Met hod of Manufacture of Chal cogeni de-based Photovoltaic Cells Field of the
Invention This invention relates to a nethod of manufacture of
chal cogerwdeotiaiseri6 5Sphot ovol tai c cells and parti cul arl y PCo/US20meiob2d9 of
formng a buffer layer in such cells and the cells nmade by this nethod.
Background of the Invention Photovoltaic cells can be nmade using p-type
chal cogeni de based materials as 10 absorber |ayers which convert incident
light or radiation Neghed ddMaquiagfurepfdiigirogepideshasel RhppwoligiaCelligeni des are
typically sel enides, sulfides or sulfide selenides of at |east one, and
more typi calaldolthe Inyentions wo or three of the fol lowing metals: Cu, In, Ga,
Al (referred torRetREAATeES0 Ghfiua PiturhASHen @ BniaCh@Sg, or O AGSS
dependi ng upon the conbi nation of elenments used). Using a CdS based buffer
| ayer néar porlovdijamceht andpattigelagy tospaetbpbpidogens dbuliGilaycainsachardnend |t
is known t hat be formed on various substrates by chem cal
bat h deposp%fgﬁy§w#ﬂ§ﬁggﬁﬁ@ggor deposition or sputtering. See e.g. Abou-Ras
et al (Thin Solid Filns 480-481 (2005) 118-123) and 5, 500, 055. Abou- Ras
specifically | ooked at the effect of deposition nmethod conparing CBD
deposi t i on Bagkemymd gbhediienden and observed that 20 CBD deposition of the CdS
created nore efficient cells conpared with cells nade with PVD. Abou- Ras
proposes that tReoipvedricsrlivrar Pelad wingmyes ehyleagtidmbagid mieriay - cds
interfage ipofte1:6884nkh cBMQrtqﬁcﬁ@e%'t Il%g of Blilafiod & e@ecfrﬁ@lsé?l@r POIThésQ Blifpe
decreased efficiencies. Sumary o e I nvention lican have
surprisi nglclyalmemd%taﬁfawyp@plmqe@mdﬂg sdfidesorselidheclqn W@té%aq@ége@mr@ée 25at
relatively (Hidiily BERPHIRS il & BURBHARLIALIY CATIGANTRSRARS & lRafs to |ess
rber than

interdiffusion e un ylng ¢ cogeni de abso oes
sput t eri ng (3%, GIAS, (EIMdCiA&SnéJIGS d%G;SSe@ﬁlAéiS§;§1apftnémlgrmgom@ﬁd@mbioat@nb)ﬁt al so

| eads to hi sure
sputterlngeg/tﬁ'f%ﬁ{m%géd arﬁé ﬁgg%géaﬁggp f&% &Q%i%é&g%%kﬁgg%(ﬁg%&gk%%achlng
30Thu315acmnﬂdﬂngwho one enbodi ment, the invention is a nmethod conprising
form ng a chal cogeni de- based absorber | ayer on a substrate,

form ng a buff ekt iy knpemn tead fdb ilayersgae badfvirmed emndirioud fubstragas by lkkerabd dather by

sputtering i n i . I Ki r . 08 to
0012 nbar (OBt PR aBREYSy 5l iRl sRC BT BRRHER LU fA SR
phot ovol t aifdmes 480-48ia@80Dyi 18+123)pme OSAD.AF5 . rbthduaitas spévéficably lceked at the effect

of deposition method comparing CBD deposition to PVD deposition and observed that

20  CBD deposition of the CdS created more efficient cells compared with cells made with
PVD. Abou-Ras proposes that the lack or decrease of interdiffusion at the CIGS-CdS

interface in the case of PVD deposited cells is a reason for their decreased efficiencies.

Summary of the Invention

Applicants have surprisingly found that sputtering CdS onto the p-type chalcogenide
25  atrelatively high pressures in a substantially inert atmosphere leads to less interdiffusion
with the underlying chalcogenide absorber than does sputtering at the traditional low
pressure sputtering conditions but also leads to higher cell efficiencies than does the
traditional low pressure sputtering. This is particularly unexpected in view of Abou-Ras’s

teaching.
30 Thus, according to one embodiment, the invention is a method comprising

forming a chalcogenide-based absorber layer on a substrate,



5 made by this nmethod are characterized by interdiffusion between the CdS
and absorber layer. The interdiffusion interface region is defined at the
absor ber woegoan3mieét he poi nt at which the atom c fracti @eoTafS2@iamsd2am

exceeds 0.05 in energy dispersive x-ray spectroscopy (EDS) scans of cross
section of the cell and defined at the buffer region by the point at which

the atomc fraction of indiumand seleniumis |less than 0.05 and preferably
the 10atonic fracti oR™BNE E‘Bbfﬁ"érla}ieécqf%@@n@ﬁé‘ﬁn@mlﬁfl sylfe ogthsrAbeorPerddt i on i s
based on t@ﬁg&ﬂeriﬁ’é AnGnMRMBIpheRfar £ ABRETL présBett BMro@d|d3i 0112 BP0l 6D _
cadm um sul fur, and oxygen. The grain size of the cadm um sul fide grains
pr ef er abl y 0i08 tprees8-{hBh- 50 nm nore preferably | ess than 30 nm and nost
preferably | ess than 20 nm_ Thus, according to one enbodi nent the invention
is a photovol t afl Qs H@F‘Ptloé‘d?rﬂ?‘? %Pll?éo"&ltﬁéé?&mé@ By tEf’cPrF?ﬁS‘@g(néqt%%l' rér&slbed to

_her ein as @na_@l@Bﬁ&'fssrh&ﬁocﬁelr_@%&ic@e@i'ze&mhﬁ:%ﬁfusiéh Ke%ée%@lgﬁ@ﬁsjﬁﬂ%mrabsor ber
in contact with the backside el ectrode, a cadm um sul fi de based buffer

| ayer on t kyenbRsrinerdiffugioninipidiss regin it 6efnge e theahsgiper repioe Ay &y raint the

opposi te siyignQhe {DGicAHELAGT of AR unf x84t N85 ﬂpé@f,ﬁ?%'isp!s@bc@&qa}aébe&k%&‘;ﬂyi cal
coll ector on the transparent conductive |ayer, erein the cell has an

i nterface WbEPhsernstoheroabeidrert therpg!l ppeddined étrthgabuffegsegiqntbanhmitht hi ckness
and the buffier éf&,{ ﬁ&ﬁfc%ﬁcﬁodﬁﬁn %Q@Q/eﬁél is%s@#ﬂﬁn%)logedn?éreke?ﬁ fpan 50 nm

Sur prisingly ough the cadm um su e preferably sputtered in an
i nert edvi renmefrection hbcdppérfietesy yed. 16f Thhetonel frstiomddated onigtsl akomient i on has

a significant, aopunt,of SX¥98Hiunl NERAACCONALAL 10 ADPLASL, epRod)ment this
Invention i's a p%oct 6Vol T4 c’%e{ ‘conprising a backside aFectro e, a
chal cogeni dize btxhe dadalisiorstiéirle prins prffaatily wiltk thane0 hag kerdge2tbbllestirande, a

cadm um sul,fi de based buffer.|ayer.on t absor.ber, a tr.ansparent
ConuerT va hafepmnBepRtra NGl Bin: ey Bk e e RIRIL R ¢ om the
absor ber | ayefitiondfa ph@cidlthic abll cahprdtioQrbacitideltiectrodnapareitedcOndeiatb ¥ e

| ayer, wherein the atoqm c fraction aof oxygen in the cadm um su]fi de based
bt P bt BBefied Thite )8 Shaagoe BRUP RRpmis b MomEd TTind R ek, pa

buf fer | aye@lecti®@, Deaduiny sh10ws MR Buret iahér cBANd Msctbiiga ahfspataceendrlites whil e
provi ding the additional benefit of |ow cadm umleachate fromthe cell.

Thus, accor@Phigediy! 3 dic pnetraide ehihe dritartyet HemithiAARPYraes 43 clsRstdvol t ai c

cel | conpric§iidar 8n RRIKAIFIRNEREEHE ByedwhliBhGRIRN e aDiag e ARBRR e | N
contact with the backside el ectrode, a cadm um sulfide based buffer |ayer

on t he absaébiogier angd the Byf&p af lep thesoHbre thickaessapd he byt g sefergblythAgapposi t e

si de of,,t hgvggg?fg%nIsigé/gﬁeg‘srt%%ql%.absor ber layer, an 2 electrical
coll ector on the transparent conductive |ayer, wherein the thickness of the

buf fer layer nos@peatay, A@nIQ At &iedaRtvabg igsRated idHarek0 nm and
nost preferably no g}éeater than 15 nm The anmount "of Cadmi um that |eaches

from the arpyighachnthebutierdaygseRhe Takinede Py thiaipaeiien hastd sentiicaptinmynPocedur e
Test 1311 (19R4) Thi, RRoRHHab fhothd?@Mbddir®B s (dveRjonts MBhRvoR@d@ym per |iter
of Il eachant solution as specified in the protocol) preferably no greater
than 0.8 mypmprisagh brsktidqriestiedaichalersenide btsed alshdar i0 cantagy Mith UBr hagkside

Descri pk! Oglegtfrocfehf?calahﬁﬁ% Wdfide based buffer la @&'thelaﬂsﬁrb@r %ﬁ%gﬁgﬁt%oggucﬁvecr 0SS
section of a representative cell according to the 10preSent 1 nvention,

Fi g. 2 showyepbotigl afthetdpposite ol of the uff¢rdaychirsmdhanbsahearlgier.dnsperisilve x-ray

spectros CORYMector on the transparent conductive layer, wherein the atomic fraction of oxygen in the

cadmium sulfide based buffer layer is at least 0.20.

Also, surprisingly the thickness of the buffer layer may be very low while still
30  yielding effective cells while providing the additional benefit of low cadmium leachate from
the cell. 'Thus, according to yet another embodiment the invention is a photovoltaic cell
comprising a backside electrode, a chalcogenide-based absorber in contact with the
backside electrode, a cadmium sulfide based buffer layer on the absorber, a transparent

conductive layer located at the opposite side of the buffer layer from the absorber layer, an
2



Det ai |l ed Description of the Invention The nethod of this invention includes
form ng a chal cogeni de based absorber |ayer 15(absorbs el ectromagnetic

radi at i orwat2orieldexant wavel engt hs and converts to el ect PCTAIS2@n®84¢9) on a
substrate and then form ng a cadm um sul fide buffer |ayer on that absorber.
When the nethod is used to forma photovoltai c device, additional |ayers as
are known in the photovoltaic arts also w | pi cal I% be added., For

exanpl e,  t ikeEiGHsplectqs opjte rapgnsreangqngugtiye Iy WHPTetidas tiskase PHEE BYGEL 1 | cal

contacts. Aybf RNSBALRRIn BN Wedréi® h@gl%ﬁtei/\thhﬁ z@ﬁmf &H%s?ﬂ@f@@a\ﬁﬁy tche buffer
and a el ectri cal collector system{e.qg. d) wll typically be |ocated

above the ®fealsspar &hime ohBUREIUAEO] um)tﬁlt tﬁath%ﬁam the I rdsy e nay be
used and pr{fS%‘P%Tdﬁ‘f‘mt‘_y@h@fa%teHﬁbé LQ@ct@ngOﬂ’rbé‘eQul%\"l%Et 1t3|‘ﬂi3(1t9©@)r!§ﬁé‘§1%£t%r @enductive

| ayer and/or the elecCtrical collector. t he exception of the cadm um
sul fi deSbaseed Gaf F e of eadarium phidger @Mﬁhanbmtlolnays?e@fm;n thepfotncped by any
met hod kno 1 I hot ovol t ai c
article 10 ér%l%@g@ﬁt%rthé? 5%& [/)lr %@ggﬁgﬁgbﬁabm&%%ﬁﬁnﬁﬂ ﬁj‘f’ﬁi s article 10
conprises a substrate i ncorporating a support 22, a backside electrical
contact 24, and a chal cogeni de absorber 20. The article 10 further includes
a buffer regi onga& HREPSHRA LA THaRiReN-t Ype chal cogeni de conposition of the
present invention, an optional front side electrical contact w ndow region
26, a transpar enfg. BRaaoEMhGkit Wea E0gH RRiIcBDS a dept@bhtRbleicOM a@otdingd0 theand an
optional bat her on 34 to help protect and isolate the article 10 from
t he anblloenﬂ’resﬁﬁé‘wegtfont hese conponents is shown in Fig. 1 as including a
singl e | ayer, t he i ndependent can be forned frommultiple
Sublayer o s’ dobitr SUOVRGHI OO Ey ST ot GHBSR ABHIEREBhal |y used i n
phot ovol t aispecBoscepy.| S as presently known or hereafter devel oped may al so be
provi ded. As used occasionally herein, the top 12 of the cell is deened to
be that si detaihd Dhscripi@ ofels: nbhentiomci dent |i ght 16. The method of formng
the cadm um sul fi de based | ayer on the absorber can also be used in tandem
cel |l structuresThheetbod vﬁihi@iei\testi@rieclbicis Ifgrmamg at@lplcogenehcblasedtah@rrbeemm 5with
an absor ber(abtsgI telaQrSo(r)I{abrsle 1cadcil ona ) VanI fafv nhsa conve ?Eo zectncal The
support 322 f) 5 a4 exﬂb e su % 7 nmay be forned
froma w denerrgy)gm acsﬁbsnrate&md ateﬁ foriﬂil@a&cadmﬁinmdﬂfl@ taﬁﬁer lamramttlmt aleblber. ceram c
materlals yIer s net al i ¢ conpositions,

baper . RsHaRnbs e sP RS o R et B SR il SIRIEHR'T ke

St ai nl ess ﬁ’lteqﬂ.ibtolv&ta@d’ z?fs&aﬁsb@?lll tﬁuﬁnly bé aicﬁglbﬁ(?]rreaﬁtﬁple a?teiub&mgetvﬂ{)ﬂy@daltyg enﬁbl e
maxi mum utilization of the flexibility of the thin film absorber and ot her
| ayers. inclufg or heae Rackgfee glpdtal F%‘%ﬁt“sc dhirfsparey CB‘i‘dblt}‘ilYfééyeé WUOROHIENt  way

to el echri aRdeXhCwtiifRel haaf dldceh@l dlleétOr SXEAIBA!a Gild) Gull typieallfdModkdd 24 may be
formed from a wide range of electrically conductive materials, including

one or nor &b t]@ltranwrenp\@ondmtlve@yer N‘?xn ogqonalmndq%laywmay be used and

protective layers may be applied over the transparent conductive layer and/or the electrical

collector. With the exception of the cadmium sulfide based buffer layer, these additional

layers may be formed by any method known in the art.

25 FIG. 1 shows one embodiment of a photovoltaic article 10 that may be made by
processes of the invention. 'This article 10 comprises a substrate incorporating a support 22,
a backside electrical contact 24, and a chalcogenide absorber 20. The article 10 further
includes a buffer region 28 incorporating an n-type chalcogenide composition of the present
invention, an optional front side electrical contact window region 26, a transparent

30  conductive region 30, a collection grid 40, and an optional barrier region 34 to help protect
and isolate the article 10 from the ambient. Each of these components is shown in Fig. 1
as including a single layer, but any of these independently can be formed from multiple

sublayers as desired. Additional layers (not shown) conventionally used in photovoltaic

3



15conbi nati ons of these, and the |ike. Conductive conpositions

i ncorporating Mo are preferred. The backside el ectrical contact 24 nay al so
hel p to iwol2atie13ri1e absorber 20 fromthe support 22 to RCHRIUS2@E/08426Y at i on
of support constituents into the absorber 20. For instance, backside

el ectrical contact 24 can help to block the mgration of Fe and N
constituents of a stainless steel support 22 into the absorber 20. The
backsi de elcelstas Prantydrapwt gicheraerdeygopesinay dioderreideds dgpeit 22 such as by

prot ecti ng oa@@bRaty hefid, the36p 1 BoUaEE1 i D adehRa kOFBA RR vHicrabs&bee 20.
The chal cogeni de absorber 20 preferably incorporates at |east one p-type

Group 16 chuideagéghi de, Theregthakof dpaipe the cadayivnsaléide basad fayefes, theypgorber

sel eni des- gl fil PRSust DRttad Ol A Sr@turt @R Ee QR AL arf BRRSIN top NIy th@RG4PT
gallium In many enbodi nents, these nmaterials are 25present in

pol ycr y$t aMithraa absorbpr thatishsmbatpdssn ¢t diff¢trerfevanelerathsal s exhi bit excel | ent
cross- sections for |ight absorption that allow absorber 20 to be very thin
and flexible. |hhguppEt Fampy ke g6 ar Henbls substratgpderRprt 3B sy he forpeg fiom 20 may

have a thi %m@éﬁn.é’bftnﬁ@erfa?sn%egeri%cﬁ §, qﬁ%, Hﬂﬂhlt&ra%gé)ﬂltateﬁgl@,%oﬂfﬁers,
preferably about 1000 nmto about 2000 nm Representative exanples of such

p-type chahebgenictésllabsoemeidliaeannseitiens. depst. v@osupfiogey,ver Ebries i des,
and/ or CO”’%.@?%&% Pf)%str%f‘ﬁﬁghé hat s!tﬂrﬁﬁé%eﬁ& Pﬂef‘e?x%&t PREHR uERRRE ke | Ndi um

al um num an r gg re typically at tTeast two or even at |east
t hree ob Coprefdrred t@enabrnohxfhuapelipties enthe flGubititydd sheathig/fdm absireaniagésther e
preferred. . Sone enbodi nents include sul fides or sel enides of copper and
i ndi um Adéalytelfsbnal enbodi ments i nclude sel enides or sulfides of copper,

i ndi um an.d gal jI'l@leulggc @(heué]gcﬁlilcql %Yacpféﬁ 1}‘%\%&%%?}00@9%%%9\%? 8 €lllelctrpcr ].l)%o gfenat ive
metal, typically replacing sone or all of the ga I um DECI]aIC exanpl es
i ncl ude butartgkeel Onoextkinpl direditty 0 Comp@er naydie liomsed fiem desle ragp peeledtmnailym

gal I ium sel enj des, copper I 1ium sel eni.de copper i ndi syl fi.des, copper
Toa um gar T Co SRR gl o nE b R G E S SEES o b sui ¢ do
sel eni des, ceapipaiongal thedemmsiuhd lilde Batwnveasnposopfihcdrpethtii® Mb widl num

sul fide, copper .indium alum num sel enj de, co r i.ndiu | um n sul fide
ol eni de. b THRGRT s RAaT Bt S et e D Sseb Bt nom
gal | i um selieniupigrrt 2appehiniidhidhiah UNduppen @akdithetn it the s8obel @nirde, and
copper indiumagalliumsulfide selenides. The abosber materials also may be
doped wi t h 5t bf‘Fé‘f‘é‘? Flagtacal sopiprt 34 caghelpig biqgck .tlt?rm‘tgﬁé“)]ll Pf(l_:ee, anlNiephance
per f or manc@englitheAdl 4 {tARlesTRRY supptk COGRNNIRLSIHALE ARWatksidRCRCRRIAL € at

| east some oxygen as an inpurity in small amounts w thout significant

del et erPousopdt d¢ flso cpanoestala JupPRTEZ e & by egtecting against Se ifcyeds piedfter r ed

cl ass of ClyES.aRliehbAksoBY e represented by the fornul a
15Cual nbGacAl dSewS" TeyNaz (A) Wierein, if "a" is defined as 1, then: 20

The chalcogenide absorber 20 preferably incorporates at least one p-type Group 16
chalcogenide, such as Group 16 selenides, sulfides, and selenides-sulfides that include at
least one of copper, indium, and/or gallium. In many embodiments, these materials are

25  present in polycrystalline form. Advantageously, these materials exhibit excellent cross-
sections for light absorption that allow absorber 20 to be very thin and flexible. In
illustrative embodiments, a typical absorber region 20 may have a thickness in the range

from about 300 nm to about 3000 nm, preferably about 1000 nm to about 2000 nm.

Representative examples of such p-type chalcogenides absorbers are selenides,
30  sulfides, tellurides, and/or combinations of these that include at least one of copper, indium,
aluminum, and/or gallium. More typically at least two or even at least three of Cu, In, Ga,
and Al are present. Sulfides and/or selenides are preferred. Some embodiments include

sulfides or selenides of copper and indium. Additional embodiments include selenides or

4



= 1.0to 2.5, preferably 1.0to 1.65 "b" is O to 2, preferably 0.8 to 1.3
"c" is 0to 0.5, preferably 0.05to 0.35 "d" is O to 0.5, preferably 0.05
to 0.35, woeharm@hbily d = 0 25 "(wx+y)" is 2 to 3, preferablus2@1084289 8 "wW'
is O or nore, preferably at least 1 and nore preferably at least 2 to 3 "x"
is Oto 3, preferably 0 to 0.5 "y" is O to 3, preferably 0 to 0.5 30"z" is
0 to 0.5, preferably 0.005 to 0.02 The absorber 20 may be forned by
any sui t abP@ l%gtqflﬁﬂpﬂ%lnﬁbu% a\‘)‘élgi‘lét“?‘ éﬁur%‘ﬁlémé‘i‘ayr?ﬁruéedtaééﬂﬁ‘ik&%’é‘ Quch as
evapor at i ORyerfRNE LR NYpicAly@EHIAQHeRAB IO hPBf (hs PAIRYh NGpecARExahplb&intng One
preferred nmethod i s co-evaporation of the constltuen? el enents from one or
nmor e 35sui Pabirenetdinget & copherripdipp selppidisyearnd ind i Leilipeplenidee AEMES ar e
thermal I'y %Mﬁﬁﬁkékﬁﬁap&xﬁmhg&ué%ﬁﬁﬂﬁﬁc&ﬁkﬁ&hﬂﬁﬂ&ﬁLhYmﬁEm£h%pﬁﬁgﬁh&hne
sequential Fy, or a conbination of thése to form absorber 20

deposi t Bon sulfifes, eiwpersindive spitide pdletlides aappdsgaldiubjseldide sel¢mdes reeppar indbwe f ur t her
treatments afuﬁmfui glhh&eec ﬂggr 1?19 &ra%ﬁﬁlng&gagﬂlaé @3pper indium alu Qﬂtshf?ﬁgl | ayers
(not shown) e uséd ‘on su strate i'n accor dance Wt %128 conventi ona
practices raeiwi&mowpeomdmereehaﬁmem gd Byl salfetl ¢oppdréhdiue alvanmoen gadlesi on

bet ween ba SRR L n S 22..and/ bet ween
backsi de e%églrlc%ﬂ%cgﬂ ?mﬁﬁ’ gﬁ?' ﬁk%g%lmde%%?l hmfﬁhmﬁﬁ%@?lonally
one or nor eulfide sellamidek. aﬁherasos()mhat&imméo adysie dopyd ‘beh pnhavmdadalgvmh ab Ve,

backsi de of .su rt 22 to hel vice 10 fromthe nt and/or to
o ect 110l 1y F BBl a5 GuPed Bt alniadie g bHe S5 meRaBRRnah sul t1 de
based natemkﬁﬁmﬁﬁpﬂ$a$@ﬁnﬁ@xﬁﬁﬁa@bﬁ@ﬂbﬂ@uﬂ@mﬁﬂaﬁﬁmﬁiﬁﬂhﬂ@w@@ﬁ@ﬁﬁssureS of
at | east 0.08 mII&f‘tb é%‘) 6 ton, 8 Pa% nore preferably at |east 0.09

m | 1ibar (§CBEHOEsGHCCE upsp clecRpic Rpprts ef erably about 0.1 millibar (0.075
ton-, 10 Pa) an ter 0.12 i bar n Pa), nore
preferably no ggB%Pré errf’ 8]ﬁ53§fﬁ8ﬁfr}afqnﬁ 6’66% sF’btﬁ‘?b&% If%fjnugaPr eferably the
at nrosphere is inert or a sulfyr containin as, 10but is nost preferably
inert. 1 Duri ng such depos?‘fapbﬁa@@%%%ﬁ 4 hd™ubstrate is typically
fixed to or otherwi se supported upon a holder within the chanber such as by
gri ppi ng conponents, or the like. However, the substrate may be oriented
and affixed by a wide variety of means as desired. The substrate may be
provi ded i WVhean.dhantiedelingd 3 Inl§her such that the substrate is

“(b+c+d)/a” = 1.0 to 2.5, preferably 1.0 to 1.65
“b” 1s O to 2, preferably 0.8 to 1.3
“c”is 0 to 0.5, preferably 0.05 to 0.35
“d” 1s 0 to 0.5, preferably 0.05 to 0.35, preferably d =0
25
"(w+x+y)" is 2 to 3, preferably 2 to 2.8
"w" is 0 or more, preferably at least 1 and more preferably at least 2 to 3
"x" is 0 to 3, preferably O to 0.5
"y"is O to 3, preferably O to 0.5
30 “ ”1s 0 to 0.5, preferably 0.005 to 0.02
The absorber 20 may be formed by any suitable method using a variety of one or
more techniques such as evaporation, sputtering, electrodeposition, spraying, and sintering.
One preferred method is co-evaporation of the constituent elements from one or more
35 suitable targets, where the individual constituent elements are thermally evaporated on a hot
surface coincidentally at the same time, sequentially, or a combination of these to form
absorber 20. After deposition, the deposited materials may be subjected to one or more

further treatments to finalize the absorber properties.

Optional layers (not shown) may be used on substrate in accordance with

40 conventional practices now known or hereafter developed to help enhance adhesion

5



15stationary and/or non-stationary during the treatnent. In sone

enbodi nents, for instance, the substrate can be supported on a rotatable
chuck so wbanitttsgisubstrate rotates during the depositi ®aT/US2011/03426% Or
nore targets are operably provided in the deposition system The targets
are conpositionally suitable to formthe desired cadm um sul fide
conposition. For instance, to 20 formn-type cadm um sul f| de, a suitable

target has PEVEEHpskids dertigaheontack P4 anddhesyapirtitd andlpr Serveen backsidai ni ng

conmpounds, ¢RBEichIToRh&NELAPINK aBRWeP R nOad MddioaNd, St Jrore Wfi&NNRLI Vel y, a
cadm umtarget can be used in the presence of a sul fur contai ni ng The

resul ting {HItRRG™ED plsemay BpPipvided peca gie bpoksitlged fEper 32 (higip 1S%ﬁeéieﬂ%?(ér ably

at | east 1%0%@5&%&:&aﬂﬁﬁf%re?&lr%al%plsélgte%%&ﬁ 1200 nm nore preferably up to
100 nm yet nore preferably 25 up to 30 nm still nore preferably up to 20

nm and gost prefgs @lfey rertég)tn 2R &dl;nlﬂﬁfﬂ sutBdd WiksedThAERul H%s@éﬁf Jr&he JH40SES ﬂﬁs

effectively at these yet nore, still nore and nost preferred very thi
| ayers, thé&yapdianne gfpressded afraf fepst D8 nelibhr (D)6 tast. Htha @gre prgigrabbngideasd to

prior art ?ﬁ)b'nﬁlhb%@%%ﬁcﬂ '9%?%&&&1@%9@@2@6 Bhi i@ Mﬁ%fﬁ?%&"e by

| eachat e anount ['e a Smal I’ anoun |Tfu5| onin ce
t he met hod and n¢ greger thanght3 wAliBO KAYO t@ucmPfi)tmbt@pqunlvlfymoarwlleythhméélthan i's

found in \MPHGf'le ,[ hE @r’zﬁ)b%{ ﬁr@fera%?y&h% &t | o a e 1§ Ln%%%r a B §§gI{t§mmg%§%

|nterd|ffu5|on in ions |ne sor erre
poi nt ap \A,fbutalsmtolst@rﬁenawﬁndrtr action of cadm um exceeds 0.05 in ener gy

di spersive x-ra ectr SCo. scans, o oS n of . the and

Gor i med at tne- BReRh dgReRtniREn Jhs fbET SRl 18 bt Bo s on of
i ndi um and sggbaal yniaholdeswithin@r Batiberateh apl’b@fgﬁp@bi yorh@ent&tod tHediké.r act i on
of copper is |less than 0.10. The atom.c frﬁﬁ$|on based on tgtal atom c

anount s of HO85EEr the Pupgirgirmay Be piigd aod alked Ry 2 Wé‘lfrﬁaﬂﬁ?’ ok peansias deiad-oxy gen.

The grain ghgeuiratt iRy 6@pivhidea mihd bdenbgr idiansanpEcher @l tfe dubstk@sis t han 50 nm
nore preferably less than 30 n and nost preferably |l ess than 20 nm

Accor di g S@UPHNSASIAEGR NaRRAT eing Hedieaest. 9p s ATPeIiPEs HBSEND

pref er abl y glc@gBstlaftann Be QUPpbiedtdhl G ABSR- chuck so thaMiRMubsthilead6hic® Burfdnhde
determ ned fromtransm ssion el ectron mcroscope (TEM |ine scans using

energy di sgerdsitiga. x- ray spectroscopy (EDS). Sanples for TEM anal ysis can be
prepared by fOCEbﬁé‘Qr hoR tal}g&{@ré E#;e@lbl%ﬂo‘vid@@m%ﬁé g%oﬁtlglﬁysé}nr @B@ta@gé'arﬁeam FI B

mll equi pped wth a Omi probe ft=-out M anal’ysi s can "be perforned
for exarrpl éomppsalom@)llmltamemfarm Te-de0iT crEGTENW Biacppeetititnt Homnftigehbone

hi gh ang O&Hﬂ&;h@é cAilitmshiBld a(GIRMNR) Hﬂa@'&' %&J ﬁMn(tr?aTEM P@&aﬁﬁﬁuﬂ%ﬁlﬁi‘d EDAX

EDS det ect operating Vol tage o can sul t e for
t he equi prewturfcontai@grrpmgowndk taag@sprcféraa]lyé)ﬂ% RoOcadeNtmpel wdef.ul with the

equi pnent nt | d above. S a Ived EDS.lin ns._can be
acquired i nr)ﬁtgﬁnﬁ de® I}llg%t?&%ﬁé kg?ﬂsr?glesepl@rs%nr%e asui@bcon A on 6asl i ne scan,
50 spectr a%amsmangﬁmlsrpedemlsly agledst mmrnespnteeetsxﬂms podre pesodtiy atdeasarﬁthrm STEM

pr obe si ze o%. - The full cal e % can be erted
"o of enoAtai ety B0 oA Do BerbEEkily Pagde RAE Ty BT
i nt egr atsed up@ad0 GOl Sncré pleferwlhgtbcm ch arrﬁnﬁnsalbr):fewﬂ}dwt aotd tfarProper t i onal
to the con entratl %%fgjl n wes[g rcent) of a Cﬁl‘tal ndel erren% c\{Vsi ht
per cent 1o SRSk & e éebugyetill more and most prefeired ver
thin layers, the amount of cadmium in the cell is relatively low compared to prior art cells.
These cells have the added benefit of a low cadmium leachate amount.
While a small amount of interdiffusion in cells made by the method of this invention
30  may occur it is significantly less than is found in when the atmosphere for sputtering is
lower pressure. The interdiffusion interface region is defined at the absorber region by the
point at which the atomic fraction of cadmium exceeds 0.05 in energy dispersive x-ray
spectroscopy scans of cross section of the cell and defined at the buffer region by the point

at which the atomic fraction of indium and selenium is less than 0.05 and preferably the

6



20 based on nole weight of the elenent. Note that as a skilled worker
under st ands peak intensity is corrected for the detector response and the
ot her sampbeodependent factors. These adjustnents are typiraskén/osede based
on manufacturer's paraneters for their EDS equi pment or other suitable
reference standards. G ain size can be determ ned by standard anal ysis of
TEM bright and dark field imges. 25The cadm um sul fi de | ayer nmay contain a
smal | anouﬁEOHB‘F fri“‘r?ﬁ_ﬁf’f £qPast is FFhethahy-uhhs firmicdaactiay s pajsf on &g onsi sts
essenti al | ¥n@fin¢ CBpHN inditinf MR X¥BRRMABMNE ARG fur, PEES:§6aD | Dhetohn at om c
fractions of cadm um and sulfur are at least 0.3, the atomc fraction of
oxygen is &FcPpelsradmiomspdde painapeiiredly isdes isn S8Mme syperreliceblydss hharan 0. 15,
more pref enghly dEfs: E)f&?éi'a & thﬁpﬂ_d”'ﬁn.am&ﬁcﬂﬁg{o%ifs QhbSAHEASHE Merte
preferably an inert gas such as argon, heliunor neon. The substrate nmay be
pl aced at aegymesesethan Heumdirsferphlydess thomSamainghickiesat i on rel ative to the
target(s). In s . . | € i i St . I\ furi ng

t he course of tﬁ[e@%igggﬁﬁ){l ?gr}l%(?e?&g%%firf}g .t§?%§%§??1§?tﬁﬂﬁgp§|5és{)?éa&ce f s in the
range fromliabsats Gingrnkigy dspesise (mp) specroatypyut ERY0 Samplkes éfrditdMbhyalysishe

di stance is_from t 60 ) ab .om . Pri artin ition,
the chamber EMRaRT SlTuh e BR0 BRuT bl Lt A AL b PEr ARy
enbodi ment squipfed viaseOmni@sb ii€-dustooh THM anapdrecah bo perddroid fdrxidnBe don t o

about 1x10- ort. i many. nodes. of. pr.acti ce nmay, be carried out
S00n" oty Tokhs (PP kEP X el SR SRisShioBUES, it

Conveni ent I(HAAnmaamycamdﬂgM (SFIERDTdeaOfT?M HIRA X ®DS deebcout Thungeratiagbi ent )
terrperature condi.ti our se,. cqooler oy war r te er at ures my e
used to heIVB“aéo’BHf }haﬁmmeﬁ?vg#wtﬁlg?ormg}mea yuah %YOlt%eSPﬁ@”un ke. The

deposi ti on 20@ye\0ere Gl viith @bqdigfch: BRA&EGBA hishver ovi de a | ayer of n-type
mat eri al have a desired thickness, uniformty, and/or the |like. 100pti onal

wi ndow regi on 2522t plverRDD Engscansgn &e P‘é&‘éﬁéd B 1M mede frraHMPE pl e

subl ayerss, jaaRshekdn e 1P6 AhQ6e BRAEAS 50 §kRE Sin BWAAERMY ﬁﬁﬂ% @Hm%gotaebs_o may
protect buffer region 28 durlg)% subsequent deposition of the TC regi on 30.
The wi ndowspPe ggselytiosandsS BAM pgbaside P ohna. vihg &1t salgepastra ke \Qlcan Bhd of t en

is formed fopQhdy mESIShdnYS dis{rfbﬁﬁérp?Bﬁﬁg b&éﬁg@ieﬁé&%nﬁ@ (ﬁ‘lﬂn@e)fiogﬁlteg}ate%n’ In,
Cd, Sn, conbinations of these and the Iike. An exenplary 15 w ndow materi al

i s i ntri nsipeakziemnts Afteryppékezdundiraneal) isedyicotty Peperagnahptbe eonceritekore@s i n t he
range fro Owhr ut 150
m Cor e prariay BT e g A s B E LAk RRR iR Ty
be a singl dadedpemoby wéigntmt thefeteorenimiNdte hheassushillay eosker uigleslands paakal | y
coupled to.the. buffer &ﬁ%i n .28 to pr QVi dg a top cor]ch ectrode for

CNSIty IS correct: detector reSponse and the, C telnale% %lc OrS
20article 1B™ many suitable e sdhonent's, the Fedi on '30°REs a

t hi ckness iThedchdjustarge afertgpivdlyantde besed oh hanafacuter'd pdnaens f@anefigtiabl y about
150 nmto abaqut 200 nm shown, the TCO. regi.on 30 is in direct contact
wton The weRdbteTabr B bR SaR g Ry ASerhy ey S Enar |y
may be i nt enppasas TBM baght and @lry fiekl iheasons such as to pronote adhesion,
enhance el ectrical perfornance, or the like. 25A w g,e var.i et

. of
transparent condRctERg Y aye; Bjay Compin acBAl aReyR&! IpRuEHEy akhe sRd M,

filnms; or canbé R RSBl cbiesestTRMalBEfIcAGRiIRO Sifue bx YsBtinil Boﬂé)@f. mng the
transparent conductive region 30. Transparent conductive oxides are
pref erred. PEtARY &y agmis ffationeokcalminyensd sulftiors pdeasbpédhe ftamigdragdon ¢fi n

oxi de, i ndigWBeRXd AGoasd N ddThd dBmRGtREor & tohper &l 1TINKT. BORBR #iBGHQX1 de
(AZO), zinc oxide, conbinations of these, and the like. In one
less than 0.10.
30 The atmosphere for sputtering is preferably an inert gas such as argon, helium or
neon. The substrate may be placed at a predetermined distance from and orientation relative
to the target(s). In some modes of practice, this distance can be varied during the course of

the deposition, if desired. Typically, the distance is in the range from about 50 millimeters

(mm) to about 100 mm. Preferably, the distance is from about 60 mm to about 80 mm.



30il lustrative enbodi ment, TCO region 30 has a dual |ayer construction in
which a first sublayer proximal to the buffer incorporates zinc oxide and a
second swsbayari3raiéor porates | TO and/ or AZO. TCO | ayer s parascandaszoent | y
formed via sputtering or other suitable deposition technique. The optional
el ectrical grid collection structure 40 may be deposited over the TCO
region 30 to reduce the sheet resistance of this |ayer, The grid structure
40 pr ef er abFgr PREHSSIBIELoRE chmbepivaically %ﬁ"acﬁ&‘wd@lﬁ Su@ﬁ‘ble ‘lee PEPSUICTa,  Ti N,
TaN, and cembhRedhiainddae iR ®hse Jrégl8ialne hile il shobS1:TBd &R0 Adut AN
optional filmof N (not shown) may be used to 5 enhance adhesion of the
grid structlgh® t®rthe TCO region 30. This structure can be formed in a wide
variety of WaySCoﬁ\J%ﬁleH%l 'ﬁgtnpﬁfoﬂ& dT%?h%u&:f m?yﬂ&&aﬁleﬁ%ﬁhatgrterﬁﬁeﬂtﬁ@'inM’{br e
structure, being for by screen-printing, ink-jet printing,

el ect r opl atrdngg of fitiobdut Ehdge aptny 30 dhdConveaientlyz imagy miedes ol pragiiceadyedenask
using any SikbablGndGRARIh BRbEGRN oA GNBLEOERALAG Asgd phot ovol taic
cell may be rendered | ess sus eptl e to noisture rel at ed degradation
via direct tenhmwtmreempejrlastlwa@toempi qooaollctaposaifonsateI@p@setldma]uahterorplnedﬂ@cti on 34
to the top 20f rLier tion may be
a single Iz}g}erepOSI 1O§P1t% %e suct) é?oél ggouﬁisl%oﬁr%VId Eaefglg frn P’%el% tg}é%el%no cover

t he el ectr|deﬂﬂedgr1¢ldestmnﬂfohumeabzﬂbrtaehmher t hat covered such grid nay be

used i nstead or ditio her shown. 15 EX

A phot ool tai o QBRI B e gees @t 28 "B B SATBled e 25 SPBYCET SURUES at o i s
provi ded. éuma}eb;l, wm&nﬁo@ﬁitecbd@mmtha@kwlﬁ@weﬂeg@h%@ab @ pfcdt bufserf or med on
substrate b erin cop m gal | i sel eni de apsorber is
formed by é a‘g’ém% %%uﬁ?t HOSH 86’@%@%@ @pl'plgérwmfl?n‘wfi%‘ﬁn 4P Rm and
sel eni um a&ma@@&rmﬁe o8B ﬁlaeﬁayﬁldybfﬂ‘eﬁ APoRddURInP R SRS Benspirba t he
stainless steel substrate, which is held at - 550C, for - 80 mnutes. This

process reSHdE suchiys amoxdedidae fn. b Kpmhiattiaps gk theseend s dikendd Psamplaty cadni um

sul fi dejsl aygidowsma@eH & 15&@1%%9)’ A tyhikalSRBESEF8bn 6 Yy Ra (O IRGE T £99. 9+%
25purity) at 160 watts in the presénce of argon and varying pressures as

shown in Taee frpm appet 1trémrf5>eabawl}’r08 ng¥, prefpsabdy dopt Hi wm fosabeli Ranhewrat 35C and
the target p¥e@er§61§?§ﬁdu@§@to%§ﬁtél@§‘ﬁ is - 90 nm The approxi mate thickness of

this layer Is as'noted In . On the cadm um sul fide | ayer, an
i -ZnO and Al - doﬁﬁ‘@‘ré@%g{\@h%(ﬂ%Rﬁ'xﬁa%e‘é's&gfeﬁa%%%}ﬁ?ﬁé@ﬁroﬁrrfﬁﬁ PEGhiaQfs grid is
deposited on the Al -doped ZnO I's mide substantially accordihg to the

above pr océdueatricale coupdddel th?@rlffelfmgl@ﬁl enoyprowjdarelas gpidugisilacendefppl t age

ghi‘r ?nclt |r 'bgit %318 g&'?‘aan}& Lidiil DAbORRentSnd FoS ML 308kt L i8N iRRRkGeat about

from about 10 nm to about 1500 nm, preferably about 150 nm to about 200 nm. As shown,
the TCO region 30 is in direct contact with the window region 26, but one or more
intervening layers optionally may be interposed for a variety of reasons such as to promote

adhesion, enhance electrical performance, or the like.

25 A wide variety of transparent conducting oxides; very thin conductive, transparent
metal films; or combinations of these may be incorporated used in forming the transparent
conductive region 30. Transparent conductive oxides are preferred. Examples of such
TCOs include fluorine-doped tin oxide, tin oxide, indium oxide, indium tin oxide (ITO),
aluminum doped zinc oxide (AZQO), zinc oxide, combinations of these, and the like. In one

30  illustrative embodiment, TCO region 30 has a dual layer construction in which a first
sublayer proximal to the buffer incorporates zinc oxide and a second sublayer incorporates
ITO and/or AZO. TCO layers are conveniently formed via sputtering or other suitable

deposition technique.



WO 2011/ 137216PCT/ US2011/ 034269 Table 1 Sputtering pressure, nbar CdS
t hi ckness, nm Nunber of sanples Mean efficiency, %0.002 15 12 6.8 0.002
120 3 6. WO0.20M/1B%:218 6.7 0.02 15 3 PCT/US2011/034269

The optional electrical grid collection structure 40 may be deposited over the TCO
region 30 to reduce the sheet resistance of this layer. The grid structure 40 preferably
incorporates one or more of Ag, Al, Cu, Cr, Ni, Ti, Ta, TiN, TaN, and combinations thereof.
Preferably the grid is made of Ag. An optional film of Ni (not shown) may be used to

5  enhance adhesion of the grid structure to the TCO region 30. This structure can be formed
in a wide variety of ways, including being made of a wire mesh or similar wire structure,
being formed by screen-printing, ink-jet printing, electroplating, photolithography, and

metallizing thru a suitable mask using any suitable deposition technique.

A chalcogenide based photovoltaic cell may be rendered less susceptible to moisture
10 related degradation via direct, low temperature application of suitable barrier protection 34
to the top 12 of the photovoltaic article 10. The barrier protection may be a single layer or
multiple sublayers. As shown the barrier does not cover the electrical grid structure but a

barrier that covered such grid may be used instead or in addition to the barrier shown.

15

Example

Example 1 -
A photovoltaic cell is prepared as follows. A stainless steel substrate is provided. A
niobium and molybdenum backside electrical contact is formed on substrate by sputtering.
20 A copper indium gallium selenide absorber is formed by a 1-stage evaporation process
where copper, indium, gallium and selenium are evaporated simultaneously from effusion
sources onto the stainless steel substrate, which is held at ~ 550°C, for ~ 80 minutes. This

process results in an absorber stoichiometry of ~ Cu(IngsGag;)Se,

A cadmium sulfide layer is radio frequency (rf) sputtered from a CdS target (99.9+%
25  purity) at 160 watts in the presence of argon and varying pressures as shown in Table 1.
The temperature of the substrate is maintained at < 35°C and the target to substrate distance

is ~ 90 mm. The approximate thickness of this layer is as noted in Table 1.

On the cadmium sulfide layer, an i-ZnO and Al-doped ZnO was deposited via rf-
sputtering. A collection grid is deposited on the Al-doped ZnO.

30 Cells made substantially according to the above procedure are tested for efficiency
by measuring current-voltage characteristics under illumination. As is shown, efficiency

peaked at about (.1 millibar (10 Pa).



7.7 0.05 15 3 8.2 0.07 153 8.1 0.10 15 32 9.5 0.14 15 4 7.5 10 Exanple 2
Cross sections of photovoltaic cells which were prepared substantially
accor di ngvoaotihs7aret hod of Exanple 1 are prepared by foeasas2éionitszeam as
described in the Detail ed Description above. See above Fig. 2 shows the
atomc fraction fromEDS of a cell made on a copper indium 15gallium

sel eni de based absorber on which cadmumsulfide is sputtered froma 99. 9%

purity

Table 1
Sputtering CdSs Number of Mean
pressure, mbar | thickness, | samples efficiency, %
nm

0.002 15 12 6.8
0.002 120 3 6.9

> 0.01 15 3 6.7
0.02 15 3 7.7
0.05 15 3 8.2
0.07 15 3 8.1
0.10 15 32 9.5
0.14 15 4 7.5

10 Example 2

Cross sections of photovoltaic cells which were prepared substantially according to
the method of Example 1 are prepared by focused ion beam as described in the Detailed

Description above. See above

Fig. 2 shows the atomic fraction from EDS of a cell made on a copper indium
15  gallium selenide based absorber on which cadmium sulfide is sputtered from a 99.9% purity
cadmium sulfide target in an argon atmosphere as described above. Fig. 2a) shows the
atomic fraction of a cell made by the present method by sputtering at 0.1 millibar. Fig. 2b)

shows the atomic fraction of a comparative cell made by sputtering at 0.002 millibar.

This shows that interdiffusion is limited to about a 10 nm range in the samples formed at

20 higher pressures.

Example 3

Example 1 is repeated using an absorber made by selenization (using elemental
selenium) of a sputtered layer containing the elements copper, indium and gallium and
varying the pressure during CdS sputtering as shown in Table 2. The absorber formation

25  process proceeds as follows: copper, indium and gallium are deposited on a stainless steel
substrate, onto which niobium and molybdenum had been previously deposited, via
sputtering from either elemental targets or a target made of an alloy of copper, indium and
gallium. Elemental selenium is evaporated onto the coated substrates with the substrate
temperature maintained at < 100°C. This coated substrate is then heated to cause

30  selenization of the copper, indium, gallium precursor.

10
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6.5 0.12 151 4.9 WHAT IS CLAIMED | S: 1. A nethod conprising formng a
chal cogeni de based absorber |ayer on a substrate formng a buffer |ayer
conpri si yocadm3mmsand sul fur on the absorber by sputtercmgiSati1a3femr ki ng
pressure of fromO0.08 to 0.12 nbar. 2. The nethod of claim 1l wherein the
atnosphere is inert. 3. The nethod of claim1 or 2 wherein sputtering is

froma target of cadmiumand sulfur. 4. The nethod of any one of clains
1-3 mhereigﬁ%élﬂﬁﬁ%ﬁgﬁgguﬁaving a thickness of less 10 than 10 nmis forned
bet ween th? absqgrber |ayer. .and the buffer |ayer wherein the interface is
defined on 'one iWﬁ@%Nx%WQ“B%int at which the atonic fraction of cadm um

exceeds 0.Q5 i.n ene dj sper.sive x-ray spectroscopy scans of cross section
of the cel I(Porénrlln %cgﬂcﬁ%e 1d3ﬁ1’9‘%1edsae%05ne l?lfd()en 891% tﬁage poi nt at which the atom c

fraction of._jndi el eni. j . . :hod ,of claim
2 wher o n_ THUTSA 4 R0 SRAPIURL Ll Ehnd A0 Sy B wnkit PGEINAN. S o o
fracti on ofwodoppeessheiafdrohgs@s ©lval? hat0. 6. The nmet hod of any one of
claims 1-5 further conprising formng a transparent conductive |ayer over

t he buf f er 2I ayeilhe mpthpbefaildin If wrardinheatmgspoousiiagrer bet ween t he transpar ent
conductive |ayer and the buffer layer, and form ng an el ectrical connection
grid 20on Bhe t famaphedeftclaBprductwhgecin gRpaeringds fpmadpiget Preedmigmigda barri er
| ayer over (g transparent conductive layer. 7. The nethod of claim®6
conprising providing a bather |ayer over the transparent conductive |ayer

and/ or the4gri dyhe fethby BAL OO Aifas 38! Whek@h BRRdMcd REinFRI RS 0fabRl NS
-7 10 than 10 nm is formed between the absorber layer and the buffer layer wherein the interface
is defined on one side by the point at which the atomic fraction of cadmium exceeds 0.05 in
energy dispersive x-ray spectroscopy scans of cross section of the cell and defined on a
second side by the point at which the atomic fraction of indium and selenium is less than

0.05.

15 5. The method of claim 4 wherein the interface is further defined on the second side by

the atomic fraction of copper being less than 0.10.

6. The method of any one of claims 1-5 further comprising forming a transparent
conductive layer over the buffer layer, optionally forming a window layer between the
transparent conductive layer and the buffer layer, and forming an electrical connection grid

20  on the transparent conductive layer.
comprising providing a barrier layer over the transparent conductive layer.

7. The method of claim 6 comprising providing a barrier layer over the transparent

conductive layer and/or the grid.
8. A photovoltaic cell formed by the method of claims 1-7.

25 0. A photovoltaic cell comprising a backside electrode, a chalcogenide based absorber
in contact with the backside electrode, a buffer layer comprising cadmium and sulfur on the
absorber, a transparent conductive layer located at the opposite side of the buffer layer from
the absorber layer, an electrical collector on the transparent conductive layer, wherein the
cell has an interface between the absorber and the buffer layer said interface defined on one

30  side by the point at which the atomic fraction of cadmium exceeds 0.05 in energy dispersive

spectroscopy scans of cross section of the cell and defined on a second side by the point at

12



259. A photovoltaic cell conprising a backside el ectrode, a chal cogeni de
based absorber in contact with the backside el ectrode, a buffer |ayer

conpri si myocadm3mmsand sul fur on the absorber, a transpacenis2eians42ee i ve

| ayer | ocated at the opposite side of the buffer layer fromthe absorber

| ayer, an electrical collector on the transparent conductive |ayer, wherein
the cell has an interface between the absorber and the buffer |ayer said
interface d®fShikgatonicdietiguyiighiviByng sréenien itlesathapfiterng pdd BGRFCIavingct i on

of cadm um,exieerdSor@s®@mah Mo 8Mer gy di spersive spectroscopy scans of cross
section of the cell and defined on a second side by the point at which the
atom ¢ fragpl onTRS colltficldih RGeRE BOh A S s it R8OhAs OPn@and said interface
having a thickness of |less than 10 nm 10. The cell of claim9 wherein the
average grain sikecellsf h@yssnetdi@arinD-Nmvhereihlhe bifier cdkists @fsemnylyone of cl ai ns
9-10 wherein the buffer consists essentially of 5 cadm um sul fur, copper
and oxyden C%%“‘EWBH% oHPE AF QEY5°8 ﬁ%f?@lﬁ a@M%Oﬁ%ﬁ Cé‘%l“‘?]ﬁlr angdsalfyfarg dast

0.30. 12. 1Asqymtovoltaic cell conprising a backside el ectrode, a

chal cogeni de based absorber in contact with the backsi de el ectrode, a

buf fer | ayae. conghb®ielghicCatrbuptianda Bickdits elevirotifla calis@ichide basad hissaftepar ent
conductive . layer |located at the opposite side of the buffer |ayer from

T0t he absoibaiiteLyh e GridNa e reR Bos irsongrsiphgpbunensDlit e bhduct i ve

| ayer, whemgiotbenhiar@ifardnheonbudifve 1ayeo0&dist 5 tRSppotitk aldb v @F beddmyenirsil f ur,
oxygen, and g%tionally cogper and the atomc fraction of cadm um and sul fur
are at Peadltc A9saber 1k aneisrrical cpietor o thsriragsppfrahcanduciive faggis hefedo and t he

atom ¢ fraghbRMh @ bR REHsisksSeste@ Sl TR BdRiukQulfur, oxygds-and BRidaEIY cdpherdny one
of claims 9-12 wherein the thickness of the buffer l'ayer is |'ess than 15 30

nm 14. Thén¢@rRiogHc BpjionAEcImivn anhalior argavipst @ph eadipmigriiaréectat e from
the cel | 1 &% &nat cbdmblne admic rARRVIrAQYQet B1Gs §hb.16oMPri sing a

backsi de el ectrode, a chal cogeni de based absorber in contact with the

backsi de eligctihedan ofunhWhd S c1diRY 6112 GHIRIA &b HEckeaH B tHOLRITEE 1834k fsUbss @unt he
20absor ber, a transparent conductive |layer |ocated at the opposite side of

the buffer 3PaPer fromthe absorber layer, an electrical collector on the
transparent conductive | ayer, wherein wherein the buffer conprises cadm um

and the t hildk BTSN apyencilefips 143 wherpia cpdiany ljaghatg fropihe cellyiglesshan e | of
claim 15 whefgin the cadmiumleachate fromthe cell is less than 1 nmg/l. 25
15. A photovoltaic cell comprising a backside electrode, a chalcogenide based absorber in
contact with the backside electrode, a buffer layer comprising cadmium and sulfur on the
20  absorber, a transparent conductive layer located at the opposite side of the buffer layer from
the absorber layer, an electrical collector on the transparent conductive layer, wherein
wherein the buffer comprises cadmium and the thickness of the buffer layer is less than 30

nm.
16. The cell of claim 15 wherein the cadmium leachate from the cell is less than 1 mg/I.

25
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