Efficient Gallium Thin Film El ectropl ati ng Met hods and
Chem stries Cross Reference to related applications:
waboos/03gpé i cation clains priority to US pat ent PCT/US2007/079356

application no. 11/535,927 filed Septenber 27, 2007
entitled "Efficient Gallium Thin FilmEl ectropl ating

Met hods and Chenistries”, and incorporates sane herein
by r dificient &alliin| Thio Fikoh EléctroplatinghMellggid and (hémistries
invention relates to gallium (G) electroplating

nmet hods and chemi stries to deposit uniform defect

free and snooth Ga filnms with high plating efficiency
and repeatabilit Such |.ayers may be used in
CrassRelgrersh (o relafed ADRAEOMGY | ces such as thin film
solar cells. Background: [0002] Galliumis an el enent

t hat Thss appbcation chamis poiedtictodsS aatdnteippbtatoninos 11/535,927 filed

i ndu tr' [ Liumd.s .general |l y .recqvered as a
SHPE 0P F Sy B P ae i TS FOMTar aitip fhg Methods and
ChefhistR 2l Ml iRadBofa&e 8ame heRXPBPIerehde. S.  Pat ent
2,793,179 and U.S. Patent 2,582, 377). Al though
F&lé@fﬂtﬁj'@ﬁ@sﬁ"m lon is a common method to recover bul k
Ga (see for exanple, U S. Patent 3,904,497) out of
basi ¢ooor] dthigineersnutliaense gaiiuingGayeleétyopiatidg rﬁﬁhodishzﬁfde
ave not heen, rrar%y ap I|c tions for thlofS mat er j
SIS i HeROS|t MR QIR eledeeh HEF PRUSTPA Hﬂ}smﬂb@gh plating
eFHHx&fES/'EhH Ye emamwls%u 1ARE hiY 6&R&ASN fég?fgﬁt‘?&{)(‘ifeele&mn}’c devices
few el ectrop at1ng bat'h chem stries and processes
su\érzettjm\fdhnmucahd reported for the deposition of thin
| ayers of Ga on substrates for electronic
appl i cations. For exanple, Gachloride solutions with
Balck¥jun@s varying between 0 and 5 were evaluated by S.
Sundararajan and T. Bhat (J. Less Common Metals, vol.l
1, p.loogso Gallgss)s frolemprichatap hsediin gemfeo@lctquanﬂ electrhies
ERERSCRaNTy) NERLAARLEd, Gy eRasi . pth gl
ter ‘and/ o cero oc ri
camdml&rg/mldrm ﬁluﬁﬁﬂzﬂf@k@e foisadmpie, &l. lsaPateﬁt ETEC1T0dnt(e.S. Patent
cont aini n Ga chl ori de and NaCH (J. El ectrochem cal
S5<i Yy, Aliapughiestrogeposgionsis g spmmgranethed tomecoyss bk Ga (see for
lo Y, tLy,
%%f&?* 28558 3 9048 PR SPORI0r £fhc IR Siko oty bulk G
tik@-havechoGheahinany aeplico0@B]forlthes rahtorial wime thom &iins were deposxted

rior h n n hs r r I [
“ch' c%ntrofled 1?11131 orgl(iit%l, r%o(rjp Hoagfyl an% thlalt(nesés ’l%e?ef(t)r%dor}iy % few

electroplating bath chemistries and processes were developed and reported for the
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deposition of thin layers of Ga on substrates for electronic applications. For example, Ga-
chloride solutions with pH values varying between O and 5 were evaluated by S.
Sundararajan and T. Bhat (J. Less Common Metals, vol.11, p. 360, 1966) for
electroplating of Ga films. Other researchers investigated Ga deposition out of high pH
solutions comprising water and/or glycerol. Bockris and Enyo, for example, used an
alkaline electrolyte containing Ga-chloride and NaOH (J. Electrochemical Society, vol.
109, p. 48, 1962), whereas, P. Andreoli et al.(Journal of Electroanalytical Chemistry, vol.
385, page.265, 1995) studied an electrolyte comprising KOH and Ga-chloride.
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optimum amount of Ga in the film stack. Poor plating efficiencies inherently reduce the
repeatability of an electrodeposition process because hydrogen generation phenomenon
itself is a strong function of many factors including impurities in the electrolyte,
deposition current densities, small changes on the morphology or chemistry of the

substrate surface, temperature, mass transfer etc. As at least one of these factors may



deposition current densities, small changes on the
nor phol ogy or chem stry of the substrate surface,

W e09pesEsar e, nmass transfer etc. As at | east oPEI/082007/079356
t hese factors maychange fromrun to run, hydrogen
generation rate may al so change, changing the '

clhage ot i tefin, hiydiogyn SErE0UBN rEearay Yeeguore.ichanging the

dout. of I‘t?WFﬁ)H aqueous el ectrol ytes or sol utions nay
RHRE P ef B Pow cat hodi c efficiencies arisi ng fromthe
presengs electroll@odRiot @A CRMNMuE 8f ioWp R fagikous BREir8iStds dr solutions
such el ectrolytes. Therefore, hydrogen gas generation

magyputier fsxpdevw sathpgiclefiigenriestarksingHeem the prasepesof a large
cr bt G 2Rl foh PREEOTRS el e Bt By Bhgraton may
bé epsticte@do Iddsd higHee pHIARRs. Qokevat astkt PBNE lincrédsk@ i the
pH val ues these oxi des/hydroxi des dissolve as sol ubl e
satytien &&d iosms prideednsk ydroxideserlyal 1ay psescipiiage asgeported in the

. I .
Rl RRPER kB M oot E S ABTH MBI, fRsqtve s
selabledhd spatieonThatfokht madmbiapddsibhe tohdedadilbposit Ga in a bath of

formul ation. H gh concentrations of alkaline species, .
PHoW ¢entaining G S‘gﬁrqs oS (Siﬁ“‘fo Hop I rAgt teehnigyss “é‘&&i%‘ﬁﬂ(j?e‘?ﬂ“c%‘gmtlom
at . : . .
o Rl 8 oL o, LR, syl i,
hbwevarofause catrasidBeprebletrs f(iGhCkquipBafiNGayelkdsahe tathadeahaterial

.S i ons pef ) tarts t ipitate. Th e
A T e a6 i Grotraer gl R ¢ tein i Gl acidic
A safth l@é@l?ﬁt}ﬁﬁ@m&%)ﬁﬂ Gichad MRt baek E&ktartd petiplae.

out above, solutions conprising a | arge nol ar anbunt

Toereterasthe pbl reeds witefadiustad againHuniditberadditionef atlatine bpgiss such

oD REROM s PR BB P S ot sront o
chafiooge dilicungo hindteind ey hlis6 Hhie High WRO®NS. HR@Misity makes
stirring or other means of mass transfer. As expl ai ned
thexdsogeaduhblgaforpisBsndbe enthadestickmpsele the Fathede making it very
ARCLERPRufGE BRI Kl bl of BiheIARON dr6flaCah el BARERL above,
can be seen fromt or egol ng di scussion'there is
sachgsdubblesl en éleapthvdwsalf getinapsatdefegti cingof the de@sitadia layer.
nmet hods that can provide hjigh quality el ectrodeposi

Ga | &Efls AdtfagiReres %mdgf‘g regoing SEPPUAR SeEpHiIA Bad taelop
o RS FisD o Moty ML Bl Ay e T s
etegtrgddposited G Ghyes| vduth opl &t usegyl imetdvodsicapglications such as in
processing thin film solar cells.

Summary of the Invention

0007} The present invention relates to gallium (Ga) electroplating methods and
chemistries to deposit uniform, defect free and smooth Ga films with high plating
efficiency and repeatability. Such layers may be used in fabrication of electronic devices
such as thin film solar cells.

[0008] In one embodiment, the present invention provides a solution for

application on a conductor. The solution includes a Ga salt, a complexing agent. and a
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[00013] U.S. Provisional Application Serial No. 60/756,750 filed January 6, 2006
entitled “Precursor Copper Indium and Gallium for Selenide (Sulfide) Compound
Formation™;
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entitled :Method and Apparatus for Converting Precursor Layers Into Photovoltaic
Absorbers”’;
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fabricated on such compound semiconductor layers, in turn, depends on the optical and
electrical properties of the layers. Therefore, high yield and repeatability of a solar cell
manufacturing process utilizing two-stage processing and electrodeposition of at least one
of a Cu layer, an In layer and a Ga layer critically depend on the repeatability of the
deposited thickness of the electroplated layer(s), from run to run. Furthermore, micro-
scale compositional uniformity requires these electrodeposited films with sub-micron
thickness to have smooth morphology with a surface roughness of typically less than
10% of the film thickness, and with desirable and controllable microstructure, which is

typically a small-grain microstructure with submicron size grains. Stacks utilizing Ga

films with rough surface morphology, for example, would cause the Ga content to be



Cu/ (I n+Ga) and G/ (Ga+ln) nolar ratios throughout the
film Efficiency of solar cells fabricated on such

W@ o09posaTée senm conductor | ayers, in turn, depenPiSI/US2001e79356
optical and electrical properties of the |ayers.

Therefor ield and, repeatabi|]ty, of sol ar
CHADE MR B T 0 WERELOL T Fom Alhed Say B &verdte the Ga
L&ﬁaﬁ%éﬂ Héqn@@ac%leﬁs&e nggeoakhém behokl tﬁa%aﬁettryﬁfé@l zféfce}ﬁable

r, an In layer and [ ayer critica depend

CHBSENH eﬁlm@pmabph haga Gﬁ/({ﬂ#é}ail apﬁsn rheelint the Olda EQS’an:g‘e wiregeas the

e ct ted.l ayer (s fromr run. Furthernore,
Gﬂ'%( 5‘?0 arcra%ﬂép't s) '?’15“6 rﬂ%??ﬂﬂ*b? requires these

el ecm@zd?waai é‘h@gia tim{ fiBn Wa&lé% Speragé (bxtlhugl@%;%ﬁaf&

have snoot h norphol ogy with a surface roughness o
elegtpopdated pr $petsr depanitadon @)baSlewenfprllsmgtahubsmefswhlcan@l its surface

i bl .. Whi
ity ey Bt itde &bl PR A Ps T A pbs Rt pmaliing fayer.
THE BB s&h@MS) Bea ﬁkﬁllllitsfoﬂsg@@é@r pélyrhérid sheet@ wWelbl Mhe RhuitcBntaining
rough surface norphol o%g for exanple, would cause the

lagar emcsnbstrage %‘é@ﬁ%\ﬁ@i}’ 3y Btlhayerya Runauwdmr@c%u gompound layer
o%: 22% %?&nﬁr}gnfn El‘luf %ucpaglayg(g/eﬁgtﬁga%}gé n %e QLGN ?W \? cg?glelere Misa

célﬁiued)r bh @émft:bhﬁlu‘c;ml Gﬁﬂluﬁm&mﬁo@mmgﬁh%@) sJiﬂfzicm(or the In surface)
conposition has a Cu/(In+Ga). nolar ratio in th

c@! e qared aiHge VIS CHTCRTIENEAEY. Gach #h)at Aol G0y 3. .48 g0
n?@/cfnm uglﬁ tl{eacn&(?ro ?f thé"PIQ:s%t uln%ggﬁr} Ijot d/hgrs\@irl‘é@l' quch as
a may be

I'm sta cop er ayers yers
pelsetbr mpipaﬂ)smbltage/smmmt@vavdﬁmms intaybeanedfopaketroplating the Ga
conprl sing a substrate which, on its surface may have

layetonduct i ve contact film such as a Mo | ayer and/or a

Ru- C Qb %B&lhﬁ){@ﬁhls Irhf%ntsr&pﬁx‘i)ﬁlf@i%?a Erﬁys (g’ﬁ}z? ﬁﬁﬁ@‘)&th§contammg
foil, glass or polyneric sheet or web

ccmpteamgl agents. a@wnplgmng lagerys b@nplax chesa fnabe bwhyfobmlr@ damplexes

%}ix&h%@ﬁmj al Wg}{eﬁlrje ﬁtgﬂ bg (%b?‘,% %21?%'8%3(121% e? %atﬁodic reaction of
c&é*ragw + Re'M Rl +SHLAC knay W@ Rad¥ dassiflg GaAEEHit®n & the cathode
sem conductor. Galliumelectroplating on the Cu

surfipceL08 release ok ghe qompleing enecteant isevalueraf |k meytbe gy Complexing

g%{t §§ é%r%rk}%nqlg 8&@0%%56&{-&%%?12%? e Qtrgducglgn oﬁ PI‘EC %g ‘Ion

cpficeaantion invieanbathnii) rBoidiioDGf Gadal pre¢ipitadd, and S hlaﬁﬁenance ofa
@gl sed qr gn’ped) vol tage/ current waveforns nay

EPH o}V i) 1BE pISEIANSE PhEOMPEXiag apee Ca S[dbﬁ)embwdﬁsolved ina
D
tleeg) bpdro gero gpieention hereGacddmniilepdratidn effioientynig eclbanpkéxBeme of the
advantages for the bath compositions of the present invention are: i) since the pH is
typically higher than 7, preferably higher than 9, hydrogen generation is reduced, ii) since
the pH is preferably lower than 14, excessive corrosion problems are avoided, iii)
complexed Ga species form small grained smooth Ga deposits in a repeatable manner.

[00023] The invention will now be described by presenting several examples. The

electroplating experiments in these examples were carried out using a
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radg® e wisn mbﬁdq;’ma{lmyrﬁ s Qldc&hﬁ@éi)obﬂed%lﬂ%e Icgp/ 8t sidfhceMt current
had a thickness i,n the range of 5-100 nm rst, a

degpitieeof AonSBmAdgn’ aiﬂeghlwaéheéwéh%lmsawusm‘m Feugkgess of <10 nm
W§férc¥b"flzﬁ§ed tg’?hlt it Nes {d@)%ﬂnef epglgt f?hglgnéy\v!l&%e Cgﬁred and found
at ed.” Fhe e

surtace and t e resu S were SUF ac

tosveciashef &fF- 10078 rangesthe aai@ﬁr wetent dedsit9 ¢idldiaginsay effilient d€position
to several hunq ol to understand the suitability
PoFess HdaliumnERs Pfgii §8 odheg et H@?C&é elypiusige the gpteptaining

; }f)lg?é?ﬂil'tﬁs' ogllﬁgn Hﬂ 'ﬁu@éﬂaéé’ dj tylibefdé?il %hﬁlg%gfﬁcwncy of 75-

I Cl ency were eval uat e |SS Vlng
9@ftr On dlressupface bielnt GlaN’lf:mﬁdlmfﬁgleﬁct}omdlewﬁﬁ%pWmeelerated test

g st S HOR oS RRe B o7 Pttt e without any

o£iaERY@skiag padfiitalion hAPBR4Hkpdisat efgfneﬁea@mle@rrx @%@@us
pl ati ng baths were prepared containing 0.2 %

GaC Ezample (E@TA a@ﬂ@ qurs)qulmgsmt)r ate (Na 306H507)

e, PHE AR et 9B REIEE DR A i g vt
EDUA. E[Ihte pH was adjusted to the range of 12-14 using NaOH. The plating tests were
carried out on electroplated copper surfaces at current densities of 10-50 mA/cm’. All Ga
films were shiny with smooth morphology. Surface roughness was <10 nm for 100 nm
thick films. In this case the deposition efficiency was found to be higher at current
densities around 20-30 mA/cm® compared to lower and higher current density values.
These efficiency values were in the range of 75-95%.

Example 3 (Glycine as the complexing agent):



densities of 30-50 mMA¥cm 2. Highly adherent Ga filns
wi th surface roughness of <10 nm were obtained for a
wa hiogkswsse of 100 nm The plating efficiency WasI/US2007/079356
measured and found to be in the 85-100% range t he
hi gher current density yielding nore efficie

depo@p%bﬁn@ﬂae%§1at@5|harmWﬂmmala&si ‘ﬁlﬂaf)éd\’l&ﬂ@t At 0.5 M
G:f:r}!‘:ctrl'rrge: Tﬁe' bat hS %ééi tH%hJ‘lgm%QSf F1-55 LG %@kﬁ'"{megﬁ:‘ttmg tests were

exe osit u sur ace di

cattied dexcbnathpbataceg oééléd:tmpeﬁte&c«iﬁpe? Bt-cuPRMe dédritiehef 10-50 mA/cm’.
surface of In, Ga depositign efficiency reached 100%

AN {iyHbRY \é‘FrétSBHlYt"é‘éli “flﬁ%ﬂl shfages Pustic stEngrs i<t 0dme éor 100
nf k/lﬂfédsboxI l&tcfe%éo%§n strRbd é{éY Wk RO (BBY¥ i n the range of 75-

OXI e preciprtation an he depositio
o@fofat QOéﬂGnA&nWeEﬁflcnc&mg ateablewn kixlanel m&hl(gEﬂToﬁrmﬁt demeity values.

For nIPAT b BPEHh Bros SOFOHRIOBPCHEAEA oA By KD T alycine
hfi’s"el BeRS usdl 145 baH rbendiNor 1%'19@21158‘% :E%aﬂ-lélek' Sit ﬁ%o%@é‘ 1o I gloy other

plating tests were carried out on el éctroplated copp
cempleamgsigernts suthreartoxglen smd/olezsnmfne]gmelaﬁngrgtmlps in AldlitiGa to or in

et S Pt Sha e ST TR G HECR I BRSPSyl & rithyl
cRa&arldAbEg PaErhiel 9ﬂ1e?EI)ﬁ1§leQﬂ1‘§)ﬁg%§ i QutRChuk Qrelifort hhgdae lto tartrates
at current "densities around 20-30 n& cm conpar ed

(Jughvas sagiiem mrgh@r lithinm gantratdeprsssipny tirwgs, sothes Botassmm tartrate,

| y range of 7 5%
AR R B Bt bl ORel B0 fom sk, ol B Gium
tdlrate), Bgalb@t (suoRSs §aitin pdt@@mm b Reth2inVosdblles @ fsinfdnfa Md
A ycine. The pH was adjusted to the range of 11-13

ARG IS, ethmk@nffllapmgmvél@trsﬂcwa.ﬂ‘éamdf itettldut on the
o BB B BGRARREECH R RRE s Bl BB IS L heir
sdur hmoesicidSundladieg nbuglenedmenascind, Gsdlendiiay, pddifie rphenylalanine,
thi.ck layers. In this caegﬁe %I%glosmlon efficienc X
YFRG. GUYREPPIER S I, SFSHBINF g o, ABats Um0 SSHMemlTeRine.
cystéﬁé 'rﬁétﬁﬂ%ﬁﬁle\’\%ﬁﬁrzxgﬁl\éﬂarﬁl A%lhfawe.and hi gher current

density val ues t hough three specific

conplesdsh @t S@gelldtbs nOiedethatcﬂltlhpaghesOHEDJfAhawctomp}e;dimgeageamenay

abo Ve exa
PPECT NP Ea R Y Beneitet B B Yy ehomRuTos of his
B2 AeKNAvieG FH A8 oamghaah&hel prtfieR®] Ohi gu&&ham adirkds®Preferably
to or in place of those that are cite Ctrates used

iy ranges §dnildal hgahove iexireples ermplozed simpde #gpeows ehegtigries with
u%&‘i‘ ag [Heek%ld \%h 9\1{11 %ﬂs }«VO% {1 g%%e%oq]\%n?gﬁﬂe ?orhﬂ?gtl%q(%f Ga

not
platmg baths of the preferred invention, it should be appreciated that organic solvents

may also be added in the formulation, partially or wholly replacing the water. Such
organic solvents include but are not limited to glycerin, alcohols, ethylene glycol,
ethylene carbonate, propylene carbonate, acetonitrile, formamide, dimetyl sulfoxide,
sulfolane etc.

[00029] The examples above utilized DC voltage/current during the Ga

electrodeposition process. It should be noted that pulsed or other variable voltage/current



(such as sodiumtartrate, lithiumtartrate, potassium

tartrate, sodiumpotassiumtartrate, diethyl tartrate,
walemenserBe t artrate, dibutyl tartrate, diisopropgl/us2007/079356

tartrate, and ammoniumtartrate), oxal ates (such as

sodi um potassi.um and |jthi um oxal ates), amonja and .
SOUECHRS AR Alsoahg Wilized rﬁ‘g/P@ﬂ@dpaﬁiahézlatm&qfﬁflsmlﬁsawhlgh qualgy Ga
daRditd LRpRPinleThe BY MAHY Balh¥ opt SARBAASE The®Ghpature of th

ggﬁh an% ?E% s%ltg, aﬁino G}J?%%gghp sg%ﬂﬁipheir bétature of the
Gaaldcgpplanngibathe indg be e thedamgy @fl Sahih€ depaldingupdnabe nmere of the

e e 2 AR O S i sbvent

T AT g SO i 05 0y o .

Théaosirefeogd hangene 1 HB0tChese conpl exi ng agents may

perfor | even in acidic. solutions, the preferred . .

o palhg b s R TR preb et S ieplioh oy o et additional
ik i@l arhede EABE DUt BRMof linRle8 & 2hh YeiMedd QUrtidiaNs Vopants,
and nost preferably in the range of 9 to 14. The above

odizampladly amenoyetdllisiclpmentegjodousxahplei siganigsidditivhs such as

ter as the solvent. Al though ter .is the preferred, .
s lony Sore B PTG Seb P e R el T Teraion o
rdfinefie g Af sirivteRtdn@Rurfhde rdigHHeds. TBeRNRE Rah ke ddidives commonly
organi c_solvents may al so be added in the formulation,

ugearipithe fighd SPraapis| adgitivepinglida dut are nabtiwited gupelydkyigng slycol type
PP AF O WITBIOMAICES il MTARE AR AERR e, maze
dpe, @hyel, SRS, sarinoieatrese, acel ohould bk @otetl olirdrtict enatatialenygy be
R B0 g R AL 2R S
with@fd 5&9%%55%%@3@@?3%4&0@9@@& ggé%?esraakﬁq‘s‘d@gulfate, Cu-

pul sed or other va t age/ current sources may
clabsde tte) untthé batb dotnmulatinaillowshiepbdigdn pff @o-iGugplloys and/or thin films

et e B PEa b Sty TP b SR Maion
ob@IHPGE-B All¢ysahdloR ﬁlxﬁﬁc&h&%gg)miﬂhkﬂﬂ PR4AAISINMBYd#®n iR both In
the range of 5- 150 C dependi ng h

- ) d ng upon the nature of the
arbCy ey, yigld degospis epeprbng Ctuolrk@@pfg% i ¢pnireltpdampymrte Dopants may

SRS 9 e B & i

coapges afdopnt 6 a Guanthe thd &t typicell elek£thah AnGsmicHeldend Yréferably
[ 00030]. The el ectroplating baths of the Fresent

lgshihap O lotomig Pesesnsrush dapanty inshde buhaye agt bmited torNagld, K. S, Se,
SBq@%&de, but are not limted to, grain refiners,
surfactants, dopants,
[00031] The Ga layers produced using the bath compositions of the present

invention were employed to fabricate exemplary all-electroplated metallic stacks on bases
comprising stainless steel substrates coated with Mo/Ru or only Ru layers. These stacks
had various deposition sequences yielding base/Cu/Ga/In, base/Cu/Ga/Cu/In,
base/Cu/In/Cu/Ga and base/Cu/In/Ga structures. An indium sulfamate-based plating bath
marketed by Indium Corporation of America was utilized for In film depositions. The

stacks were reacted in a tube furnace at 500 C for 50 minutes with Ar+H,Se gas mixture,



other netallic or non-netallic elenents etc. For

exanpl e, organic additives such as surfactants,
weeppiaEs3eors, |evelers, accelerators etc. nmay BPET/US2007/079356

included in the fornmulation to refine its grain

structure _and surface roughness. There are nan

such
fopmmgtGu/BsGa Serhopbess ddeiRYHREGR) BRI ratiogs l@p¥ in the 0.88-0.94
ragggiévg|lé’ﬁq%p({}englioz}‘1+$ﬁg?lg¥ar ) DR ndrhithfi #9049n w@ésx Yk Mter the
reﬁ@ﬂﬂi&té[fh 1@nedhRkick CdSfluydr UNfzalforrﬁmi orothie tabsdrier sefgenyialding a
lue, SPS, starch, dextrose, etc. |t Sﬁﬁﬂ'd be

b%é/pé‘&% Gabedrae sirygivisr Pavd! kaghehamical di mefhodeas used fpr CdS
dé;%%&%h %h { & s&aut%p%%;ﬁlsﬁrg ﬁd g@}’:ﬁé St lﬁ(f.) e?’lm@ :yféyﬁmﬂ{e (TEA) and

xtures of mat’eri al' s. exa
araoh@hial A/ [TD tsperiras c()ﬁdlmhvakiy&lwszuihkakieposﬁad: hi/errthe:iéds film
etc) in the hath fgrnul fion allo BOSItIO

we@utgqqn(g};gc olapeeil Y RMRIG SVARPTAIRE Rt {ngr gpntacts
ot tE I F eIS'SH]aIr @51'1 ¥tf1cle'ﬁcf$§)is H%h%@q@% WBre rg&)rded from these
formul at i n to obtain Ga-1n alloys and/ or | ms
deviers rdesionggratingtthe guadity Gathagtbcirndepaddéd stadks @f)mlpots ihg ke Ga layers

d Cu ma i.eld deposits conprising Cu, In and Ga in
OﬁgﬁPF%Fméﬁ“%Wﬁﬁnts Dopants may al so be added in

guantities that all ow deposition of "doped Ga" fil ns.
A doped Ga filmconprises a dopant in a quantity that
is typically less than 1 atomi c percent, preferably

| ess than 0.1 atom c percent. Such dopants include but
are not limted to Na, Li, K S Se, Sh, P etc.

[ 00031] The Ga |l ayers produced using the bath
conpositions of the present invention were enployed to
fabricate exenplary all-electroplated netallic stacks
on bases conprising stainless steel substrates coated
with Mo/Ru or only Ru layers. These stacks had vari ous
deposi ti on sequences Yyi el di ng base/ Cu/ Ga/l n,
base/ Cu/ Ga/ Cu/ I n, base/ Cu/ln/Cul/ Ga and base/ Cu/ln/ G
structures. An indium sul famate-based plating bath

mar ket ed by | ndi um Corporation of America was utilized
for In filmdepositions. The stacks were reacted in a
tube furnace at 500 C for 50 m nutes with Ar+H?Se gas
m xture, form ng Cu(ln, Ga) Se2 absorbers. The Cu/ (I n+G)
nolar ratio was kept in the 0.88-0.94 range while the
Ga/ (Ga+ln) nolar ratio was nomnally 30%in these
sanples. After the reaction step a 100 nmthick CdS

| ayer was forned on the absorber surface yielding a
base/ Cu(ln, Ga) Se 2/ CdS structure. A well known

chem cal dip nmethod was used for CdS deposition out of
a solution conprising Cd-sul fate, Thiorea,

triethyl enam ne (TEA) and



ammoni a. A ZnQ' I TO transparent conductive | ayer was
then deposited over the CdS film by the sputtering

wao ewbnosgee. Sol ar cell was conpl eted by evaporBCT/OgoNi/079356
finger contacts over the I TO | ayer. Sol ar cell
efficiencies as high as 11% were recorded fromthese
devi ces denbnstrating the quality of the
el ectrodeposited stacks conprising the Ga | ayers of
the present invention.In the Clains 1. A solution for
applIngh¢ Commef a subm cron thick Ga containing filmon

a copduct or conprising. a salt, a conplexing agent,
a sor‘vent, Sgﬁ‘&gaﬁ%rraé’ipﬁcﬁt}?é‘ &l%h‘b‘ﬁ%ﬁbﬁr}? éégomgmmgg tmona
co%h&&&{&gﬁ;ﬁ‘?&ﬁ%:i on of the sub-mcron thick Ga

containing fiTmon the conductor. 2. The solution of
clainGasalherein the Ga containing filmis a
subst anti al | gure Ga film 3. The solution of claiml
V\her%fcﬁn]?lﬁ’éméﬁ Bt the solution is higher than 7.0. 4.
The s@iddiofndof claim 3 wherein the Ga salt is
sel ected froma group conprising Ga-chl ori de,
Ga- swhérainethe geluticepravides ggcn?adqppsitiatl ef thg sulfmaicropltick 612
of .cl ai.m 3 erei he conpl exi ng agent is sel ected
Cw%%nglglémgofl %%C%%y golr‘si ng a citrate, EDTA, and
gl ycane. @hekbritisRbobtlaln 16ihegdinith® Ga Whrahiaing filReis a substantially
com exing agent is at |east one of sodiumcitrate,
purg (WifilM.citrate, anmoniumcitrate, potassiumcitrate,

and an orgﬁ‘@\/\%}&%&%@ﬂhﬂ %FI%M 358 ofthe I8 45%2%1}%pthan 7.0.
of cTaim erein the conplexi hg agent is at Ie
one &f so@hessplatidn aft@aind 3 tvhierein e (Faadalt,is saleped fuomn a group

citrate, potassiumcitrate, and an _organically

COFRRFF g Corde R (P perdate BP9 BAMIT e yat er  and
wher ei n tfge R S&19Mh 3 DRe@H HEIcBMpleXir h€is SABYEd from the
of 9-14. 8. The solution of claim3 \R/hereglrhrg%t he

groop vemprisisg waitente, EDTA, and glycine.

6. The solution of claim 5 wherein the complexing agent is at least one of
sodium citrate, lithium citrate, ammonium citrate, potassium citrate, and an organically
modified citrate.

7. The solution of claim 4 wherein the complexing agent is at least one of
sodium citrate, lithium citrate, ammonium citrate, potassium citrate, and an organically
modified citrate, wherein the solvent is water and wherein the pH value of the solution is
in the range of 9-14.

8. The solution of claim 3 wherein the solvent is water.

9. The solution of claim 1 wherein the Ga salt is selected from a group
comprising Ga-chloride, Ga-sulfate, Ga-acetate and Ga-nitrate.

10. The solution of claim I wherein the complexing agent is selected from the

group comprising a citrate, EDTA, and glycine.



9. The solution of claim1l wherein the Ga salt is
sel ected froma group conprising Ga-chloride,

w@008108973¢ e, Ga-acetate and Ga-nitrate. 10. ThBCT/US2007/079356
solution of claim1l wherein the conpl exing agent is
selected fromthe group conprising a C|trate EDTA,
and I yci'he SPIUtOTHE CERAD BhETE (B SAAPlEnGAEHE Al past one of

so?ﬁlﬁi l:l%{en Hirddfi n&trzﬁes a%nérﬁ@rﬁtcnﬁﬂg ﬁtaa@ﬁm éié??u@' tfr{daatneoréamcally

rumcitrate, armmoni um citr at otassiumcit
meditiednitaregani cal ly nodified citrate. 12. The sol ution
of claim1ll wherein the solvent is water. 13. The
solution of claim1l wherein the solvent is water. 14.

The gol ut 'ﬂ{é %%Qﬂf@&n“l‘{r&}%ﬁ&ﬁmé 't%ng?cE‘r organic

addi t ive. e solution o aim1 further
i ncl Ldi ng ﬁte dobamin crkinfl whéainghd soleard iawaten sal t,

T N ARTCY SN A T

the pol utipgp éoﬁltYMntd'f'cThlﬁ Il Y Er lﬂftlugm%“at lehdt onk¥ a Cu salt and an
solution of claim 15 wherein the solution is

InssBemdi \alhdrymfth@pH@lf tlmmpll@rooup7‘¢r highesi.1 A and VII 1A

I d ds. .th 8., Th
a1y REASRIPRAS e LR A G0ee U R WBEahygns
with@ ;graggwofog)w‘rl sing a citrate, EDTA and gl yci ne. 19.

The solution of claim1 further including both of a Cu
sal t 'and dhe salutéen of, Cl%lmlf\l\“b?rélnﬁh@ brdupien sfessenially free of any

I [ f cl
Gl LR k8 oA At 4 et MR, arge of

9- 1418.21. THhsolsdriibfi cdairmof7 Whﬂbm tIhQ comipleging aghi@ is selected from
solution is essenti all¥ free of any Goup VIA VIIA
thAlgEs)L\m qoprsingratitrateaRl TAo Apbelyaisct her eof . 22. The

S0l ujd.on She Chighdn Jr cuiPRElR: IRREATLEYE 1E.3GRRN b In sl

selected fromt group conprising trat
arahshgbinahepH of 3he sdlurginhiod oohighbt.ai ni ng a Ga cont ai ni ng

];Iolngz@? \élr IBE%?FH\?&% ﬁl)‘?gcizgl?pglipb%gﬂﬁﬁg p?[n ofahes SuorlIlt?O%els %Tlthm a range
of 9-14.
21.  The solution of claim 19 wherein the solution is essentially free of any
Group VIA, VIIA AND VIIIA elements and compounds thereof.
22.  The solution of claim 21 wherein the complexing agent is selected from
the group comprising a citrate, EDTA, and glycine.
23. A method of obtaining a Ga containing film having a sub micron thickness
on a surface of a conductor comprising the steps of:
obtaining a solution that includes a Ga salt, a complexing agent, and a
solvent;
applying the solution onto an anode and the surface of the conductor,
providing a potential difference between the anode and the conductor, and
electrodepositing the Ga containing film on the surface of the conductor to

the sub-micron thickness.



obtaining a solution that includes a Ga salt, a

conpl exi ng agent, and a sol vent; applying the solution
woni0s/03913@node and t he surface of the conduct oPCT/US2007/079356

providing a potential difference between the anode and

the conductor, and el ectrodepositing the Ga containing .

fil mon t Rbe sgHodce chimtBevhapiates Gr coyaming flabis sepegantially

Ltlrhi aktri‘l?r?s' 24. The nethod of claim 23 wherein the Ga
PESnt%i ning filmis a substantially pure Ga film 25.

The pgt hotthenettodi oNcEImVE3ew RérBintthe caiuetae fsQoppé.

copper. 26. The nethod of claim 23 wherein t ﬁ_e

condéét or The meghgidiphelapm 23mwhergaithe eongpicter iilpdipm.

whergin t ti t A j e t.aln

nas. 2/pr RS REHE TR Betelilad MEb iR he P AL BEB &
othiii 228 aWf1€ higher thbe7pH of the solution is within a

range of 9-14. 29. The nethod of claim 27 wherein the .

sol ugBon dBe aethad acpordig terckpPmol7 wirein dhggH of eheysgligion is within

sgdt selected froma group conprising
a@%gﬁﬁlg?%de, Ga-sul fate, Ga-acetate and Ga-nitrate.
30. The ndEhbadctlald aflcidim Z77widreimeha sdotian olominedinathae@dp of

in the step of obtainjng.includes the conpl exing. agent
oBBiruBs BEF o (R SISO TGP P ST BB e IR, Oa-sulfate,
AMleQlSidEa-nhie, The method of claim 30 wherein the

solution obtained in the step of obtaining includes as
t he 86npl &hi mytiagkoficlam 17ewbereiorselwwionobtiinad i ithe s¢peof obtaining

dithiumcitrate, ammoni itrate otassi.umcitra

inghies e RlSs g Toar L Eon Bt Eioub BBRMAT Rt AR A, and
p}JC;;H'em 29 wherein the solution obtained in the step of

Obt ai ning i ncludes as the conpl exi ng agent at | east

one &f. sodihameghacaftclaim 30 wherrindhe seluiéon eiwined imhe step of
o B8 BRSO R oG GR| rg fpu cie
aMf®Rhm clthe, pbtavalmeitedie tdne ad @rginicatly infodified digateange

of 9-14. 33. The nethod of claim 27 wherein the

sol uBRon Jbe aietind qfﬁlqlﬁg%wgge@fthe solution obtained in the step of

obtaining includes as the complexing agent at least one of sodium citrate, lithium citrate,

ammonium citrate, potassium citrate, and an organically modified citrate, wherein the
solvent is water and wherein the pH value of the solution is in the range of 9-14.

33.  The method of claim 27 wherein the solution obtained in the step of
obtaining includes water as the solvent.

34.  The method of claim 23 wherein the solution obtained in the step of
obtaining includes the Ga salt selected from a group comprising Ga-chloride, Ga-sulfate,
Ga-acetate and Ga-nitrate.

35.  The method of claim 23 wherein the solution obtained in the step of
obtaining includes the complexing agent selected from the group comprising a citrate,

EDTA, and glycine.



obt ai ning includes water as the solvent. 34. The
nmet hod of claim 23 wherein the solution obtained in
wa b@s®sEps of obtai ning includes the Ga salt seP@USIHNT/079356
froma group conprising Ga-chloride, Ga-sulfate,
Ga-acetate and Ga-nitrate. 35. The nethod of c|aim 23
wher &.n t e Bsthediodslagbiai wieadein she pdutimegbtanedbyithe step gt
includ e i t ect .om th rQUR. .
o B e SRR TR P RS BRI R LR e BBy

aiinoghah B3, phassinm cithee, 904 Uk befanRall phivadiddtikde. st ep
of obtaining includes as the conpl exi ng agent at | east

one &7 sodhemediodrodtckaim 36 whaieindhe yoduteon Angrped mthe step of

I.traf. t ' [ e, and an organically
O%gﬂlfélgalugg ‘?gt?gg{%%&%%g met hod of claim 36 wherein

t he 8®l ut The nekicai ofethiin3thigersinele aflutddit ebtfihédin the step of
i ncludes water as the solvent. 38. The nethod of claim
obtginjpgeingludes Wales ey the pAeWbt ai ned in the step of

obt akgi ng Tgf;' ﬁ{e% gof 'I%r23a\§heﬁgiﬁ tﬁ?go\f&%n obtaned’ ﬂghf ?]tep of

met hod of alm erein the solution obtalne

obtamirgd feypthef comiyirése s hm grghnictadditiveonpri ses an or gani c

addi tjve. _40. The hod, of claim 23 wherei.n the

sol utPon dBF Hethad ﬁ‘i%w&s\vaﬁsﬂaﬁﬁ%&sﬁ%ﬁ% Rjaipedt kg step of
obAELHERTEL inbRAE] adc Bhe & 480 SR InABAL ShdSPckeinHLpH of
thessohoinac ¢ or bigher.-t o cl ai m 40 wherein the pH of the

solution is within a range of 9-14. 42. T thod of . . .
o et a1 TheBleatd oG cfim b b8 e i R Blegplpfayis within
2@ficdigpiong i s essentially free of any Goup VIAL VIIA

AND VI 11 A elements and conpounds thereof. 43. The

met héd- of The aleshotofghsmet Inwhereindt saliém eieiaphisdhe ptep of

SR S R LR ORI, Vit RPN M D
camgo@ldy ehereof. 44. The met hod of claim 23 wherein the

so ut4|3 .on Qf?lte ?rilert]heo% gfrz:lgirl?le42s\$vl?egei?1 the solution obtained in the step of
obtaining includes the complexing agent selected from the group comprising a citrate,
EDTA, and glycine.

44.  The method of claim 23 wherein the solution obtained in the step of
obtaining further including both of a Cu salt and an In salt, and wherein the pH of the
solution is7 or higher.

45. The method according to claim 44 wherein the pH of the solution is within
arange of 9-14.

46.  The method of claim 45 wherein the solution obtained in the step of
obtaining is essentially free of any Group VIA, VIIA AND VIIIA elements and
compounds thereof.

47. The method of claim 46 wherein the solution obtained in the step of

obtaining includes the complexing agent selected from the group comprising a citrate,

EDTA, and glycine.



obtai ning further including both of a Cu salt and an
In salt, and wherein the pH of the solution is7 or
whr@hese73¢l5. The met hod according to cl ai m 44 MEUSI007/079356
the pH of the solution is within a range of 9-14. 46.
The thod of clajm4 erein the sol utjon obtaine
inth ‘%‘f“%bgf’éilﬁ‘ﬂ?ﬁ@“‘?%o"le%%’FRIFYQPIt ck (R¢oBRILRg fiim on a
RUR &% iMLLA AND VIT1A el enents and conpounds
ere6¥ H?? he nmet hod of claim46 wherein the
sol uti on aliiadonsst dissoivied st eplverit, obt ai ni ng i ncl udes
the conpl exi ng a?ent sel ected fromthe group
conpri si n@cﬁmé’?etx ng agente and gl ycine. 48. A solution
for appli Gaf afu@hef mhgmmhﬂh HE (HOWIAkGH G value high
filmon a ?on%%st oF %gn'prl Si n o Gg sour ce dllsso v‘éadue et
than 7a sol vent, a conpl exi ng agent and a pH adjustnent

agent tha usts of the soluytion. to

oo’ | nrheShREET ok NGBk Sihelt® R R M1 R B0,

the bl vahue sbmtibh gh@lﬁmtx BaRyhbRin B Gal &0k 'éélb&@d fbm a group
claim49 wherein the Ga source is selected froma

cgmpupng @ﬁmhl@udtg Gagsulfhteobp-dectatGaand (i gitrate. Ga- acet at e
and ate. .51. .The of cl m 50
the AGagiat R MBS R oI giastipE SElelea from

tl’:‘@%f@ﬁ §(brﬂ§n§n htitAte EDA And@igtigd. yci ne. 52. The
solution of claim5 1 wherein the solvent is water.

53. Ple sdhgspfonpf elpun Al 3heigie theiselvenels pratadj ust ment
agent is at |east one of NaOH and KOH.
53. The solution of claim 52 wherein the pH adjustment agent is at least one

of NaOH and KOH.



