| ELECTROCHEM CAL ETCHI NG OF SEM CONDUCTORS Thi s application
clainms the benefit of priority under 35 U.S.C. 119(e) to U S

Provi si onal Application No. 61/422,597, filed Decenber 13, 2010, the
entire contents of which application are incorporated herein by
reference. The present invention is directed to a nethod of

el ectrochem cal etching of sem conductors. Mre specifically, the
present invention is directed to a netlhod of el ectrochenical etchi ng
of sem conductors to inprove netal adhesion to the sem conductors.
Metal plating of sem conductors, such as photovoltaics and sol ar
cells, involves EH@GW%HFMI%L@FH&HWGQF§EWU@QMt acts on
front and back sides of the sem conductors. The netal coating nust be
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is theCIS)é%@éﬁOl‘prl nting process where fi nger-shaped nmetal coating
lines having a mnimumline width of 80ktmto 100kt m are nade. Even
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and oncélikep-Hopihg Hredtigrundadhebdckcide acicindbretd eUsallaalugthlm is used for this
purpose. The aluminum is applied, for example, by vapor deposition or by being printed onto
the back side and being driven in or, respectively, alloyed in. When metal coating the front side,
or light incidence side, the objective is to achieve the least amount of shading of the active

semiconductor surface in order to use as much of the surface as possible for capturing photons.

Metal coatings using thick-film techniques are conventional methods for metallizing
conductor tracks. Pastes used include metal particles and are electrically conductive as a result.
The pastes are applied by screen, mask, pad printing or paste writing. A commonly used process
is the screen printing process where finger-shaped metal coating lines having a minimum line
width of 80um to 100um are made. Even at this grid width electrical conductivity losses are
evident and contact resistance is higher in comparison with a pure metal structure. This can have

an adverse effect on the series resistance and on the fill factor and efficiency of the solar cell.



2 This effect is intensified at smaller printed-on conductor track
wi dt hs because | ess silver netal is applied frompaste as the |ine
width is reduced. Nonconductive oxide and gl ass conponents between
the netal particles constitute a fundanmental cause of this reduced
conductivity. More conpl ex processes for producing the front
si de contacts nake use of |aser or photographic techniques for the
definition of the conductor track strdctures. The conductor tracks
are then netallized. In general, various netal coating steps are
often used in order to ap t he net al coatingﬁin attenpting
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oxidized emitter layer, a back side and a PN junction; b) contacting the semiconductor wafer



The net hods form substantially uniform nanoporous | ayers on the
oxidized emtter |ayer of sem conductor wafers. The nanoporous | ayers
provi de i nproved adhesi on between the netal deposit and the

sem conductor wafer. In addition the anodic pul sing process used to
form the nanoporous | ayers does not penetrate the oxidized emtter

| ayer of the sem conductor wafer such that the emtter is damaged to
a degree where ohnic contact between the metal |ayer and the

sem conductor wafer is conprom sed. Subsequent netal |ayers nmay then
be deposited on the initial metal |ayer wthout concern for adhesion
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initial metal layer without concern for adhesion failure, thus improving the reliability of devices
which include the metalized semiconductor. In addition, the method may eliminate the need for

forming a metal silicide and the complicated steps involved in the silicide process.

Figure 1 is a SEM of the front side emitter layer of a monocrystalline silicon wafer at
170,000X which was etched with an aqueous acidic composition of sodium bifluoride using an

anodic pulsing method to form a uniform nanoporous layer to a depth of 61.2nm.

Figure 2 is a SEM of the front side emitter layer of a monocrystalline wafer at 100,000X

which was etched with an aqueous acidic composition of sodium bifluoride using an anodic



Phot ovol tai cs and sol ar cells may be conposed of nonocrystalline,

pol ycrystal line or anorphous silicon sem conductor wafers. Wiile the
description belowis with regard to silicon sem conductor wafers,

ot her suitable sem conductor wafers, such as galliumarsenide,
silicon-germani um and germanium nmay al so be used. Wen silicon
wafers are used, they typically have a p-type base doping. The
sem conduct or wafers may be circul ar, square or rectangul ar in shape
or may be any other suitable shape. Such wafers may have a w de

vari ety of dinensions and surface resistivities. For exanple,

ci r cul Rrisipgmesthod g fora g anifory navep@PUTIEyer s degth oH4sm. 300 mMm 400
mm or greater. The back side of a wafer is netalized. An
convent i onalgwetHoa Sk obie frepidemitieiayer of pawrogyseallingyafssa %QOX
coat o fior Ry ROUER Ui fon BEeciR 6 08 RIS BB nBOR Ay o ©
to forma gri QUch bac rreta |za|on may de

var i et pubbingtnesini tqlfemaamcﬂomawnbpordm‘iequ a)delith)ofma9mmt al lization of
the front side of the wafer. In one enbodinment, a netal coating is
appl i ed to Mhesdiahtoughsle tﬁlﬂsﬁebﬁicﬁmﬂnlﬁftem “dbmeiting ald plaimgd utusyd
past e, suc sjl ver-containing, n.al um num cont ai ni

oot dncighanraply Lo T CRh R SR, THrpbutes S ORE G TgRaRepy. The
past es tdppk efbrhtilod® alBHAILS apdieded aﬁm@h&}geébly petd 1ﬁ&iéfﬁﬁ‘f'e aﬁi?:ﬂ)e@@‘lé” arfd ‘AR”
or tin also may be used. Such conductive pastes pically include
conduC eI iepdntp Sick e v aadghealsramTia e sl esHvely daisting: means
bi nder f a; yariet
Cechn ahl?gf?)@%i‘ﬁ ¥%oH§§éu‘?§1n’E§¥cd?§dé%ﬂ% h%?s i 3 %}B‘étréggt 'gﬁei 12}{% 1u}( 15 syatu%lt
is fir eflillumination egua tmormrlgmam/m pamddbar ludvhed6 mﬂimmtwftradnmt phsﬂr@nagnenc

cont ai al um n IS us the alu arti di ftuse 0.the
back s e Bt A iichey 3 St eligisfiey o Trlbiias sty b iy liorans:
may al hininkd dhldsh reTohiéRf cleddyAnditatbdiiierdliseM°QUAERRE BeRivaTy PRFInG; HRLY=
inprove the resistive contact and provide a "p+"-doped region.

Heavi | yillifipsad. =pHer; Ayipenrestsi dns @ynmt@rvmusceaptpbﬁecm ﬁrwelfon@temnnmfm
or borgyno e‘é;'s %‘Fseﬂﬁ'ﬁﬂé seé1 s,egéndf tﬁf Onltrqa#olgtlﬁ? 11%' 42D %;é(ﬁf sca One
enbodi nen m nun¥’cornt al ni n ste Fl ed t hé

si de aaldctfomﬁﬁkrdsecsml; end ASTMD@hhmﬂbarDStaﬁﬂard mestlbthBGdd eﬁ\lnpéraéntag@ahnmg
The residue from.the fired al um num contai ni n tionally

be. r enBUSHASYFeIRH Upisss SRR GG AR FrBpiTK TER g orta SPhEBAHE K Hifiny
In an gideesRapaviRrORA d1BR that SucheRthelidd 94ngtBire REnHERRE kd &A1 BNtotIDEYPaCK
side of the wafer and a netal coating may be deposited on the seed
layer by el pdisRligRs 2 soerar%eﬁgl%ygé SorRbRtd @gnonomystanmepélgra%talﬁhéi& of
the wafer may optionally be subjected to crystal -ori enfed téxture

et chi ngmpuphesgélicon genigpaductiar ovafédre  Wilile dreedesariptiop belowds 'wutght@gardm stlsnse
geonet es.qr i he for tion_o

struct %%ﬁgé\gﬁd%&o{ @g%f;s 8thcﬁ§dltgglte s%r%%gn@#%? w%ﬁerr]% tSlilCOh as 1um ﬁrgemdé) ¥ﬁlcon-

di f f usg@manitm, emi garplaginim biagalsb dk QSe(Dl\Hhm Glicoiveafére efetussd ,dleeyaipitdls
wafer o producg arg1 n-doped (n+ or n++) region and provi des the waf er
with a"PRYAIEE PHH I°BHE n- doped region may be referred to as the
emtter layer. The emtter_ | ayer may be a honobgeneous enitter |ayer
or a sel ect ThEseRtsanduston wafers m%( '??cﬁﬁ*iﬁﬁ’éhé&‘t%e eireetprgulardy ghapp ggmgy be any

gener aly, 4ikfo gmpeogemwgf@mﬂwa% b QRAOYarBaf i ERichs e Surfae
selective emtter layer has mul'tiple sheet resistance val ues.

Typi ¢ aterslytlvmeg i F@msxa.mﬂp,enmhlel waliersensy havaeklsnsate of d&Gitrey 200 enrs,HdEtmm,
resi st I S, 1ea wer or of higher doping and regions of antireflective
coat i ng&F P g &F ' esi stance or | ower dop| ng. A selective emtter

| ayer erred because of th her ..dopin nd |.ower

oot st ance DRk SUERF R REMT ForteSlngt OISR RO pRS SR AREd- o

entire back side may be metal coated or a portion of the back side may be metal coated, such as



6 An anti-reflective layer is added to the front side or
emtter layer of the wafer. In addition the anti-reflective |ayer may
serve as a passivation layer. Suitable anti-reflective |ayers

include, without limtation, silicon oxide |layers such as Si O,
silicon nitride | ayers such as Si3N4, a conbination of silicon oxide
and silicon nitride |ayers, and conbinations of a silicon oxide

| ayer, a silicon nitride layer with a Xitanium oxi de | ayer such as
TiOx. In the foregoing fornulae, x is the nunber of oxygen atons.
Such anti-reflective |ayers ma){_ be deposited by a nunpber_ of
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material is present during the netal deposition step, such inageable

mat er i gk theyppedlayenpyplestralesseplegiralytic glaig.as contrast dyes, that
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typi CaH c}/rdeljto impart to the surface an improved light incidence geometry which reduces reflections,
such as the formation of pyramid structures. To produce the semiconductor junction, phosphorus
diffusion or ion implantation takes place on the front side of the wafer to produce an n-doped (n+
or n++) region and provides the wafer with a PN junction. The n-doped region may be referred
to as the emitter layer. The emitter layer may be a homogeneous emitter layer or a selective
emitter layer. A homogeneous emitter layer has a generally uniform dopant concentration or
sheet resistance. A selective emitter layer has multiple sheet resistance values. Typically,
regions where the current tracks are located the sheet resistance is lower or of higher doping and
regions of antireflective coating is higher resistance or lower doping. A selective emitter layer
may be preferred because of the higher doping and lower resistance of the current tracks which

bias nanoporous formation.



contains a dye which has a minimumlight transmttance of 40-60%
When the inmageable material is a liquid, such material my be

di sposed on the surface of the wafer by any suitable technique such
as, but not limted to, by spin coating, inkjet printing, curtain
coating, and roller coating. Wien the imgeable material is a dry
film such material may be di sposed on the surface of the wafer by
vacuum | am nati on. The inageabIéSnateriaI is patterned by
exposi ng the inageable material to actinic radiation through a mask.
The choice of actinic radiation wll depend upon the particul ar
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per oxy - agl I at 1 feer i's
onocy pafitdivBil g0 ol REEIPAGAE BronthER o AREETE COLWELPbn MR Dy |
a pH geidat €he pdi@m réaches tlseigh thsarftretacBve Byer\th expashitheserfaceafichect or

sect 1 oremAFionPgy offes SHRF cAhmatsh vk oy W (gt B phsings wich

t hr ougPerRutile IRAKEABE SCBS vafeh RDEHISONE B 1M0ONEN IS the Semiconductor body of the
wafer. Deeper or shallower trench depths may be employed. A variety of processes may be
used to form the pattern, such as, but not limited to, laser ablation, mechanical means, and
lithographic processes, all of which are well known in the art. Such mechanical means include
sawing and scratching. Typical photolithographic processes include disposing an imageable
material on the surface of the wafer, patterning the imageable material to form openings in the
anti-reflective layer, transferring the pattern to the wafer, depositing a metal layer in the openings
and removing the imageable material. In one embodiment, the imageable material is removed
before the step of depositing a metal layer in the openings. In another embodiment, the
imageable material is removed after the step of depositing a metal layer in the openings. When
the imageable material is present during the metal deposition step, such imageable material
typically avoids any dyes, such as contrast dyes, that absorb in the wavelength of radiation used

during the metal deposition step. Imageable material present during the plating step typically



oxi di zing solution. Oxidation may al so occur naturally by exposing

t he sem conductor wafer to the anbient atnosphere. The exposed
sections or pattern of the sem conductor wafer are then etched to
form a nanoporous |ayer on the oxidized emtter |ayer followed by
metal plating with an el ectrochem cal etching and netal plating
conposition including one or nore sources of bifluorides, one or nore
fluoride salts or mixtures thereof and one or nore sources of neta
ions. Accordingly, the conposition includes both the etching
conponents and the netal plating conponents. In an alternative

enbodi sereing Adyewhichhgs pemmupeight agsmitipice oE#0rP%s of bi fl uori des,
fluoride salts, or mxtures thereof may be done with a separate
conposi t i on When|theweehgpableveptgtialgh aligwg, sukk mategibanhé dispagid pn the surface of
separ ate | pl ati i tion, nyentiona | .plating. .
conpos i Ue e hlflde EARGR gl phtibt AR RE by Bh et Mrntng,
but ar euih coatiif &d rbller cahtii| iWheeittht inhdgehble riadkeial 8 Wclhy Abn,S0ch mMlerial may
bifluoiige anS Eotass'un%bLfIQ%rﬁde, amyonj um fl uori de, anmmoni um

bi f | uoPF disPosef qB By sifiase oftheBpish Py ¥acyimdamingfioty | yori de, anti nony

bi fl uori de, %etrabutylannpnjun1tetraf|uonoborate, ﬁluninun1 o

hexaf | uori d&haieregepie Betesialis patteracddry exppyingiie dmagrahlednaterab pgctinic

am nes andi ik b egeNma QN U AthBle BEIRhRGY GG GAMRUNSonhdiiidfarsal t's
include, but are not Iimted to, alkali nmetal fluorides, such as

sodi umirargsalple teasarialisaldctedo liagers asTyell asdthgr cobydntignal selscesol petgiic odptionds
and quorig% %ﬁ%tgnéﬁﬁnhﬁﬁl&%ﬁg igﬁﬁhe conpositions in anpbunts of 5
g/ L tonT58 gfi or such as rrom g7L to 70 g/L or such as from 20

g/L to 50 gLlL. . Aci ds ich y. be included in the ¢ osi tdons
Ol e burtspasemyin i intatft SR B AR i e e e e R a5
such asub¥ehibaReitahl lrhiéranA M ctherfoihanaimpul ét@RtbicalcdichidN@ciHiQRabEby using
sul fonic acid; al kylol sulfonic acids; aryl, sulfonic acids such as
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acids, such as sulfuric acid, nitric acird and hy I

rochloric acid;
am no a@rals crosasdotisnal disnensiod svhichadreicirragt aadleoting lakes andh Hngsrof eclatbokythick
aci ds, (LDeILa8od 8l Sens ATV ADELBRY. HALEARLED AMMALLAGHe BN reoting
t he cofposTtions may contain a m xture of aci ds. en two or Tore
car boxjihésc acids are included in the conpositions at |east one
contains an acidic proton to formthe bifluoride species. Such acids
are gener al The @iFea€matetiyl @xabd @Blbecd Wsiip dhy\saitatdd YolPheSRhoe&SsucEdgh
as Aldrich Chem cal nggqg%% hi general, acids and acid anhydri des

t?He Héf ft

are i ndOsREHd byRpym teHpls M baPEgin Adaspashuselitntogclhi 1

9/ L t o 30Re/hayHe dikifille aRidid QBsddiiMyndu@a200 9/ L or such as 30 g/L to
100 g/ L. The el ectrochem cal conpositions are prepared by

combi ni ng stl GILQIREL dhs %gﬁ@%%fhfcgﬁdtg{m %?er%hlélquoﬁﬂﬁ%;gtt@l% c?é&ﬁgl‘r}léd to

nore bifluoride®source conpounds Oor one or nore ori'de sa
m xt ur sstordwryenfive dhigé reqnaved dome angiprdviduseldanihp wohamdéing ofithe mefirs or
quori&e sa{ S di ssol ved

Fur t nef SRRt BB ieSRRE fany b mEe na B iR e B8 W pithly one
with a 1-3wt% aqueous solution of hydrogen peroxide. Other oxidizing agents include, but are
not limited to, aqueous solutions of hypochlorite, persulfates, peroxyorganic acids and
permanganate. When the semiconductor wafer is monocrystalline, typically the oxidizing
solutions are alkaline with a pH greater than 7, or such as from 8-12. When the semiconductor

walfer is of silicon, a layer of SiOy is formed on the exposed sections. Typically the

semiconductor wafer is dipped or processed through a flooded process chamber containing the



Alternatively, one or nore acid anhydri des are added to an agueous
solution of at |east one bifluoride source to formupon contact with
wat er at | east one carboxylic acid. One or nore carboxylic acids may
be present in the aqueous bifluoride source compound sol ution

provi ded that enough acid anhydride is stoichionetrically enployed to
attain a water content of 1-5wt % This conbination is then m xed
until the acid anhydride hydrol yzes ard the bifluoride source
conmpound di ssol ves. Additional water may be added with further m xing
until all of the conponents are dissol ved. pically the

el ect r G8HERE AN PE YRR §1 FRPEIENB WL PY ﬁ?ﬁwémaﬂkf‘aqemw@wmr wafer to
bi f 1 uonjdgni&TRRdPm, £l uori de and ammoni um bi fluoiide as the
blfluorlde source conpound More typically, the bifluoride source
conmpound i s |um
ot aor de. Thefofal ep i3t phia U0lhe g%’“f:%‘%gﬁ)g FRUIR% &

bi f | uomamgoeroos éayer omibe @xidied geuitier lger ﬁbﬂoweéby netaliglatdng with lae

el ectrochem. cal itjon uch as sul fam cid. Wien the
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fl uori @&lucEie;, Blie dRhGre TABAGXIAlLE 61 AGIESs Aol M dided mofe §dueees of metal ions.
el ect rocheni cal conposition. Typically a nonocarboxylic acid is
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typlcal the metals are nic Its a | oys, i um and |ts
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Such nprkes cappabiondsmay Beutgde, but are not limted to, nickel

sul fate, nickel chloride, nickel brom de, nickel sulfamte, and
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ions are provided by using palladi um conpounds, typlcally a_pal | adi um
sal t. %WI%PMGFW@?HOE@SlPWchlﬂ‘dé‘debﬁH’ﬂmal?lémrfB{mF[P rAraRniym bifgwridedi um
chl ori dgspd Fé ﬁﬂ!g‘l&ﬂh@h&ﬁ aﬁneblﬂ{?&%deaé’dtﬁ[fﬁ ? d‘é *Ilat?a{duﬁgalnméﬁu&a' I adi um
pot assi um chl 6ride, potassiumtetfachlofopalladate and tatraamni ne
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Silver _iaons ver co unds. ..Suc ilver
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met hane sul f at e. Cbbalt ggs are proyi ded by using cobalt congoun
Cobal t SQUBFRFSmPaundshar dyarier talts pre 1%Fdeld|lﬂfl“teéan’LPBSltl‘é‘E?dala‘meHF gf » gd- to 100
cobal t ;hbr g deas FR b /15t 708l e or SRREL FoR %Oagt?ﬁ'td‘% gyani de, cobalt

anmoni um sul fate and cobalt acetate. The conpounds are incl uded
in amounts {cBH 10¥ddd8 S Rpotif H At

of 0.1 to 1‘%165%2%0 B i ca (fy fdr ortn 0. SPO% %581 g fg%{é@aﬁé%ﬁgﬁ%ﬂgu caPJFI;IQ}IC
from ladid M@a@/smfomc ac1ds @nhias)maﬂia;ze azlfmn@acxdaatﬂlmmuﬁbmsmcrﬂaod arpanean

be used t he, e r eni ¢ Siti n oni ¢
oat | onbtonigi bt SR O ARRR RGER  P Rk 8 Roct Sl s YR Bt mby s
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plating. Surfactants may be i ncl uded i n_conventional amounts.
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limitation, brighteners, grain refiners-and ductility enhancers.” Such
addi ti mnaactqdcnmbwm sFathertat torkpusitions may hentainta naimtiraiacidse Whem two or

conventi onal unts. . . s : -
more carbox%)c 1% & are included in the compositions at least one contains an acidic proton to

form the bifluoride species. Such acids are generally commercially available from a variety of

sources, such as Aldrich Chemical Company. In general, acids and acid anhydrides are included



The el ectrochemi cal conpositions optionally contain a buffering
agent. Exenplary buffering agents include, but are not limted to,
borate buffer (such as borax), phosphate buffer, citrate buffer,
carbonate buffer, and hydroxi de buffer. The anount of the buffer used
is that anpunt sufficient to nmaintain the pH of the el ectrochem cal
conposition at a desired level of 1 to 6 typically from1l to 2.

The seniconductor wafer is inmersed i P the el ectrochenica
conposition contained in a chemcally inert etching and plating cell.
The working tenmpeiature of the electrochenical conposition nmay be
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repeated for a sufficient nunber of times to provide substantially
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and ohE ceBhinaton Fithen eI § thﬁm%eﬂg’ﬁn&s‘alr 31 agiiec Bpride e
met hod ¢ fip ik ABNGE:. b@dﬁ@rﬁﬂl Whidl Mg b@gdcﬁatvﬁ@lkfuﬂﬁel %mg%nhpalmthe
antlreflectlve coating on the enmtter layer and at the sane tine

f or mi ngompangnisperdiesslvedi tter | ayer. The oxidi zed sections of the
emtter layer are nade nanoporous to a depth such that netal adheres
vel | to theTgntallyghe elagmchanmamonmh@tlgmclvﬁmetdﬁemqreslikslu mgial piflupridre
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of the emitter layer prior to initiating application of the anodic
pot ent Wten thieynflecrideysourich gorspesd iy argingping i fluayfdeton emmentume Avorideoprsr wus
emtte 4 u tter
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det er nmphowgriexylid aiid issdydodadanepas atesicdeidt h and em tter | ayer
resistivity. Mnor experinmentation nay be done to deternmi ne the
emtter |ay exanam«na@rsm agedtoasiste @Rtddl@yer ba R naheSoreds emittyr Ihyer;

achieve netal p g and good tal hesi gn_ for payticuy
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include, but are not limited to, palladium chloride, palladium nitrate, palladium sodium chloride,



hi gh a sheet resistivity conprom ses the electrical conductivity of
the current tracks which are forned on the nanoporous sections of the
emtter layer. In addition non-uniform nanoporous |ayers over the
surface of the emtter nmay result in poor adhesion of subsequently

pl ated netal |ayers. Typically anodic potential is applied for 0.5
seconds and greater or such as for 0.5 seconds to 2 seconds or such
as from 3 seconds to 8 seconds. Tine WRere the anodic potential is

di sconti nued during the cycle may range from 1l second and greater or
such as from 3 seconds to 10 seconds or such as 10 seconds tg 50

second$alladyem poiaprwm ghlogide petassian tetpghlergpabisdats and tgmaginenalipdigs chlogide.
10 to i on
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i ncl udeshventisRapandings.sol uti ons. After the wafer is placed in the
etching solution where it is treated to formthe substantially
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Conventional electrolytic nmetal conpositions may be used. Typi cal
current densities are fromO0.01 A/dn2 to 2 A/dn2 or such as from 0. 05
Aldn2 to 1 A/dnR. The particular current requirenent is dependent
upon the particular size of the wafer used. The el ectroplating
processes used are conventional Suitable electrolytic nmetal plating
baths are comrercially avail able as well as many which are di scl osed
inthe literature. Exanples of commerédially available electrolytic

ni ckel baths are the NI KALTM and NI CKEL G_LEAMIm seri es of ni ckel

el ectrolytic products obtai nable from Rohm and Haas El ectronic
Material s, BnEnode peteniésl angsnetediin dhe dlegoehcariend cogpasition anid ek die

latin - j i ) .
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is too deep, the semiconductor may be damaged such that its sheet resistivity is increased. Too



A wi de variety of conventional surfactants may be used in the netal
pl ati ng baths. Any of anionic, cationic, anphoteric and nonionic
surfactants may be used. Surfactants may be 15 included in
conventional anounts. The netal plating baths may contain one
or nore additional conventional conponents. Such additi onal
conponents include, without limtation, electrolytes, buffers,
brighteners, grain refiners, chelatinéjagents, conpl exi ng agents,
reduci ng agents, levelers and ductility enhancers. Such additi onal
conponents are wel|l known in the art and are_used in conventional
anount $igh a sheet ravigivity cABEE TSRS thestlessicaheenane gy ity nf thsy qurmsatfosks whish are
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The followi ng exanples are included to illustrate various aspects of

t he i no®e®ut o lipted &, dnggadescont s uahoas|a 79 watt and 250 gyadt lamp ercury lamps,

i nvent hﬂggen lamps and a 150 watt infrared lamp. The light energy can be either continuous or
pulsed. Pulsed illumination can be achieved, for example, by interrupting the light with a
mechanical chopper or an electronic device may be used to cycle power to the lights
intermittently based on a desired cycle. In general the amount of light applied to the
semiconductor wafer during the light induced plating may be from 400 Ix to 10,000 Ix, or such as

from 500 Ix to 7500 1x.

By illuminating the front of the semiconductor wafer with light energy, plating occurs on
the front. The impinging light energy generates a current in the semiconductor wafer. The rate
of plating on the front is controllable by adjusting the light intensity, bath temperature, starting
wafer conditions, doping level as well as other parameters which are known to workers in the art.
A metal seed layer of 100nm and greater or such as from 100nm to 2pm thickness is typically
desired for the semiconductor wafer, with the exact thickness depending on various factors such

as on the application, semiconductor size, pattern and geometry.

In an alternative embodiment the etching components for forming the nanoporous emitter
layer and the metal plating formulation are included in separate solutions. After the wafer is
placed in the etching solution where it is treated to form the substantially uniform nanoporous

emitter layer it is then transferred to a separate metal plating solution for metal plating. If the



Example 1 A doped nonocrystalline silicon wafer having pyram dal
el evations on its front side was provided. The wafer had an n+ doped
zone on the front side of the wafer formng an emtter |ayer. The
waf er al so had a PN-junction below the emtter |layer. The front side
of the wafer was coated with an antireflective | ayer conmposed of

Si Nx. The front side of the wafer had a pattern for current tracks
through the antireflective |ayer mhicﬁ3exposed the surface of the
silicon wafer. Each current track traversed the entire length of the
waf er. The current tracks joined a bus bar at an end of the wafer and
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50 C available as well as many which are disclosed in the literature. Examples of commercially

available electrolytic nickel baths are the NIKAL™ and NICKEL GLEAM™ series of nickel

electrolytic products obtainable from Rohm and Haas Electronic Materials, LLC. Other
examples of suitable electrolytic nickel plating baths are the Watts-type baths disclosed in U.S.
3,041,255.

After the metal seed layer is plated by the embodiments described above, one or more
additional metal layers may be deposited on the metal seed layer. Such additional metal layers
may be copper or silver. Conventional metal plating baths may be used. If the additional metal
is copper, a tin strike layer may be deposited onto the copper to prevent oxidation. If the
additional metal is silver, a silver strike layer may be deposited on the silver and may be

followed by an additional silver layer on the strike. Such additional metal layers may be



The wafer was renoved fromthe plating cell and the adhesion of the
metal layers to the current tracks and busbars were tested. The ASTM
D3359-97 standard tape test was used to test the adhesion of the
netal |ayers. Although the netal |ayers on the busbars did not peel,
all of the nmetal layers at the current tracks peeled fromthe wafer.
Adhesion failed at the interface between the nickel and the silicon
of the wafer. 17 Exanple 2 The Aéthod described in Exanple 1
above was repeated except that silver was el ectroplated on the nickel
seed | ayer instead of copper. Silver was plated on the nickel using
ENLI sgpd heelegroless, igpaersipn.elactralyietlighpinduged gnasel ipting paing gepvgptional
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t he budhsarasticulss sigppbthg wafer uppth same type of nonocrystalline wafer was

provided as in Exanple 1 above. The wafer was placed on a netal

pl ating racRoumesdf spefemplalsifosthe edditiens matdl layers iy dectide, withewtlinitstioeict
Wi LNt BeTRh e Bhahl Mok ARk HRRRIETEA0R BELUSARAf RingEhhe AR T ack
was seal ed along the perineter of "the wafer, to mnimze solution
penet r glucomtd) edermdemihdacid amkplsk@daudf astrhatalegkleina@rdmpleats; ngtal alkl sulfonates

BIARLX TR FE I TRE T X AR AR N
sulfonates, and metal phenol sulfonates; and metal cyanides. When the metal is silver, the metal
salt is typically not a silver halide due to the limited solubility of such salts. Examples of copper
compounds include, but are not limited to, copper pyrophosphate, copper gluconate, copper
sulfate and copper chloride. Examples of tin compounds include, but are not limited to, tin
chloride, tin sulfate and tin methane sulfonate. Mixtures of metal compounds may be used.

Such mixtures may be metal compounds having the same metal but being different compounds,

such as a mixture of silver nitrate and silver-cysteine complex.

In general the metal compounds are added to plating baths in an amount sufficient to
provide a metal ion concentration in the plating composition of 0.1 to 150 g/L. When the metal
ions are silver ions, the concentration of silver ions in the bath is typically in an amount of 2 to
40 g/L. Such metal compounds are generally commercially available from a variety of sources,
such as Aldrich Chemical Company, Milwaukee, Wisconsin. Examples of a commercially
available baths are COPPER GLEAM™ ST 901 and 901A Copper Electroplating baths and
ENLIGHT™ Silver Plate 620 silver electroplating bath both from Rohm and Haas Electronic
Materials, LLC Marlborough, Massachusetts. Examples of commercially available tin baths are
the SOLDERON™ Tin Plating compositions and ancillary products also available from Rohm

and Haas Electronic Materials.

A wide variety of conventional surfactants may be used in the metal plating baths. Any

of anionic, cationic, amphoteric and nonionic surfactants may be used. Surfactants may be



The current tracks and busbar were then oxidized with a 5w % aqueous
hydr ogen peroxi de solution to ensure that the silicon surface was

oxi di zed. The wafer, racked as described in previous paragraph, was
then i nrersed into an aqueous conposition in a plating cell which
included 10 g/L of nickel ions from nickel sulfamate, 45 g/L of

sodi um bi fluoride and 15 g/L of sulfam.c acid. The rack with wafer
was connected to a rectifier and a pldfinumwre was used as a
counter el ectrode. The aqueous conposition, wafer and platinumwre
were in electrical comunication with each other. Anodic current was
appl i ednchuded prpcepypriforpbimaPisseconds at a current density of 0.2

Al dn2. The aqueous conposition was at roomtenperature. Af ter
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than silicon may also be used, with appropriate changes where necessggr, or example, in the

source of light energy employed.

The following examples are included to illustrate various aspects of the invention but are

not intended to limit the scope of the invention.
Example 1

A doped monocrystalline silicon wafer having pyramidal elevations on its front side was
provided. The wafer had an n- doped zone on the front side of the wafer forming an emitter
layer. The wafer also had a PN-junction below the emitter layer. The front side of the wafer was
coated with an antireflective layer composed of SiNx. The front side of the wafer had a pattern
for current tracks through the antireflective layer which exposed the surface of the silicon wafer.
Each current track traversed the entire length of the wafer. The current tracks joined a bus bar at

an end of the wafer and at the center of the wafer. The back side of the wafer was p+ doped and



The net hod descri bed in Exanple 3 above was repeated except that
silver was plated on the nickel seed |ayer instead of copper. Silver
was plated on the nickel using a silver strike electroplating
solution of ENLIGHTTm Silver Plate 620 electroplating bath with a
silver ion concentration of 1 g/L followed by plating a silver |ayer
on the silver strike with ENLIGHTTm Si | ver Plate 620 el ectropl ating
bath. A voltage of 2 to 2.5 V was applllsed for 30 seconds to 1 mnute
in the strike solution, after which the wafer was i nmedi ately
transferred to the other silver bath where it was plated at 2 A/ dnR
for 10 cAntApedan alyminug elpgtiqdeal | ght source was a 250 watt hal ogen

| anp. Plating tenperatures ranged from20 Cto 40 C. An 8 to 10itm
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busbar j 5 A/dm? was applied for 14 minutes to deposit a 6-10pm layer of copper on the nickel seed

layer on each current track and busbar. Artificial light was again applied to the wafer throughout
plating. The light source was a 250 watt halogen lamp. Plating temperatures ranged from 20° C

to 50° C.

The wafer was removed from the plating cell and the adhesion of the metal layers to the
current tracks and busbars were tested. The ASTM D3359-97 standard tape test was used to test
the adhesion of the metal layers. Although the metal layers on the busbars did not peel, all of the
metal layers at the current tracks peeled from the wafer. Adhesion failed at the interface between

the nickel and the silicon of the wafer.



The ni ckel plated wafer was then placed in an electrolytic plating
cell containing ENLI GHT 420 El ectrol ytic Copper plating bath. The
rack with wafer was connected to a rectifier and a copper anode
functioned as the counter electrode in the bath. The bath, wafer and
counter electrode were all in electrical comrunication and a cathodic
current of 2 Aldn2 was applied for 14 mnutes to deposit a 6-10 ptm
| ayer of copper on the nickel seed |ayér on each 20 current track
and busbar. Artificial light was again applied to the wafer during
plating. The light source was a 250 watt hal ogen | anp. Pl ating
tenperatures ranged from20 C to 5&xample2  The wafer was renoved
fromthe plating cell and the adhesion of the netal |ayers to the
current trabksnethed drsetikadsn Kearaple d sbet waHep S EVMXDaR 9ot sives wandar d
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metal |layers to the current tracks and busbars were tested. The ASTM
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fromthe wafer even at the nickel and silicon interface.
Example 3
The same type of monocrystalline wafer was provided as in Example 1 above. The wafer
was placed on a metal plating rack, with the back side aluminum electrode in direct contact with
the metal plating rack. The interface between the cell and rack was sealed along the perimeter
of the wafer, to minimize solution penetration between the back side of the cell and plating rack.
During anodic cycling, current from the rectifier flowed through the rack, and into the cell

through the rear side contact.

The current tracks and busbar were then oxidized with a S5wt% aqueous hydrogen peroxide
solution to ensure that the silicon surface was oxidized. The wafer, racked as described in
previous paragraph, was then immersed into an aqueous composition in a plating cell which
included 10 g/L of nickel ions from nickel sulfamate, 45 g/L of sodium bifluoride and 15 g/L of
sulfamic acid. The rack with wafer was connected to a rectifier and a platinum wire was used as
a counter electrode. The aqueous composition, wafer and platinum wire were in electrical
communication with each other. Anodic current was applied at the wafer for 30 seconds at a

current density of 0.2 A/dm®. The aqueous composition was at room temperature.

After the current tracks and bus bars were etched to form a substantially uniform
nanoporous layer, artificial light was applied to the wafer and the rectifier polarity was reversed

to make the cell cathodic and the platinum electrode anodic. The light source was a 250 watt



Exanple 7 The net hod of exanple 5 was repeated except that the
nunber of porous rectifier cycles was increased from30 to 60. Al

ot her preparation and conditions were the sane. The wafer was
renoved fromthe plating cell and the adhesion of the netal l|ayers to
the current tracks and busbars were tested. The ASTM D3359- 97
standard tape test was used to test the adhesion of the netal |ayers.
Al of the netal deposits on the curréft tracks and the bus bars
remai ned i ntact. There was no observabl e evi dence of any netal on the
tape or any indication of the separation of ,netal |ayers from
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The nickel plated wafer was then placed in an electrolytic plating cell containing
ENLIGHT 420 Electrolytic Copper plating bath (available from Rohm and Haas Electronic
Materials). The rear side aluminum electrode of the wafer was connected to a rectifier and a
copper anode functioned as the counter electrode in the bath. The wafer functioned as the
cathode and the platinum wire was the anode. The bath, wafer and counter electrode were all in
electrical communication and a cathodic current of 2 A/dm” was applied for 14 minutes to
deposit a 6-10um layer of copper on the nickel seed layer on each current track and busbar.
Artificial light was again applied to the wafer during plating. The light source was a 250 watt
halogen lamp. Plating temperatures ranged from 20° C to 50° C.

The wafer was removed from the plating cell and the adhesion of the metal layers to the
current tracks and busbars were tested. The ASTM D3359-97 standard tape test was used to test
the adhesion of the metal layers. There was no observable evidence of any metal on the tape or
any indication of the separation of metal layers from the wafer even at the nickel and silicon

interface.
Example 4

The method described in Example 3 above was repeated except that silver was plated on
the nickel seed layer instead of copper. Silver was plated on the nickel using a silver strike
electroplating solution of ENLIGHT™ Silver Plate 620 electroplating bath with a silver ion
concentration of 1 g/L followed by plating a silver layer on the silver strike with ENLIGHT™
Silver Plate 620 electroplating bath. A voltage of 2 to 2.5 V was applied for 30 seconds to 1
minute in the strike solution, after which the wafer was immediately transferred to the other
silver bath where it was plated at 2 A/dm® for 10 minutes. The artificial light source was a 250
watt halogen lamp. Plating temperatures ranged from 20° C to 40° C. An 8 to 10um layer of

silver was deposited on the nickel.

The ASTM D3359-97 standard tape test was used to test the adhesion of the metal layers.



m croscope. A substantially uniform nanoporous |ayer was fornmed on
the surfaces of the pyramd structures of the emtter layer. Figure 1
is a 170,000X SEM of the surface of one of the pyramd structures. As
shown in Figure 1 and exenplified by the rectangul ar box a nanoporous
| ayer with a depth of 61.2nm (upper left corner to |lower right corner
of box) was fornmed on the surface of the pyram d structure of the
emtter layer. The width of the box wd? neasured to be 42.9nm (| eft
to right) and the height of the box was neasured to be 43.7nm (top to
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removed from the aqueous composition and rinsed with deionized water.

The doped mononcrystalline silicon wafer was racked and then immersed into a plating
cell containing ENLIGHT™ 1300 Electrolytic Nickel plating chemistry. The rack with wafer
was connected to a rectifier and a solid nickel anode functioned as the counter electrode in the
bath, The wafer functioned as the cathode. The bath, wafer and counter electrode were all in
electrical communication and a cathodic current of 1 A/dm” was applied for 1 minute. Artificial
light was applied to the wafer throughout the plating cycle. The light source was a 250 watt
halogen lamp. Plating temperatures ranged from 30° C to 50° C. Plating continued until a nickel

seed layer of 300nm was deposited in the current tracks and busbar.

The nickel plated wafer was then placed in an electrolytic plating cell containing
ENLIGHT 420 Electrolytic Copper plating bath. The rack with wafer was connected to a
rectifier and a copper anode functioned as the counter electrode in the bath. The bath, wafer and
counter electrode were all in electrical communication and a cathodic current of 2 A/dm® was

applied for 14 minutes to deposit a 6-10 ym layer of copper on the nickel seed layer on each
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was at the interface between the nickel and the silicon of the wafer
Example 6

The method of example 5 was repeated except that the number of porous recitifier cycles

was increased from 30 to 45. All other preparation and conditions were the same.

The wafer was removed from the plating cell and the adhesion of the metal layers to the
current tracks and busbars were tested. The ASTM D3359-97 standard tape test was used to test
the adhesion of the metal layers. All of the metal deposits on the current tracks and the busbars
remained intact. There was no observable evidence of any metal on the tape or any indication of

the separation of metal layers from the wafer even at the nickel and silicon interface.
Example 7

The method of example 5 was repeated except that the number of porous rectifier cycles

was increased from 30 to 60. All other preparation and conditions were the same.

The wafer was removed from the plating cell and the adhesion of the metal layers to the
current tracks and busbars were tested. The ASTM D3359-97 standard tape test was used to test
the adhesion of the metal layers. All of the metal deposits on the current tracks and the bus bars
remained intact. There was no observable evidence of any metal on the tape or any indication of

the separation of metal layers from the wafer even at the nickel and silicon interface.
Example 8

The method of examples 5 was repeated up through formation of the porous silicon layer

in the etching solutions.

The emitter layer was then examined with an AMRAY 1910 secondary electron
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xXample

The method of examples 7 was repeated up through formation of the porous silicon layer

in the etching solutions.

In addition, the sheet resistivity (po) of the emitter layer prior to nanopore formation was
measured at 17 ohms/square using a Jandel Engineering Ltd. Model HM20. Nanopore formation
was done by the same process as described above except the anodic cufrent to O current pulse
was done for 60 cycles. After nanopore formation the sheet resistivity (p;) of the emitter layer
was measured and was determined to be 23 ohms/square. The emitter layer sheet resistivity
increased by 6 ohms/square or by 39% and within a range for metal plating on the nanoporous
emitter layer surface such that the metal layers plated on the emitter layer would have good

adhesion.

The emitter layer was then examined with an AMRAY 1910 secondary electron
microscope. A substantially uniform nanoporous layer was formed on the surfaces of the
pyramid structures of the emitter layer. Figure 2 is a 100,000X SEM of the surface of one of the
pyramid structures. As shown in Figure 2 and exemplified by the rectangular box a nanoporous
layer having a depth of 104nm (upper left comer to lower right corner of box) was formed on the
surface of the pyramid structure of the emitter layer. The width of the box was measured to be

55.7nm (left to right) and the height of the box was measured to be 88.3nm (top to bottom).
Example 10

The method of example 6 was repeated up through formation of the porous silicon layer in

the etching solutions.

Nanopore formation was done by the same process as described above except the anodic
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t her eof ; C) generating a current in the conposition; d) applying
anodic current for a predetennined tine, followed by turning the
anodic current off for a predeterm ned tine and repeating the cycle
to forma nanoporous |ayer on the oxidized emtter |ayer of the

sem conduct or wafer; e) contacting the sem conductor wafer with a
nmetal plating solution; and f) genePating an electrical current in
the netal plating solution to deposit nmetal on the nanoporous emtter

| ayer. 7. The nethod of claim®6, wherein the nmetal is nickel. )
current to 0 current pulse was done for 45 cycles. The emitter layer was then examined with an

AMRAY 1910 secondary electron microscope. A substantially uniform nanoporous layer was
formed on the surfaces of the pyramid structures of the emitter layer. Figure 3 is a 75,000X
SEM of the surface of one of the pyramid structures. As shown in Figure 3 and exemplified by
the rectangular box a nanoporous layer having a depth of 80.9nm (upper left corner to lower
right corner of box) was formed on the surface of the pyramid structure of the emitter layer. The
width of the box was measured to be 43.2nm (left to right) and the height of the box was

measured to be 68.4nm (top to bottom).



8. The method of claim7, further conprising depositing copper or
silver on the nickel. 9. The nethod of claim8, farther conprising
depositing a tin strike of the copper. 10. The nethod of claim 8,
further conprising depositing a silver strike on the silver.
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What is claimed is:

1. A method comprising:

a) providing a semiconductor wafer comprising a {front side comprising an oxidized

emitter layer, a back side and a PN junction;

b) contacting the semiconductor wafer with a composition comprising one or more
sources of bifluorides, one or more fluoride salts, or mixtures thereof and one or more sources of

metal ions;
¢) generating an electrical current in the composition;

d) applying anodic current for a predetermined period of time, followed by turning the
anodic current off for a predetermined period of time and repeating the cycle to form a

nanoporous layer on the oxidized emitter layer of the semiconductor wafer; and
¢) applying cathodic current and light to deposit a metal on the nanoporous layer.

2. The method of claim I, wherein the bifluoride source is chosen from alkali metal bifluorides,
ammonium fluoride, ammonium bifluoride, fluoborates, fluorboric acid, tin bifluoride, antimony
bifluoride, tetrabutylammonium tetrafluoroborate, aluminum hexafluoride and quaternary salts of

aliphatic amines, aromatic amines and nitrogen-containing heterocyclic compounds.

3. The method of claim 1, further comprising an acid chosen from one or more of sulfamic acid,

sulfonic acids, mineral acids, amino acids and carboxylic acids.

4. The method of claim 1, wherein the metal ions are nickel ions, palladium ions, cobalt ions or

silver ions.
5. The method of claim 1, wherein the metal is nickel, palladium, cobalt or silver.
6. A method comprising:

a) providing a semiconductor wafer comprising a front side comprising an oxidized emitter

layer, a back side and a PN junction;

b) contacting the semiconductor wafer with a composition comprising one or more sources of
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bifluorides, one or more sources of fluoride salts or mixtures thereof;
¢) generating a current in the composition;

d) applying anodic current for a predetermined time, followed by turning the anodic current
off for a predetermined time and repeating the cycle to form a nanoporous layer on the oxidized

emitter layer of the semiconductor wafer;
e) contacting the semiconductor wafer with a metal plating solution; and

f) generating an electrical current in the metal plating solution to deposit metal on the

nanoporous emitter layer.

7. The method of claim 6, wherein the metal is nickel.

8. The method of claim 7, further comprising depositing copper or silver on the nickel.
9. The method of claim 8, further comprising depositing a tin strike of the copper.

10. The method of claim 8, further comprising depositing a silver strike on the silver.



