3, preferably 2 to 2.8 (note, (wx+y) <2 for
substoi chiometric precursor films) "W is O or nore, preferably at least 1
and nore preferably at least 2 to 3 "x" is 0 to 3, preferably O to 0.5 "y"

is 0 to 3, phLEERLABEYe chér%hﬁc&ens such as S and/or Se. Even though oxygen does not

promote photoabsorbing functionality to the same degree and/or in the same manner as Se
or S, 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, e.g., from 0 atomic percent to 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
Cu,In,Ga,AlsSe, S, Te,Na, (A)
wherein, if “a” is defined as 1, then:

“(btct+d)/a” = 1to 2.5, preferably 1.05 to 1.65

“b™ is 0 to 2, preferably 0.8 to 1.3

“c” is 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

"(wxty)" is 1 to 3, preferably 2 to 2.8 (note, (w+x+y) <2 for substoichiometric preéursor
films)
. "w"is 0 or more, preferably at least 1 and more preferably at least 2 to 3
- "x" is 0 to 3, preferably 0 to 0.5
"y" 15 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. Illustrative examples of such photoelectronically active chalcogenide

materials may be represented by the formula
CuIn(l_x)GaxSe(z,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 chalcogen-containing, photoabsorbing materials exhibit
excellent cross-sections for light absorption that allow region 20 to be very thin and flexible.
In illustrative embodiments, a typical absorber region 20 may have a thickness of at least
about 1 pm, preferably at least about 1.5 pm. Region 20 desirably has a thickness of less
than about 5 um, preferably less than about 3 pm. '

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 materials to
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proportlons of the constituents may also be used.

A specific embodiment of an exemplary target of this type includes 45 atomic
peréent Cu, 42 atomic percent In, and 13 atomic percent Ga. In one exemplary mode of
practice suitable for incorporation in a roll to roll manufacturing strategy that occurs in its
substantial entirety under vacuum, such a target can be .used to form a precursor film 112
including Cu, In, and Ga having a thickness of at least about 0.75 um, preferably at least
about 0.8 um. Such a film desirably has a thickness of less than about 2 pm, preferably less

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



A specific enbodi nent of an exenplary target of this type includes 45
atom c percent Cu, 42 atomc percent In, and 13 atom c percent G. In one
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for each metal atom included in the composition) is formed from confocal first and second

targets, wherein the first target includes the composition Cu,Se,, wherein x is approximately
2 and y is approximately 1, and the second target incorporates Cu, In, and Ga according to
the formula Culn,Gay,.y, 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



March 17, 2010, titled "CHALCOGENI DE- BASED MATERI ALS AND | MPROVED METHODS
OF MAKI NG SUCH MATERI ALS" by Cerbi eta! the entirety of which is

i ncor por avedohierseiom by reference for all purposes. MiltiPCayseoiembads nent s
of precursor film 112 also are further described in U S. Provisional Patent
Application Serial No. 61/314,840, filed March 17, 2010, bearing Attorney
Docket No. DOWO027/P1, in the nanmes of Jennifer E. Gerbi, Marc G Langlois,
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In a further stage 104, the capped precursor film 108 is subjected to

chal cogeni zation conditions effective to convert the precursor film 112 and
cap 114 twotha/de®ired final formof region 20. This sta&ge/skea/osays be
referred to as a "postchal cogeni zati on” treatnent to connote that at | east
a portion of the treatnment occurs after precursor formation. For exanple,
if Se is being incorporated into the precursor, the stage 104 can be
referred to &ﬁ%oﬁofﬂﬁé&maﬁ&ﬁé@ﬂ&ﬁﬁduﬁ{bf%hﬁ?é in@twou}d BB, Thi stgicﬂtlﬁm?(ﬁ& ng
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treatment to recogm&z‘ei gﬁ%gg@é%gﬁm%g%u%r%rg%ﬁé gt ag (Itleglr% 2 into the
desi red chaliewpis flepesitingenraggorial cipfregen(s) effective to p@ivaie(tkmgﬁmﬂz@nﬂhmn general ly

occurs by p i i ro chanber
(not shown) %?bh%@kﬂg h%ecggi% Pegg?{n‘l% (])dggfeg @’é%%%sé’gé‘?f%t%é&t(ﬁée grhafso%%to@%(dl tions
ef f ecti ve 't do gonvERg intilhetrgive embsiomerityirdativiaéo hhpeoadws.or bi ng regi on 20. The
fgsgtr)gr Jgan be t ggle;;ag? Db AT LB DATRRLL Heatd SR e m O her
occurring urkderor veagniaryucible Tba}xpeftblg‘hletﬂ snbitﬁﬁe gereensltd &cadswn loaamﬂfeer r ed froma
Cappi 19, St 2RI B Uyl HeRhRAL S AR SRRl o
a suitabl y lended m’rmbfrtatwlvle Hu:rqhurgbd:r h@mnpamwfaéuasetpnesaue)oﬂeﬂsrﬂdmebdtmﬂ;@ of In
00T S, AR EAREBA UL MRS LSRR SRS AL O 200
exenpl ary nueidingffropraibérinoegupls imarsed mrthetrecp'tpephalamgm)oi“haaﬂubaélelﬁﬁﬂoad)ul d be
sui t abl e. Jjhe tenperature of the capped film 108 is then increased
to an anneal r?g {errperature effective to cause the desired conversion. The
rate at which thén careperdat efipeactise, itmeay dadesirablotot fven acapdal frog mudiigder at ure can
tonpor at ur ¢ s A& P ot ARt 0 s Mn Sl Bt S et B PR Scour . o
t he ot her hémnltﬁtmnﬁ to heveramdiatied leaiigs dfdle shibsstte omdmndedsle;posﬁloﬂ timesSe, and/ or
the 11 nal 1 pitr o B0 B AR EE S HE o TR 5 A SHORE IS 5 ReettiBoBh e coura”
resul t frommeod tahéslto famitierrapn teroos ioteseept. sSTaofromote umamneﬂ iprae beidaspabld | | m
rate o ar FoRuEESoRBRGH:RR biowlsd PETROR 5 bithe L350t OBE 1 “nore’
preferably alemegaldtycabottinghemmwrkpjecahdD’ meermre-ﬁhsmhybe@slrdb&ast about

60C/ m n. Additio t r [gbly less than
about 500C/ m n, ;@%%P%S% (gﬂ'gglgt %%’% gbou{mgkg@ §ubjie%% “rost preferably

| ess than abakog@GBGsmianditions affeetivicltd crsltverathevecmdnﬁﬂn m’e?han,d cap tldnptheat e of
about 30C/ I Ln_another illustrative
enbodi ment nh%ll%gfr}%ﬁr% OWF%{O?&Q @Hﬂggﬁ{)ﬁso ?énf?%edvfgaﬁ ke pﬁgt sui t abl e.

A w de r angehaldogemzatian’i tregtiteattp erratbtertest atdeast pporiimmed theltfeatieat e atcr ng

t enperat ure L.NGOo l. %

add t1 onal | §eomkd Torplthn, APkl BRIl ol ily BE pRIASHL R yape
tetragonal pibee beeaferted t @@snoetmmheat@nmmems Liewise.gtlS dswemgmcumpeadt ed
starting nmat t I 0, I hary

chal cogens. n%é eéﬂ%l; &f&%lb@&g?&gﬁ%@%&%ﬁ Ig)fgt &%ﬁfﬂéﬂ;ﬁdﬁ%‘ﬁgﬁr& ’iﬂfﬂm 112
and/ or the S@@s&oﬂa@@rﬂl&d@fdhﬂrmal@n@h%Ieifedtlcstoabﬁoadmeghadmmdﬁltnh@&anneal ing
L erper atur ufet OB ac AL AARITN 1\ DGR SORRRENSd N ISR ne
500C, and | @é@tth?a:ﬁpmé@murm@@s m@bﬂ@a@)rlmve’rhatmrxstaﬂ sﬂs@twmmlamgat 550C.

2t ypi cal 1y | aueRerEagel Ha6%0 be RIBRIIER B M ATEALIE dulaihl =

t enper at ur ecaiversion of thg BECIryes dilry 1 brintogthé dﬁmdeohslemyrlastGMHalaohmal ing with a
Se cap in the presence of a chal cogen containing gas such as H2Se.

Anneal i ng generally occurs for a time sufficient to chal cogenize the film
and to convert the filmto the tetragonal phase to the desired degree. In
many enbodi nents, annealing occurs for time period of at |east about 1
m nute, preferably at |east about 5 m nutes, but |ess than about 36 hours,
preferably | ess than about 3 hours.




Desirably, a suitable control strategy is inplenented in order to maintain
the annealing tenperature at a steady |evel during the course of annealing.
Feedback wornriol463esi ng Pl D strategi es woul d be suitabl e PCT/US2011/036165

Advant ageously, stage 104 can occur in a |owpressure regine that is
conpatible wth continuous roll-to-roll processes occurring under vacuum

It is quite significant to find process conditions that work under such |ow
pressure inasmuc t res do
ot mecessar |yt PaRePaRaRa Rl RALE S bulon HEUE cBbe B R 01 SR CE D

| 0ss i ncr eagescesingtchanipr 66 shogn pin vém@gba chﬁpbdlfﬁmtl@&)mhmwsed@nﬂtehmlot her hand,
|1 the pr ess%cﬁ bR t?c?w@tog:%nvef&e o 'u‘?soP%to'tﬁ‘ %anf)s%rb%{%arﬁéltn%’d' and
econom cal ly egra to cont I nuous process
occurring unﬂiembezamhﬁrthe @mleanmffﬁgnttﬂws&e clomber(s) sseds¢ foge otedlavkesofitlb| vy
occurs at a out 300 m [,
preferably nﬁﬁpgﬁzﬂf‘%éj grﬁ%m ‘5‘88” I?Pﬁocets%?(rcu T&Lﬁ&e%w§, e[ﬁ'eéZE r()]r ef erably
no greater tﬂtart()&gemtallﬁﬁ)s trmt:fburetdcfrqm:(é‘@piﬁgmﬁawn)tp oramintmdledmmed erably no
greater than [r,. (2e-2 Pr.ef |s at
Peaat “about. OB Glset hEl GutsBorteliR s PR GRRS e A Be Rl TR
mllitorr (]lmﬁamﬂhat)a,sulahlj' lovo simppratiteduainh ﬁleaﬂandfﬁatsavoahmdne 18ssrvif kri dntléor r (1e 3
nBar). In a Iar ressure of litarr (7e-3
nBar) woul d e su TR n?nmgsgﬁ’t ﬁ%“&%%e eﬁaarem@(rrbe agoul{ttﬂfc ¢ lessr éssure of
about 10 m Iplmfbmlulyat@ohe;@ OrBaleys duong e tyansfoul hlaaloleeamplmymode (ﬁipmcoase @or e gases
can be |ntrqralns erq era r'%rg broeta@téooulg%ssel |n order to help establish the
desired pressure rs8O8F PR AR ogenlzatlon and annealing. A

wi de variety of smhremlqgraeseafalmdaepads’ﬂd lt)&lsahmomase:llﬂtohrhamealmgcor d| ng to one
strategy, annealin a co zation occur,in sence of a fl ow of
on et gadoffuiitg stafve BnpRaERefRY GReRER Tut el §r P B2 Kb Ry

i nst ance, arimeadsédig tt&tanﬁdaﬁﬁ:g uempdrhteretaalemmactehﬂhcoiﬁﬁatmeeﬁin/hndmmﬂ idtohie:

suitable. In_ a.typigcal processi corresponds
S0 oo essureisel BB BoRSERR Rt o R s e o Yt S Py T
practice, anweaal Dngteajﬂdar h;hﬂj i€ thg eamZiatel 10100 GG undue foss htﬁn,tﬂeeaﬂmea(af)ulmne or
nore gases or va rs | oratl one, o Ea} $d ﬂ g into
the chanber 04ihe Qaepprobsms ol iy Rianchuntesainidk piihdling OREE g " to be
i ncor por at edlsotbe possﬁlyﬂim d2@agifexeiofpbasty cgddesuldiont holstilizytpa oftmlsmﬂeltsHES

and he 11 e Seiterieane of PRednedt Peraipdt By Sl AR Tnartg, 110

i nstance, ammegtataigatdeast abowUPC/inting ﬂreteqab]gaelame al@hit 20°Cofiinnat preferabfy abne or

nore inert gase ne or h ni.ng Gases
cont ai ni ng %%asr%’&ﬁi%ﬂ @Wﬁ’ %“dcné(rs ]?raﬁeraﬁkwg?eaﬁa é@]&bd%g eé\g(?ﬁcﬂaﬂlélﬂh S. Yet, it
is still desemmpdtee tamp mieds desiFablydesehaanboims 00ICmin, eiEfanblP Bss tAﬂI:z(bbﬂh ngly, a
preferred pract i C he precu 12 with a
B cap 114 v bR e B S BRRL AR AD B SR IS8ERE s ddBns cuch
as H2S. Thi s rappravaciabos 30f€l/rme\t<eabotm609¢/eindwbnﬂﬂ ba;glatllﬂé BlaG3kr (MDstrdtive Ga: Se: S)
and offers s| ni.fi cant advan 6 ot he S OVI des sufficient Se
to sel enize" alﬂe?tn?{/%ﬂjlplr%tef){t?&l—éfgns%ﬁ) %b C’Immsw ufdbe SF(thsul furize the film

i ncr easi ng bandgapwidSexgadf anhbvéingtehfpmammmrabemsag [fths anrgalmgeémmagirer t o
rand € LA iAeS TRt BOb B8ORS ol &by SORY AULEMIO ! 05, GABPSeT eCur sOr
t enper at ur egrecersgr. filmas tHe@lwmé teBBE@al phase may b@ress fcgtiare thamis dediiedh due to

chal cogeni z odi e I's are
chilled or ?%1%) ?& Od stﬁn%matgrﬁs Ortf{)}ﬁlgh(znxéa?%r% Q%y%&{ﬁ ﬁchﬁ}cp lfg bn?a?}f éhgfcogx%

col d- wal | ed Goitheritberdiand norsttuersect tha)premmrrﬁlm tl agd/bethe adstratn]8 @olddewal | ed

reactors ar I n tELC & ogen(s)
in a cap |s%§l§l§§0§€&t %&ggftw%]%@%hng pg}r a l(éli]%rhe“‘;aht ﬁﬁﬁﬁithg% s , nore
preferably gheemneing tvamperatuoudesitzpl is Etdcﬂst abgutofs0'aL pﬂeéaMy aalepsjrabmmﬁﬂ(ﬁifl, t he
reactor wallg e hi on. Water-cooling is
one suitable ?Sﬁh?n ab%&t%w lr't%pﬁr{’geﬂﬂjlgblﬁoeé ﬁl&ﬂ%‘rﬁgscspﬁ_’ie the cool ed wal Il s nay
be mai nt ai ned at Sagmfemmr ateﬁﬁned mndttsrméplraatngellmfl aioding ttit@:culcntatbmutllyzﬁwc
preferably bo 0] a
portion of tlf‘ﬁ‘n eQat en%‘r‘#%hm]toﬁ% cap %ggeagg%aiﬁgg@ 35@1?&?%%an 35@%\"/@%@?& ed
sel eni um generally woul d not be expect ed to be incorporated into the final
filmin a chanber with chilled walls, b rat her woul d be generally
expected to be plated out on the cool ed |1s of the chanber. A benefit of
using cold-wall reactors is that the excess seleniumis condensed onto the
chilled-walls thereby preventing it fromentering the punping system or

ot her system corrponents and cau5| ng. corr05| on or darrage to them

. o - o, = o /7 " r



contributes to the evaporation vs. reaction dynam cs of the seleniumat the
Cl GS surface during formation. Anneal i ng and chal cogeni zati on
convert twe 2appEed1precursor film 108 into the desired photusabiznsdes regi on
20. After this stage 104 is conpl eted, the workpi ece 108 can be cool ed
down, or allowed to cool down, and then subjected to further processing to
conpl ete device 10. Generally, this involves cooling the sanple down to
about 200C. i b 0l i St apid
relative to é Eetaﬂﬁér;l‘ﬁltc ﬁg%egra(ﬁ)%%}c{iﬁ‘gﬁa%% JetP ée{,;‘%seeﬁ‘gerggralt g?léoggef%og%fng‘%ggg%dense
at the surfawehafHfegi on 20, which could unduly inpair device function. On

t he ot her hand, i I I - in the
atmosphore, - Se’ cafEonparruhakAreRPh Sk Uk MO ERBL BRI |,

undul y i npai songettheilnf torilet tettagonBahaapivi thedcsihslegreo No erang empadimentspr ef erred to
all ow the wo i ! - i I t he

chal cogeni za{nlhgirl]ﬁ% ﬁ%‘&%gﬁ%%mo&%a Efiﬁaé)ég%%ﬂo%ﬁm%’%@@? {?gege[byr}dgtlaelﬁ %taﬁcgug@r anp to

t he anneal i ngintesbetless trae abiun gé ouos; picferabbntbisrilzniabent d dourhel p al | ow

chal cogeni zati on J, | . S ' . manner that is
conpatible with r]%{}ﬁ%l?%? %@Ik%bﬁ%ﬁ?%ﬁ?glg%%f%%npie r E@ég} %ggrgoc%%i?%n% under
vacuum | n tédneesdibgsemperamfe at apteddydevahdiriog theropradanmilng. Tasbackapatsolt hat ar e
too sl ow or . ehal cogeni zation is nmuch nore difficult to
carry out efnglgtpﬁjggéeg}?g%%%i%gllni%%i@%l(t:%{r%por ation is poor, and the resultant
region 20 may be Aduasrgloysiyefpel@ran wctihinrdspectsuteaedime itat is hahpogleni zat i on
and anneal i ng..,0 essure, e.gq. t a pressure. hel. 300
1 torr - PRSI Socsinll pnlh BB R PRV AR R
about 50 m |grodesyaondifidrisghat srotkaeindesedh 10w piessuat ingsimocit alpr@eststritegisstthatn part to
the formati vgl ati ] e dj ntai ni n pecies. s | nSe_and/ or
'S, hat. ealrRu Bt A5h RO G b FREFLFIE BBl Ty se
i ncor por at i omskaf bdogssnqpmess if thopredsare at $iggerl @4 isltecalntv. Oagheathe? Banidniidpendent | y
may be deficient w .I[.e t e. . | ont rast f p 114,
opt i onal Ty rerral SOnEEIREGD o B es meeticats iSO, isPE e 8P
singly and !intoaanﬂuimuausirolﬂ}toemﬁlpkceessheducnixgemﬂem'a@tmm. Babinannbeskcicogens, Cl GS

P Ul SO 4 T8 102458 ocBlrs L O REES BUEER I EACKBLE L BERTL IGYS vacuum
roll to roll " processes.” By using a cap®and/ or appropriate ‘tenperdture ranp
rate under |meferpbless greatecthal 2ogeltd zalfitonn( 1€ bmBid),inons preferublyo®gréag:r than
significantly reducg nd_tncorporation qf both |.n and i.ato tLhe

eaul tant r oBR0ng i @FCmpRG P RE it no Bkl PardiuTE mifl @Re apsence
of a cap 114mBir). Reefsrablyulmcpresat iscatensy gt Gl milditved (¢ o tyeBary, atoramrefofably aC: | : G
filmprecursgr 50€.1 n 1 he presence. of . H2Se or S gas.at SamlLl{Torr
(rer s rgary o bud i e EBEERENS: SRR B sbor SO @ Trbed o1

rati os usi ngnhOBxefiphaduatbodihent, epuastuedoffabas fanibiptrt Gal mBai) soilde sprbler oscopy)
t echni ques. [yi.n t | i zat i [ filmwth
no chal cogenlg(%gaoﬁy e}lﬁg}%nﬁ}g&é’%eﬁg@ggé\%‘gg%{ ec?g}lrr%aé)fnualbg]s tﬂﬁ%ﬁﬁéo%r%?@?éﬁﬁ%g@@é I n per

| CP anal ysi ssuitable. In contrast to this data, capping a C 1:G precursor
film(i.e., a pr rsor. fi opt.al nj . In, .. ) W enental Se
prior to anneali ﬁ(gn%i0?1%fgg%c%eé%%@g%t}%'Ethé?r{??cgwges%g%'tf\({:'\aeeépjt}%ié) | oss of

| ndi um For eeteblspltte, desired pessnrsduring itHerrpywse ¢f chaicdganizatioh alden@alinat A evidsf about

13 d wit . i o ‘ | ; i ed
Lo fora ol BEsERs libe Sl WoBiRhdfis Mg ot GHERS Ahnegit PP
H2Se. The r ewdkhadaopenia@Sh ombmin it préserde afia flow Aenringri gas afchgy Anbethetikan 1 per
| CP | ysi i ed . at ot | L Cl GS
analysi ﬁﬁucglﬂgﬁdzlj&@eQB&ﬁ@e?.sF&%ﬁs‘iah@e ﬁ%ﬁﬁl&%& %&hcglnd tH}%rggeEcngf?%'&ag a

material w ratio greater t same processes were
carried out Atw®ldpeduidblarilh b ispésel proqessiysenbanbe] tis flawirsig oA RBXepaplsdd a

el enental s ‘?Jr&&lég{ﬁl ab&’%ﬁ Ohl irr(il%ar{:.aAé.cgrd So HRRE ﬁl()det cncengle%{glg ahfFSU | tant

films. Simlar a | In retention S obtal ned en used to
carry out clvhileegeinitivaianinghe presotera one ¢himare gaseonrapprigeceprating onagrd Ga

capped with 50X el - i i I i b L r H2S
ot 1500 350l BRyBanarof e A HELATRalAG R RS baPk Kl ikl [ T
Cl GS mat er i aif clgpdgog¢rOp baingbrpsiatsdvnis regios af ¢ Exenipdary gasgs 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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Dat a obtai ned from annealing the precursor filns containing Cu, In, and G,
and capped with 50X sel enium al so showed that the annealing tenperature
profil e iwpaetigiasise anount of chal cogen that remai ns onPOI/USaM@®BEBES | nt O
the film112. For exanple, when anneal ed at 150C, the resultant region 20
had a Se/Cu ratio of only about 0.5. This is indicative of poor Se

i ncorporation for a Se cap that included 50X tines the stoichionetric
anount of S o] eges
material . ACAREAShsePEIELLd IS b UEE°Fol el PIRLARRT R e
successf ul | yresere ef 4 canthinaperedions or mére Immg@seshxelmiesr merd Chmqgagvzmatﬁnn@ GS
materi al i n&,g%x event. In contrast, when annealing under otherw se

i denti cal nditions at 350C, Se incorporation inproves. The resultant

regi on 20 showed GasSepiuining St o:qoife mm@,calafudha)(mﬁalgahﬁaxlgﬁsisimiuddig(saﬂ'eﬂ ittihe
presence of : npr oves
Purthor - wned bt aftchEhbAGRR TR Aosaib RS B LT o
resul t ant r egctes i2@heh cappthgdheSedclusor faltn 102 @fith 2.58 capThid Wlelgammalm imthis i n the
formof the £ n ! r..f

phot oabsor bupg%g“r%%a% ostﬁlhﬁlgc% %m“%&% ngs%? Thﬁﬁp r|°ab°naeb Ihea‘%g?a %ﬁd features
can be for nﬁdragmobﬁﬁﬁSISdCehtﬁeSeté)/md@fms sighifamt a@aﬁﬁa@s IEirst e Seampnpl e,
buffer regi c S S mc ial with
a suitable g’ﬁ) %etn gn?éée?gpselfg rméha‘f’ﬁn‘r’l‘lﬂl’leﬂm%llgbe V\een %%l&"rlzgghgffﬁef region
20 and the lmwirefaang bsmggapn S2&nd.Ahe mﬁﬁm—mainm/g gaslcsumucbgamtoﬂﬁnah than arﬁgﬁ be
present. Optignal wndow ion 26.can h unts

W ndow r egi gﬂlﬁﬁlgm%?as lrd co'gve et Ot}tt)hﬁfc?penr lgec?rsoorli uruls%lg%ls e uent
deposi tion (béemdbeervadamsqscara&dnwemmnd:amtweseeéasﬁéclswMSOEach of these regions is
shown as a singl but can be a si i nt | ayer as
illustrated or cg)rllle O?Impacdﬂ%rglﬁ? SREAEF PSR %%SI%S may ngg‘e&eg%r nor e

el ectri cal cmntduwaltsrase @nlbdmnmﬂqﬂoﬂahaﬂhmnmg exdn@ladearmmoﬂ:@aﬂedror tdid}

col l ection of nren ner at.e by th bsor.ber de range of
el ectri cal COIl’ll ué’f1 ors ma ef)lsed aecﬁgmeesﬁége'}lfamn (FOlg%laﬁ da{faa% AP ar e

i ncl uded on ukedtwhet ke stmamtomad& eatrds bf cghitogeﬂe) 1demp is gﬂseteofbad éfbeutéb(s or ber

region 20 i r ri¢c circu

backe de, 1 8y b 8o GRS BPaRIvRY SRSl SplEh SN des o
backsi de eI déaabtrai poetlon o6tht aittor Wallsepn Bs@ndnalishee 1embuﬂslrmwashlon0ﬂ/ateh-e l'i ght
| ncident side, of ;A03QUREE (LEGLON 12010 m(f)cfeo%erﬁt aLiye G g, device
10 |ncorpora?esga ransparen o%%uEYﬂ Ve prachy andcoc?o Iwa i n grid 36.
Optionally mlmlmmtatembbxytumndwcrhng\zef atbobﬂol@rto fwat 258 lﬁblmiera’maylsada st@ube used
to electricahkdy ctl

connecti ons%C Asqﬁ'eoc&p%e% S?m}?: hggtﬁtgra{rlg%gag ne)gﬂ}fose%%lgfnrlg ecap Ig provi ded.
The protect w;mctbatoravqrorzmysﬂkemrdi@d setenpmsgdnemﬂ;eﬂo@demt btele@eeﬂeétntheonl c grid 36
and hel ps t d pratect the devi.c om t he enviyronnment,

i ncl udi ng p(rPnof) %&ia%gﬁmgglalfﬁ%ﬁt i Htl“haal 0! we ‘feﬁﬂi]ég rl"?‘llg]u JArFi V‘éoruﬁcrsb st em 40
optionally gér@mllyaypepuad:mh@qaﬂmdemebrame ocmafdlwallﬁ eﬁhmclmmbemat bdne[ﬁtp)ftlsmg educe
Lgecghzg dOLyQ? afzorsqse Iatctﬁe E::I'x% Cslgelgetngrré gslec!ox%n se?to%ltgnr%he cth lﬁaa-wa Sthere h E‘Z m ght
caused by |ppaac1ttmg rtm“mrfmdrmgﬂrd pompmgsﬂtmcﬁcbt}pmymemlcomdoxfemslamct dmasmga ght of
an install er, s109r09§) eEotﬂl s during installation. Addi ti onal
details and Tabrica str rflegl es for making |ayers and features 26, 28,
30, 36, and 40 abet- delkdrredg@ds arqddsirgbly edwhel thestbiclRametnt exdppl(ifeast)iobn Seri al
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PHOTOVOLTAI &:DEY@ES:. Td.aBot Walbrgacoront ddastRame nf thiympdtorcedlis ore aBemperhtuids .
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Provi si onal dPaimanteleAppl dnpealing stnSephierel Shleniwd 1122 &2p&46s frém ttedudzanbihy 6,
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Applicati on cigerboabut MotcadhABaRIrBBE, to & ghseels Fdprivmpyvi@nma0 whjchithenFei st et al .,
entitled PHOTOVOLTAI C DEVI CE W TH TRANSPARENT, CONDUCTI VE BARRI ER LAYER;
and U.S. Provisional Patent Application Serial No. 61/302,687, filed
February 9, 2010, by DeG oot et al., entitled MJ STURE RESI STANT
PHOTOVOLTAI C DEVI CES W TH | MPROVED ADHEI'%I ON OF BARRI ER FILM each of which
i's independently incorporated herein by reference for all purposes inits
respective entirety.



The present invention will now be described wth reference to the foll ow ng
I1lustrative exanpl es. Exanples Exanple | - Fabrication of CIGS solar cell
in a rol Iwoaerial4b3otool Substrate preparation: A roll ofPCE3B261@/086@85
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

| ayer of M of@finesS s eCABLAGE vsAR : L sour ce.
The back si c?e 5 tS he meﬁﬁ%?li_a co‘éte Ctﬁnlhﬁrﬁé}&é)g{hg%a% eg“lqgen {Ggsssgr and Mo to
act as a sadpiifgfemegtiongyer during the sel enization process. Target

arrangenent The hediie LR G@ASAEH AR BBk S0 0% SPut Ler | ng

chanber. Seven rons are arra ur zones ach zone
has i ndi vi ddaﬂlre@a@t@@mbe@regmmé Wl this Slagal%pmon@&t@eﬂ}a@nthpabd 108tchr ough t he

four zones. bgé&)hedcgowh hﬁ aflév[}e?itto oo, a @cpt?m{ &H{e&tgd 0 Eﬁ%gﬁs% gnetrons.

The second zone has a single nagnetrdn S exanp gnetrons are
adj ust ed t o copritte dpvigsalilalGerdraliypthisiavolesh COOﬁheﬂm&mmm th mloovt AJGeltr on

nmb 1th ne 2) 5
(zone 3), " and e GuUNELERIPNELIMNE b (M dtaite GUMERIphd 0. & o
magnet r ons 4atnozehisee, gpmenial 5S¢ C‘le‘bmdmse hteth«eesulf@wmﬁmgtomdﬂswlm}l Q51480 EP .

Cu:ln: Ga. h
Car gets. shoqri HELE BhdhE Ehiine el Rade)F afSihelce Bthe AP 1R RGPS o
are conpl et 8leytmesplara e candeplys froindire auffacelowepulstrm wbmhilﬂagummumwor film

cont ai ni ng ﬁ%{ucelfﬂncu@ﬂdBeﬁiﬁicvgnmglﬂ%’sg éonE@mg R i &&%lrrfi%rtg 9113%?@1!‘%% %ece tgﬁ 58 8e-3 nBar

(4.5 to 6 mlorr) erature ¢ The flow
rates of theasmwglmhefawdranﬁcrang itrfmgl tbtf cllahegquumtpmrmgarsl;pstem are used to

mai ntain the pr e%ﬁéjff:a% lﬁ@%%etgnemsgrﬁljﬂre rglgf())}/ot yﬁl'ﬂe&%}ﬁ?%&&lﬁ)era A sg[ly[?pendl ng upon

the configuration of "eac esira T"ow rat es,
combination can help allow chalcogemzatlon and annealing to occur at Iow pressure in a

manner that is compatible with roll-to-roll manufacturing strategies occurring under
vacuum. In the absence of cap 114 and/or by practicing ramp rates that are too slow or too
fast, subsequent chalcogenization is much more difficult to carry out effectively. Indium
incorporation is poor, and the resultant region 20 may be severely deficient with respecf to
In if chalcogenization and annealing occur at low pressure, e.g., at a pressure below about
300 millitorr, preferably below about 100 millitorr, more preferably below about 50
millitorr, This is believed to be attributable at least in part to the formation of volatile
Indium-containing species, such as InSe and/or InS, that easily volatilize and are lost at low
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 occur at low pressures feasible for continuous vacuum roll to roll
processes. By using a cap and/or appropriate temperature ramp rate under Jow pressure
chalcogenization 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:I:G film precursor at 350°C in the presence of H,Se or HS gas at §
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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punp settings, or the like, in order to maintain desired pressure(s) in the
zones. In this exanple the flowrates (throttling) Ar of the individual
zones ar ewB&011g@e3on (90 throttle or full open) in zone 1pCHAB261G0B61625 open
throttle) in zone 2, 650 seem (25 throttle) in zone 3 and 400 seem (90
throttle or open) in zone 4. The targets are sputtered at 600 watts with no
pul sing (straight DC). The final filmstoichionetric ratio for the
precursors ranass, fLom.} 0o gre c&sa@%ln?@%lé%éh% ofen 8 fas Bdon BSrlRAZ ! ed by
| CP on representative calibrations runs on precursor The web
carrying t here@lt@ praopiets oss CFfIlhmrlI@Parra@mﬂ at ed into a sel eni um evapor ati on
unit for applicat el en I n unit

i ncludes a st ai nlﬁelgéhhg%tetg k¥ dggaf b gpugllﬁgolrrlﬁgl:l Hp §¥I%?lﬁgoq%r9 with the
slit being -con@inggGu blmdr@)@ilt@emmebsemib_r foau@.alilﬂiemmrt}hﬁrg@r ature is not
actively CO%[)QAHIUQ{{}, reEfJEQd ﬁl%: hdss dlﬁﬂof@‘ex%ﬁgﬁ ?&ﬁgogfﬂﬁﬁlﬁnﬁ MHAI%/E&‘” be .
consi dered open-source contiguration (I.e. ho pressure sel eniumvapor is
bui | di ng up mriseideéodtRd capriet Wwith Thiges dlestvichivnweictamosnt lnfeltraehtl Se &QGHSIOEC I n
this experi t ] r..tdhe pis 14

(i o. 7ot o gt s e p PR By i RACK AR o0 G I AT iS00, £ o 10
to 17 (6. 5X reouli@tSIGS metecklihadret IniCu reu@meawﬂ&eﬂemlaﬁrnaliﬁhe Thesudet ant
product is f% atl on of
the seleniu réé%%,cgﬁm&r&gb ?9‘13%8&8%‘?!‘5%(%“1%%“&1&% S ac({igrea transl at ed
into a hot - whdn 0.9v&hen tW takviciprdchisss oare carri¢det qﬁrSelséull@ mlllﬂsﬂempectwbbrd to be
%u%ggcg rZTE’ﬂ‘re {glg aE?Xt of e?em@r!% SFI: enbasﬁldkgeu ratlo sl;gr%a rt?angl?iglgga ?eggé]?agp e the
mai nt ai ned ﬁlmieslﬁulaﬁiﬂa fodn&etaati&n m@aot(tﬁlnaﬁwheo}ESwﬁ’mseq to CIﬂﬂﬁOlheatl ng zones
are set to rat m.n Lo verage web
t enper at ureacglF‘ %gl %?g%}( pr ursor? @Pr?pcgg% turee %h %Qfmsca tﬁ@gg eénsceal on
previ ous calseleniati dmnailing drewsydsih 6 mibittr HgStataﬁﬂ"Cv&éD‘XC m&b‘.‘sﬁﬂ?(éc[ndlle to the
dynami c confl i nt.ri ont | roll-to-rol rocess. The
Wb 1ot nean g sl Ml Bisdes o SR B PG i PR B o o

bef ore beindg.Zzooled to -425C at 60 C/ mn and then further to <300C at a
reduced rate of he 180 are hen
transferred int o%ga dlr%f"}l%erﬁla Omarn(r)l%aeus} he lrg)r%ré %T%Tq%m}?‘% th I gad %Ir?%d vacuum
systen) for cdepdsiithi;oN seiénuhmbfseshoanadlthan uhdmwdalmgeansaebefr@preﬁlbempvgtsmhmnd onto
a final core,_ Aft ) of .t he corefro uous oI to-roll
system the REN eSS Ecwarlr%g%rtgaténamson rbntegfaff'ﬁ a’llm % & S lPanged from
0.86 to 0. 9anwhicdat G@?@Iherresm@mtiegmmzo hZJanC(ﬂra%B ofjonly nhy:ufo ﬁlaThni B/Cu ratios
from1.13t ratio

prepar at i on drli(:a%ﬁ.lofs e dncogpotrastlgﬁ?clar%es% 8{1p %at 1ncl dB d EQ‘}({) glrtnﬁslthe stPlchl Sr?ﬁ%e Vs,
t he back si dejounttof Ssndedkhbyoﬁvhﬂtheammrsmfmibh@hstbahsmbmg QEGS mateaalc das of
seleniumis | in t enental or

r eact ed Coata.lglgeaglll%teltn atS: eéé?&gdsélj eﬂ%ra]g)at E)wbtg tsucg%sgfuh OHVQI’ft th% Iplregtér on of a
Ni -Ag grid ﬁlm to the desued tetragonal CIGS material in any event. In co_ntrast when anneahng 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 otherwise
identical 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 formed to complete the device as shown in Fig. 1. For example, buffer
region 28 generally comprises 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

16



and nechanical scribing to forma 0.47 cnR test cell, photoactivity of the
mat eri al was denonstrated with efficiencies typically ranging from 5-8%
Exanpl e 2woRatwi46xatii on of tetragonal G GS in the preseneeTafS2HI83gas ( H25)
on a cluster tool at 6.6e-3 inBar and 350C Substrate preparation: A
stainless steel coupon is first cleaned by sonication in solvent baths and
dried with dry N2 gas and | oaded into a multi-chanber vacuum deposition

system The EB%S eﬁqdﬁ%cﬂft‘mﬁi%frﬁ fr?r?sﬁaréxﬁ n‘dh%t@@'i g’?ljﬁa% & ot eE@reg GOV RF pl asma

etching in rgo su ran erre (ndér- vacuum to a
second chanberwndsersigls imegdilayan, bethves bomsihgiyieregahldyares yibdeted or badk cont act

| ayer are d ng. The sanple is renoved from vacuum
Targets The?‘gﬁb&frrgatog%ﬁp(ﬁgig&gl ntroduced into a precursor sputtering

chamber conpri si fge ar womgleetricd oomsetats atel iycogpoadtédeith ¢he@avibal (Gar k| oy t ar get

coat i ng ¢ hi CRegid I AP RAE i By bgEn RT3, R o GT: (°1  at e
during deposmtdlucmts mapbposilt GmradbrnﬂWItrICMBJndﬂw)rﬁanplué&ﬂmnsboﬁl the hanksiids
sputter .ed a%{l ﬁ\ﬁgltdg t 51de of tﬁ(? ab%orgp eglﬁn 206‘5%94& %tcogggte%tdeglge%% ?i ure. The

final films ecur sors ranges

0.90-1.3 andir@al Cu th: lﬁi?ksﬂie%r emprmmmmmmcmccm@m rafgemﬂéspmmm ave

cal i brati ONBadkMliSelectrical contact in representative embodiments. On 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
connections. '

A protective barrier system 40 desirably is provided. The protective barrier system
40 is positioned over the electronic grid 36 and helps to isolate and protect the device 10
from the environment, including protection against water degradation. The barrier system
40 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
cycling 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 et al., entited MANUFACTURE OF N-TYPE
CHALCOGENIDE COMPOSTIONS AND THEIR USES IN PHOTOVOLTAIC
DEVICES; US Provisicnal Patent Application Serial No. 61/294,878, filed January 14,
2010, 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., entitled MOISTURE RESISTANT
PHOTOVOLTAIC DEVICES WITH ELASTOMERIC, POLYSILOXANE PROTECTION
LAYER; U.S. Provisional Patent Application Serial No. 61/302,667, filed February 9, 2010,
by Feist et 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 ¢t al., entitled MOISTURE RESISTANT
PHOTOVOLTAIC DEVICES WITH IMPROVED ADHESION OF BARRIER FILM, each
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Cap formation on precursor The substrate bearing the CIGfilmis renoved
fromvacuum and | oaded into a sel eni um evaporati on chanber for application
of a sel enpumiciapiol The sel eni um evaporati on unit incl udesTAS2apABEIEDHP
ceram c cup nested in a resistive heating el enent. The substrate is nounted
face-down over the cup on a netal franme, and 22 g of shot is | oaded to give
a 25x cap. The systemis evacuated to <5e-6 Torr (7e-6 nmBar). The sel enium

crucible is dreaias iﬁ&p?ﬁ@&% ihrpotdtld Repdifh rebekdiBe %Pal%dr@%stiﬂﬁs feslebti@l 1 quot
of shot to be evaporated. The systemis dallowed to cool and then vented for
| oadi ng of &"¥¥Bond 22g al i quot of seleniumshot. The sanple is rotated to

improve filmthiciyg@fSent BvERORWIYnREHcScrDUPRAE RErARe Rfthd RBowiggond ful |
al i quot. The process yields a 50x cap. Anneal conditions. After application

of the sel erll{fp®gsxammes: substrate bearing the CIG Se stack is removed from
vacuum and transferred to a sel eni zatg,@pgpfdanber. In this chanber, the
substrate is suspended face down and heated fromthe back-side with a

radi ative graphite el enment. The system has water-cooled walls (<25C

recircul ati ng Fevwye I TRabrnggen pf SSSplor redl igargilymeef t¢li or to the run. The
pressure in the systemis increased to 6.6e-3 nmBar using 100% H2S gas pri or
to heating. The substrate ranped up at 60C/ m n to about 400 C and then at
about 3-5 C/ nih tybdrekipmpRatiglper at ure >500C (estimated to be about 515C)

by setting the poweg ,§upky s{rk stBiHst%e%piQilotagedh%ta%ﬁnﬂfﬁlo rAlRYbRUS! Y
determ ned power duty cycle value. The tenperature of the substrate is

mai nt ai ned at >500C/4CHIM SOtAingRyEen.al higkdtivhsids efshe wieb ipBiserieaserbityions t ur ned
off. The resulting fiy; alenrﬁ 15th [ OWEEd bPmERl&HspuRermB WA aftick Lgasf erring to

a vacuum | oad-1 ock cha for renoval . _
dual layer of Mo for a back contact and a NaF layer to act as a 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 web is then translated into a Cu:In:Ga precursor sputtering chamber, Seven
pulsed DC magnetrons are arranged in four zones. Each zone has individual
gas control. The web is transported sequentially through the four zones. Each
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
paralle] 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 Cu:In:Ga. In stationary tests where the
web is not moving, the paired targets show a ~15% 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,

18



Data. The substrate bearing the conpleted CIGS filmis renoved fromthe
system and anal yzed by 1CP for elenental conposition. The In/Cu ratio of
the fil mwe 2011314630in+G)/ Cu 1.6) while the Se/Cu is 1.7PC8aistun/osaéhnot
detected in the filmby ICP. Analysis of the X-ray diffraction pattern of
the filmshows tetragonal CIGS, I1nSe, Cu, My, Nb, and Fe. Exanple
3-Formation of A GS in H2Se at 10ml, 25x cap, 350C Substrate preparation

The Substrate 1S PLERRS RMNAS o @ TRhRedy mall ARk AL ANIRTRRI. ARASOCE S are

used according to Exa ositiron conditions position o
precursor on the subsiﬂlrsmc@nm@theélpmr@@ls (Buettliag) AIrPfE)@anﬁb‘i’léuaizoneS are 380

scem (90° throttle or full open) in zone 1, 600 sccm (25° open throttle) in zone
2, 650 scem (25° throttle) in zone 3 and 400 scem (90° throttle or open) in zone
4, The targets are sputtered at 600 watts with no pulsing (straight DC). The
final film stoichiometric ratio for the precursors ranges from In/Cu 0.95-1.01

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 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 CIG-coated web face. The web temperafure 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 to 300-305°C. In this
experiment, ICP data shows an average Se/Cu ratio for the cap is 14 (i.e.
7Xstoichiometric excess of selenium) with deviations in Se/Cu from 11 to 17
(6.5X to 8.5X stoichiometric excess of selenium). The resultant product is a

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 [e-3 mBar to § e-3 mBar(0.75 to 6 mTorr). The heating zones
are set to achieve a miaximum 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 infrinsic 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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Description of cap formation on precursor A Se cap is forned on the CG
precursor as in Exanple 2. Anneal conditions. After application of the

sel eni umweappittaesosubstrat e bearing the Cl G Se stack i sPcemse@d/o8¢16i vacuum
and transferred to a selenization chanber. In this chanber, the substrate

I s suspended face down and heated fromthe back-side with a radiative
graphite elenent. The system has water-cooled walls (<25C recircul ating

| oop). The base prgssure is 3e-7 nBar prior to the run. The pressure in the
systemis increased to 1.4e-2 nmBar using 100% H2Se gas prior to heating.
The substrate ranpedhepnpeted3GIGS fdins 20 Glenitrandfyred atie addgiondlerqeesser supply for

the graphite heater | | ] al ue. The
tenperature of the 5%%%1)1:% ?S§§lg%ilt1§}fﬁn§¥ﬁ[?§?a§{é'g.}l % gggg%%gqogﬁg%ﬁ%ﬁﬁﬁ%ﬂés at whi ch
tine the power suppmndow layershetbreffeing Widved pes alfinaingref Aften emowal bithecbre 0 cool
to <80C before tran rd - 7 val .

Data. The substrat e%)glé% %tlélﬁggg‘g%%_@{%%}g%dt&eﬁ% @WR?EB 5@%1%2328§ romthe
system and anal yzedFiwyl In{CR rhigos raigedvizorh 8186 coofrpoOshitel @viCu thhge framd €7 toat | o of
the filmis 1.1 ((! A P th / I0S;d-31. Anal ¥ySi f the
X-ray diffraction pg;_s, ?g%‘/hn%ﬁn %{1&%&%"4&#%‘% Hb\ﬁ'/é? elt%b agsg"r(fﬁf%F @,geahlﬁ(n%é?ﬂ&, Mo,
Nb, and Fe. Exanpl ¢& 22— &vsampkipregarefion@Ghé ITThdigastichrig oot spkeifirs theattivag

baseline for anneal IsfagvsGJth(e; biaa( SY&?# %rﬁkely that some of the stoichiometric excess of
selenium is not in the CIGS film baut 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 scribing 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 a
‘cluster tool at 6.6e-3 mBar and 350C

*  Substrate preparation:
A stainless steel coupon is first cleaned by sonication in solvent baths and dried
with dry N; gas and loaded into a 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 alloy target tilted off-axis with
respect to the substrate to give a more uniform coating thickness. The target is

45:42:13 Cw: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 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.
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Substrate Preparation. As in exanple 2 Nature of target/targets -
arrangenent As in exanple 2 Deposition conditions As in exanple 2

Descri pt iwo 20f1/@e1f ormati on on precursor No cap i s use@CT/USne18AB6165
conditions. The substrate bearing the sputtered Cl G precursor is
transferred to a chal cogenzati on chanber under vacuum In this chanber, the
substrate is suspended face down and heated fromthe back-side with a

radi ative graphit@eheimb] on JBGrYSt em has water-cool ed wal I's (<25C
recirculating loop). The base pressure is 6e-7 nBar (4.5e-4 niforr) prior to
the run. The pressurlBe pubstratebegtieg ther{ ]G filmnis rengyed o vacugm-agd feedad 15 anr)

usi ng 100% Ar gas pLiiQinh Qvag&%ﬁérngﬁam %‘%ﬁg@k{%&t&a%&gﬂ?ﬁﬁc P 1h0 setampe (at
30C/ m n (highest tenperature estinmated 40 y setting the power supply
for the graphite he&vappratien gnitgnaudesasopen-tat ceramiqey npwsdan a chsisiivedheating val ue.
The tenperature of u | ' ' 'ﬁ‘g"” > r l put es at
which tinme the pome%iggﬁ%b?gé %%Et%ealtjérlrgle otgl# f%‘{I‘1 e ?Jevgrutﬁ‘?‘fqﬁé)%? in?e%qlfrg?ngool ed to
<80C bef ore transf epd #e efshef iviaeded tn ¢ivoa2Ixcak Bisamiten isfepscuntedovdb-6  Dat a.

The substrate bear | ig(fi® APIGh el 8L bl el BIHER £ AMAJPaRYStom

and anal yzed by 1CP for elenental conposition. e film
is 1.05 while the S& algwikesiul) aliquot of shot to be evaporated. The system is allowed to cool

and then vented for loading of a second 22g aliquot of selenium shot. The
sample is rotated to improve film thickness uniformity before evaporation of the

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

*  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 pressure is 3e-7 mBar prior to the run. The
pressure in the system is increased to 6.6e-3 mBar using 100% H,S gas Rrior to
heating. The substrate ramped up at 60°C/min to about 400 °C and then at
about 3-5 "C/min to a final temperature >500°C (estimated to be about 515°C)
by setting the power supply for the graphite heater at a previously determined
power duty cycle value, The temperature of the substrate is maintained at
>500°C for 30 minutes at which time the power supply is turned off. The
resulting film is allowed to cooled to <80°C before transferring to a vacuum

load-lock chamber for removal.

+ Data.
The substrate bearing the completed CIGS film is removed from the system and
analyzed by ICP for elemental composition. The In/Cu ratio of the film is 1.3
((In+Ga)/Cu 1.6) while the Se/Cu is 1.7. Sulfur is not detected in the film by
ICP. Analysis of the X-ray diffraction pattern of the film shows tetragonal
CIGS, InSe, Cu, Mo, Nb, and Fe.
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Exanpl e 4b- Annealing of CIGfilmin H2Se denonstrating | oss of indiumfrom
surface when annealing in toxic gas Substrate preparation As in exanple 2.
Nat ur e ofwoangetbioar gets - arrangenment As in exanpl e 2. PCDaso&llsans
conditions As in exanple 2. Description of cap formation on precursor No
cap is used. Anneal conditions - pressure, tenperature ranp The substrate
bearing the sputtered CI G precursor material is transferred to a

chal cogenzati op e ungder @r@gmmﬁikp A7 jﬁlis%ggg?\%ng??]ct he substrate is

suspended face do and heate e bac a radiative graphite
el enent. The systSahsthteprepatation cool ed wal |'s (<25C recircul ating | oop). The

base pressure is GeTRe%@fiépfﬁﬁiﬂ%m%ﬂh@gﬁi° the run. The pressure in the

systemis increased to ng 100% H2Se gas prior to
heati ng. The substrate ranped up to >350C at 30C/ m n (highest tenperature

estimated to bg fngggegenpy setting the power supply for the graphite
heater at a previously term ned power duty cycle value. The tenperature
of the substrate isTagitnarairddecatding3bG@uige 230 mi nutes at which tine the
power supply is turned off. The resulting filmis allowed to cool to <80C

before transferring to a vacuum | oad-1ock chanber for renoval.
*  Deposition conditions '

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

+  Description of cap formation on precursor

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

*  Anneal conditions.
After application of the selenium cap, the substrate bearing the CIG-Se stack is
removed from vacuum and transferred to a selenization chamber, In this
chamber, the substrate is suspended face down and heated from the back-side
with a radiative graphite element. The system has water-cooled walls {<25°C
recirculating loop). The base pressure is 3¢-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 cycle
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 the system and
analyzed by ICP for elemental composition. The In/Cu ratio of the film is 1.1
((Int+Ga)/Cu 1.4) while the Se/Cu is 1.31. Analysié of the X-ray diffraction
pattern of the film shows tetragonal CIGS, InSe, Cu, Mo, Nb, and Fe.
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Data. The substrate bearing the conpleted CIGS filmis renoved fromthe
system and anal yzed by ICP for elenental conposition. The In/Cu ratio of
the fil mwe 20116i630hi | e the Se/Cu is 0.12. Exanpl e 4c- Araeaiseeig/oadieTl G film
w 2x cap in H2Se denonstrating inproved indiumretention when annealing a
filmwith a 2x cap but no CIGS formation yet Substrate preparation. As in
exanple 2. Nature of target/targets - arrangenent As in exanple 2.

Deposition congi.t.i As,. 1.0y ﬁg—% ol I on on
precursor The gﬁ%@?i‘f ??’E)Aeeglr”?gr(@gt) & I”&A r 2%&%¥rgﬁgﬁéﬁﬁg@9{%’%‘\%ﬁ?r om
vacuum and | oa&édin vacwera sel eni um evapor ati on chanber for application of
the sel enium cap. The sel enium evaporation unit includes an open-top

ceram c cup nested in a resistive heating el enent. The substrate is nounted

f ace- down over 't Habgage Ryeparation.

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.
The substrate bearing the sputtered CIG 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 (<25°C recirculating loop). The
base pressure is 6¢-7 mBar (4.5¢* mTorr) prior to the run. The pressure in the
system 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 system and
analyzed by ICP for elemental composition. The In/Cu ratio of the film is 1.05
while the Se/Cu was 0.04.
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a metal frame and 1.2 g of shot is |oaded to give a | x cap. The systemis
evacuated to 2e-6 Ton (3e-6 inBar). The seleniumcrucible is heated to 360C
for suffiwDenti/t463me to all ow the full aliquot of shot t®ChaSemapssiated. The
systemis allowed to cool and then vented for |oading of a second 1.2 g

al i quot of seleniumshot arid rotation of the substrate to inprove
uniformty of the seleniumfilmthickness. The evaporation process is

r epeat ed (basepggé@% ?%—?AZ&%J% é@?ﬁg@%&e de%?.i‘l%g%' gﬁ%@ﬁ%&g ol Y1 €l q a

2x cap. Annea ons - es nperature he substrate
beari ng the Cl QuBeestharkniegling iadefiegased t o a chal cogenzati on chanber under
vacuum In this chanber, the substrate is suspended face down and heated
fromthe back-side with a radiative graphite el enent. The system has

wat er - cool ed wal | SubgteG@epagation cul ati ng |1 oop). The base pressure is 6e-7
nBar (4.5e-4 niforr) ,ptj the run. The pressure in the systemis
increased to 6.6e-3A§§g%£?§gﬁﬂ) using 100% H2Se gas prior to heating. The
substrate ranped up to >350C (at 30C/ min (highest tenperature estimated to

be about 400C),byNﬁE%%¥Qgﬁggﬁﬁggggg%%Mgﬁly for the graphite heater at a
power y cy

previ ously determ ne e value. The tenperature of the
substrate is mai nt adnédexample2350C for 30 m nutes at which tinme the power
supply is turned off. The resulting filmis allowed to cool to <80C before
transferring to a vacuum | oad-| ock chanber for renoval. Data. The substrate
beari ng t he complBdpesiti @8ditipdsm i s renoved fromthe system and anal yzed by
| CP for el enental c;gggg&ti@?. The In/Cu ratio of the filmis 1.02 while
the Se/Cu is 0.37. X-ray dPTfr acti on anal ysis of this filmincluded peaks
for a cubic C G phase, InSe, 1n4Se3, In, and Cu. Exanple 5

*  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-cooled walls {(<25°C recirculating loop). The
base pressure is 6¢-7 mBar (4.5¢™ mT) prior to the run. The pressure in the
system is increased to 6.6e-3 mBar (5mT) 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 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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A sample is provided including a Cl G precursor filmfornmed on a substrate.
The precursor filmis capped with 25x Se. Thermal annealing of the sanple

t akes pl awe 20n/@63pacuum quartz tube oven (VQTO). The oveaTiuseémdssoenn 8"

di aneter X 54" long quartz tube inserted in a 38" |ong tube furnace. The
furnace has three heat zones (left, right, and center) that are
individually controlled by Watl ow controllers. The ends of the tubes have
stainless steehy s aheding of R A bxLBPi RS aSHASH bR AplhQS. A vacuum
rough punp in conjunction w & vacuum t urbo punp provi de pressures

measur ed down indiude retendiarl wheprannéaling e filn mBhm)2x cap befgg GG forogtien st | er ( MFO)
connected to an argon gas cylinder provides pressure control between 0.1
and 50 mllitorr (1.3e-4 to 6.7 e-2 nBar). Aliquid nitrogen trap | ocated
bet ween t he tur b&vstmts peemeratidie t ube traps sel eni um vapor. Pressure is
measured with a Barggiqg%gangﬁyge at a point along a 2-inch dianeter |ine

bet ween the quartz tube and the sel eniumtrap. The configuration

i ncludes a stainless steel carrier rack that holds nultiple sanples,

al though only a g [ S in each run of this exanple. The rack
can be inserted ﬂa{gl?hé(?ﬁ%g%}ggfrgﬂéena og&t}%ﬁg tube to the heated zone via a hook
coupl ed magneti cal | 4s ingxam@e dut si de of the tube. Conversely, the sanple can
be renoved to cool rapidly with the sane device. Two flexible thernocoupl es
are placed directly in contact with the backside of the sanple for accurate
t enper at ur e noni Depesitpn cSiditiane t her mocoupl es are al so | ocated at vari ous
spots in the tube OX«?i'ﬂe&%ﬁé e the tenperature profile of the oven. Al

t her nocoupl es are type i ntroller and static oven tenperatures and
pressure are recorded on a conputer using Agilent data collecting software.
Tenper at ures con di | es are recorded using an Orega
S309 system Dat gﬁ%&@ﬁ%#&%ﬁfb \A%}Ogghpt%g%%ge then conbined into an Excel
spr eadsheet . THersubshrats besrmpiedCIGtpneusanfdings teeavddripnt yreu@h @&dSe st ack i s
pl aced on a stainl el L1 er. i i | [ nt er of
the oven. Wth theelgsmg@dsf5 § Er& %Wq%bun %’8??%@’“?& 66%02 g&&%ﬁ%\?@?m{j eeléngﬁ%lgﬁ%at eis
attached and the t UBe sklsniemaeapatation wiitintlhdes ppogh-tenaramue b nesterbintao about
0.1 mllitorr. The LULNRREHEIBALAL HEBRLRAL ALGE Eecllhilgl dhB ohNe
controllers and the recorders are sinultaneously Started. e controller

power to the heat ersmétsl framered [ 3ig ofistbt isHeadedibp@ives: Inesyt. €the st j3r essure i s
mai nt ai ned at about_ 0,1 r.—~Ihe 8 r LS. heat e t.e~.of about
20C/ min. to 520C for- te?n}()ﬁief '1e“%rr &ﬁe%%rt'r?éefse\ﬁ/aﬁ qu] %Ialcgﬁesgﬁrlﬁzﬁ%{st%ﬁgo reem)ved to
t he cool end of t hefot ulfficiotitise theallpivehd full abquet alfisbottthiee gyepveated. Thhgdiemf f . The

sanpl e is cool ed OV‘E‘EﬂZ%%QE% %0%% %]n%qggntv%{m afoﬂoldﬁlﬁg ofa seconddEEa%ﬁL{tio?i enci es of

four resultant ClGS & € substrate are”neasure hese give
ef ficiencies of 7. 1RlenBm>lot abd ¥idstionnfithe si8684tec Bimppheurtformity of theAn addi t i onal

R qi ti I . t d
e L e

sanple is heated at a'r nneal 1 n

The efficiencies of6 Tauer edaht mmimGh B cH 1) topicldhgxsybst rate are
nmeasured, and these give efficiencies of 6.84, 6.54, 6.62, and 6.89%

O her enbodi ments of this invention will be apparent to those skilled in
the art upon congindet enditienofpreshirs, tepeeedtite catd on or from practice of the

Lo the princi pl os. ald aekoudhh BIOR: pLER R g R ORBE] Cner o
skilled in the art shamboundaepapni igthiscbeambiendha subsratedopepeadad fagsidoivn of t he
invention which is dnﬁ‘ﬂ%a(f&f fﬁgn E}g bg&%ic{e%i{hqav}jag\gtivglgﬁajpﬁﬁe 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 system is increased to 6.6e-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 cycle value. The temperature of the substrate is maintained at
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VWHAT IS CLAIMED I S: 1. A nethod of maki ng a chal cogen-cont ai ni ng

phot oabsor bi ng conposition, conprising the steps of: a) formng a workpi ece
conpri si yoaowkwewnsor of the chal cogen-cont ai ni ng phot eabaseden3eibj
formng a cap on the precursor, said cap conprising at |east one chal cogen;
c) heating the capped workpi ece to cause chal cogeni zation at a pressure of
bel ow about 300 mllitorr. 2. The nmethod of claim1l, wherein the process

occurs in a roll-tosgalt cJTap Yfidcds 4t Witgn 9&19&%%§Wer 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 1.02
while the Se/Cu is 0.37. X-ray diffraction analysis of this film included peaks
for a cubic CIG phase, InSe, InySes, In, and Cu.

Example 5

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 in a 38" long tube furnace. The furnace has three heat zonesl(left, 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
(1.3e-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 to 6.7 e-2 mBar). A liguid 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 includes 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 magneticaily 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
type “K”. Controller and static oven temperatures and pressure 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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3. The nethod of any of the previous clains, wherein the heating occurs in
the presence of an inert gas. 4. The nethod of any of the preceding clains,
wher ei n tWe 20api4630¢or por ates at | east one chal cogen i n eCemsat1alo3d1i6s m

5. The nmethod of claim4, wherein the cap conprises el enental Se. 6. The

met hod of any of clains 1, 2, 4, 5, wherein at |east the heating step
occurs in the presence of at |east one gas conprising a chal cogen. 7.The

met hod of claim Einth%&% 1@ tﬁé ﬁ@ﬁ%&f}%@h% §E! éte{w 1sspt1§:Qd SFE &glﬁleésrgteglhe

presence of a gas conprl I 'ng
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 furnéce temperature setpoints are entered into the controllers and the
recorders are simultaneously started. The controller power to the heaters is turned on and
the tube is heated. The pressure is maintained at about 0.1 mtorr. 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 off. The sample is cooled
overnight to room temperature.

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

Example 6

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

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

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

Other embodiments of this invention will be apparent to those skilled in the art upon
consideration of this specification or from practice of the invention disclosed herein.
Various omissions, modifications, and changes 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.

27



8. The nethod of any preceding claim wherein the heating tenperature is in
the range from about 300C to about 600C. 9. The nethod of any precedi ng
claim whwoebn/as3oleast the heating step occurs at a pr@ssarseoinfddiess than
about 100 mllitorr. 10.The nmethod of any preceding claim wherein the
precursor filmconprises Cu, In, and Ga. 11. The nethod of any preceding
claim wherein the precursor conprises a sub- stoichionetric anount of at

| east one chal cogen. 12. The nmethod of any preceding claim wherein the

heating occusigtisigien . t he

L. A method of making a chalcogen-containing photoabsorbing composition,

comprising the steps of’

a) forming a workpiece comprising a precursor of the chalcogen-containing
photoabsorber;

b) forming a cap on the precursor, said cap comprising at least one chalcogen;

c) heating the capped workpiece to cause chalcogenization at a pressure of

below about 300 millitorr.

2. The method of claim 1, wherein the process occurs in a roll-to-roll manufacturing
process.
3. The method of any of the previous claims, wherein the heating occurs in the

presence of an inert gas.

4. The method of any of the preceding claims, wherein the cap incorporates at least
one chalcogen in elemental form.

5. The method of claim 4, wherein the cap comprises clemental Se.

6. The method of any of claims 1, 2, 4, 5, wherein at least the heating step occurs in
the presence of at least one gas comprising a chalcogen. |

7. The method of claim 6, wherein at least the annealing step occurs in the presence of

a gas comprising H,S or H,Se.

8. The method of any preceding claim, wherein the heating temperature is in the range
from about 300°C to about 600°C.
9. The method of any preceding claim, wherein at least the heating step occurs at a

pressure of less than about 100 millitorr.

10. The method of any preceding claim, wherein the precursor film comprises Cu, In,
and Ga.
11. The method of any preceding claim, wherein the precursor comprises a sub-

stoichiometric amount of at least one chalcogen.

12. The method of any preceding claim, wherein the heating occurs at a rate in the
range from about 5°C/minute to about 400°C/minute.

13. The method of any preceding claim, wherein the heating occufs at a rate having a
substantially linear profile.

14. The method of any preceding claim, wherein the workpiece is maintained at one or

more temperatures below about 100°C prior to the heating step.
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range from about 5C/ m nute to about 400C/ m nute. 13. The nmet hod of any
preceding claim wherein the heating occurs at a rate having a

subst ant iabI2g1li4emar profile. 14. The nmet hod of any precedirng2ehasénss wher ei n
t he workpiece is nmaintained at one or nore tenperatures bel ow about 100C
prior to the heating step. WD 2011/146301PCT/US2011/036165 15. The net hod
of any preceding claim wherein the step of form ng the workpi ece conprises

(a) cleaning I . L i : ve
r bani o mpar 1 el BRbecE Bhint UMt B Wer T kE gl d BT
i ncorporati n@nmlriees D eaune meetallic seppen ppbzr tonditions effective to remove organic

impurities and (b) forming the workpiece on a substrate incorporating the cleaned metallic

support.
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