SCLAR CELL METALLI ZATI ONS CONTAI NIl NG METAL ADDI Tl VE TECHNI CAL FI ELD

[ 0001] The subject disclosure generally relates to a paste conposition, a
met hod ofwoekinmgssspast e conposition, a nethod of maki ngca/tsediansmes |
contact, and a fired front contact that can be used in solar cells as well
as other related conponents. BACKGROUND [ 00021Sol ar cells are generally
made of sem conductor materials, such as silicon (Si), which convert
sunlight into useful electrical energy. Solar cells are typically made of
thin wafers of Si in which the required PN junction is formed by diffusing
phosphorus (P) from a suitabl e phosphorus source into a P-type Si wafer.
The side of siSOIR GHIEY, METWLIAZ STIONS IONT AINENGEME T AL ADDENEVE!

coated with an anti-reflective coating (ARC) to prevent reflective | oss of

i ncom ng sunlight, and thus to increase the efficiency of the solar cell. A
two di nensi onal el ectrode grid patieraNnkQQVvrIagpa front contact nmakes a
connection to the N-side of silicon, and a coating of alum num (A) on the
ot her side (back contact) makes connection to the P-side of the silicon.
These contact sjgghf t NG hifsh Hl%&@élﬂ%&@ﬂ rel QM LP%teP c,l})lnipUﬂﬁ&ﬂ Qﬂ}ehf?)d tope
out si de | oad. 100 31Front “contacts of 5| Icon solar cells are tormed by
screen- pri nt i ngaldng hpasie omppsiiiens ¢ aeld ol waking 2 stlirselowtat. cont &raddront

appr oxi mat el y dpe, hdokeh AR £l#Ses gl 43820 er%lgt%]«l:&ﬁ}%onpﬁtg er
screen-printing, er and paste are fired in air cally at furnace
set tenperatures. EUrlng the firing, glass sof t ens, nelts and reacts with
the anti-reflective coating, etches ( %@gp surface and facilitates
the formation of intinmate silicon- S|ﬁVer ct. Silver deposits on
silicon as islands. The shape, size, and nunber of silicon-silver islands

determ ne t he f electr sfer fromsili o the outside
circuit. - [ﬁa‘gJMvﬁﬁ%yf%l@ﬁrf]gﬁ%al ycﬁl"i“%\fﬁ? AR a g Rat gpag r‘rﬂthiaﬁ & E&ms ummar y

of the i nvent (8D, Whiclotaeert himliphitanto deefal draticsl daagder stlandiinge efpicoyie aspects
of the invention S S r an extensive QV rvi ew of the

i nvention. |t 1 ngjé%ﬁéﬁ%sﬁ’é‘lvfﬁﬁ‘g?th? TFaRT§IrRyY agHog s FTP?CI Bafifeyrent s of
the inventi on phespherk (INGRINEa §di@bIS pRRGh&Hs ioﬂﬁ;e'uﬂé(@ﬂ“tw i wak. $Rd §adr pose i s
to present sone concepts of the invention in a si fied formas a prelude

to the nore detigep @fé}feae%mcaﬁ%ﬁh&lﬁawdie%t 1%@@@@%@@&@%’@@? an pgpEEEqive
accordance W tRaRQAREN&Frevedt RASIRe ﬁ@gpﬁﬁ&&ﬁlﬂ%mhﬁglﬁr&wm% MR the
particularly, in accordance with this aspect he paste conposition

i ncl udes sil vetficiencyphibe selpsoell. Argo dimeasianal sheatradezaid pakesn kst asadigint i ve i s
at 1east one sehehefle!{ Ahide, &f QUR-SRNTALN &Pl coklibd Mﬂmﬁu AR

or gano- vanadi um conpound, organo-anti nony conpound, ano- ;S rus
compound, and oot r)%tdpl(baahﬂmvﬁonﬁkés cdnnectidd ict theo A; snﬂalomig sﬂ\mm Thee:

f oregoi ng net 0 r gano- net al
additives sel gct eﬁgkltrel(t)ﬁr%?%ﬂ{car%@%gg&%&wm&%&ot bl eﬁ fr, Li, and Zn
may al so be i rf@003tiedFront ctdnacqsaﬁslhcon[s@mﬁ&]lllsare&cmmﬂdbamaeen@rﬁﬁngadﬁher aspect,

a net hod of a |t|on|s OVI rti uIarIy in
accor dance vvlmt%r;mtqglSt{i P @qu@’; r’?g?tﬁ]gﬁlaffpﬁ ‘g%?% eﬁP?{ga@% Ig@ da” gl ass
fit, and a netoagana@ldAftewserem phintag, e gafec ﬁnd/}ﬁbﬂe@fe&ir%ﬂaﬁh@pﬁﬁl@ 49 t he
silver, the glass frit, and t met al .addi |ve|nthe or gani ¢ vehi cl e.
[0007] In accglfﬂgﬁ@éewlflﬂeri‘féﬁes hﬁ g@%étass SQTtHRs WE: Gﬁdgﬁ% W %esol ar

cell contact laﬁtlwmmhﬂeﬂatuigbétale@afetsuféuh Alrfa¥e, ahd fr0ie@dsdRNGA Mok B t hi s
aspect, the nethod involves applying a paste to a silicon substrate, the

past e cont ai nitHgnaly filiesn- Sﬂé‘?rtcP’&tP‘%s Silger gerpsds qnystlicon ghglagdshgihgshangidizei ve. The
met hod furt hernd Avbey 85siM@alsiNG if1Rls B&SHENd @e SRRy JRRcShd YREfPARSHLI Cl es
and fuse the glass frit 008] I n accordance with still yet another aspect,
a fired front SBispi wdke ‘P‘%Sl‘%ﬁ“d’iﬂ“éled More particularly, in accordance with
this aspect, the fired front contact includes silver, a glass fit, and
yttrium f0009] To t he acconplishnment of the foregoing and rel ated ends, t he
i nvention,



then, conprises the features hereinafter fully described and particularly
pointed out in the clainms. The foll ow ng description and the annexed

drawi ngs wetofansgissi n detail certain illustrative enbodiPegntsgoiofnshe

i nvention. These enbodi nents are indicative, - 3 - however, of but a few
of the various ways in which the principles of the invention can be

enpl oyed. Ot her objects, advantages and novel features of the invention

wi |l beconme apparent fromthe follow ng detailed description of the

i nvention when considered in conjunction with the draw ngs. BRI EF

DESCRI PTI ON OF THE DRAW NGS [0010] FIGS. 1A-1E illustrate a process flow

di agram schematically illustrating a sumsesgyof making a contact in a solar
cell in accordance with an aspect of the subject invention. Reference
nuneral s shown in FIGS. 1A-1E are expl ained bel ow. [0011]10: p-type silicon

substrate [00 15%1)&9 b YRR witd Jréls'éﬁt@ 2 sﬂnﬁﬂlﬁéd £u(?191123i/ 30the {rvemtonSh S@eassi vat i on

| ayer/anti-reflective coating 40: p+ laré (back _surface field (BSF))
[0015] 70: fi rsmrowém’easmm#@at ng)@fc,sreglﬁa@eft@eﬁ fwent@aclifh@ﬁ@e%l@ad%ﬂqtor med by

firing first Jx‘?enzl(?e %&%Z& 8Pthe ﬁﬁ%ﬂ{bﬁl M§ﬁfenﬁ&ftﬂ'%gltﬁé?1d@§tﬁi§§b§d§r [0018] Si :

back electrode or ned Iring second paste 80 100191500: front side
si | ver/ net al addlcahdﬁalep@@ﬁﬂl]eﬁmntl@l oy delingeie die sgeigiof ﬂ\?éﬂ‘feﬁw Issglét r ode

f fi
gxterer{) | a'r;' ng E@%}%%e% 98*%6@3“95 a%Ré‘egso%&EJeﬁnm?ma% 1&8%&{@%@@ an

aste conposition in accor with an
aspect of the tSUl]lDE]IE@IE detaﬂe&iniescmpnolﬁm@@ﬁpﬁbfﬁted:?atﬁrs a flow di agram of an

cremlaly L ngphooy, o R0 %30k at £l GARLA, L PnsfeerARREe Wih an
particularly, in accordance with this aspect, the paste composition includes silver, a
glass frit, and a metal additive. The metal additive is at least one selected from the
group consisting of yttrium, an organo-vanadium compound, organo-antimony
compound, organo-phosphorus compound, and organo-yttrium compound. In addition,
along with the foregoing metal additive, at least one of the following organo-metal
additives selected from the group of metal of Co, Ni, S, Zr, Li, and Zn may also be
inctuded in the paste.
[0006] In accordance with another aspect, a method of making a paste composition
is provided. More particularly, in accordance with this aspect, the method involves
combining silver, a glass fiit, and a metal additive with an organic vehicle and
dispersing the silver, the glass frit, and the metal additive in the organic vehicle.
[0007] In accordance with yet another aspect, a method of making a solar cell
contact is provided. More particularly, in accordance with this aspect, the method
involves applying a paste to a silicon substrate, the paste containing silver particles, a
glass frit, and a metal additive. The method further involves heating the paste to
sinter the silver particles and fuse the glass frit.
[0008]  In accordance with still yet another aspect, a fired front contact is provided.
More particularly, in accordance with this aspect, the fired front contact includes
silver, a glass frit, and yttrium .
[0009]  To the accomplishment of the foregoing and related ends, the invention,
then, comprises the features hereinafter fully described and particularly pointed out in
the claims. The following description and the annexed drawings set forth in detail

cerfain illustrative embodiments of the invention. These embodiments are indicative,



[ 0023] The subj ect paste conposition can include silver, a glass fit, and a
netal additive. By way of illustration, the paste conposition can contain
si |l ver atweabkouos8&swt % or nore and about 92 wt % or | epsTafS20thesPast e
conposition; a glass fit at about 1 w % or nore and about 15 wt % or |ess
of the paste conposition; and a netal additive at about 0.01 Wt % or nore
and about 5 wt %or less of the paste conposition. The netal additive

i ncludes yttrium an organo-vanadi um conpound, organo- - 4 - antinony
conpound, organo-phosphorus conpound, organo-yttrium conmpound, or

conbi nations thereof. In one enbodi ment, the paste conposition further

i ncl udes or ganjHENGEES » FSPIMEMN RiouPHa R RERA HPABCiHREbEBE invEQQR44dd he
paste conpositions can be used as filmpastes to nake, for exanple, front

contacts for sbddnedercBaSeer dupds adantagess epvet BRIEE f g APERiogeter at ed by
exposure to l'%? eg;fpa}e(ﬂt 8K DBV EORU AT ScdhplorcMATenBbLFh&ONS O an
out si de | oad. ]in ectrical perfoiniance as neasured by cell efficiency
(I'l) and fill d¢easitord REYjuLgioafsfidhediawipgt.he nmi crostructure and the

el ectrical properties of Eﬁlﬂﬁg&i—{ﬁiﬂﬂ?% TS gﬁmd@e el ectrical
properties of the solar cell are also Characterized by series resistance
(Rs) and shunt[00&yi stFiGE.e A-Rh)lusiftea pongse Sbvidograanghemaicoldt itlugtatnga of t he
front contact interface.l argely, .determ ne R.__The ' Nposi ti ons
can provide | oW°sE ?%@ P SPERR a(sasaﬁcegﬁ%a%f)réiﬁmgﬁﬁﬁﬂtag%_g ST'S a%cs_(eégJ ) to
gi ve hi gh per f or#miog eR sfeleate mm@lctads shawn ireBISiSr e4-1Byaredxplagiedhelyw(fi) and fill
factor (FF). [ ] The paste. .co sitions and net hods of the present

i nvention can H%giﬁl i Hﬁt’gty@f)t“ihﬁ‘i“rzrsg‘g’gt{aiﬁ eraction, bonding, and contact
formation bet waem|f r ot n-geBtEREICEGYRONENt s, typically Ag and Si, through

t he gl ass nedium_The paste conposition can he printed on a silicon
substrate, and®{3ed 39'03‘?1}@@3P?F@Vﬁf%gyegﬂﬁl"?gﬂﬁt&? Y988 et al therein. Upon
firing, Ag/Si anguctapver fasd: AR s@FRe FigdMBSk)pr ovi di ng conductive bridges
bet ween bul k paste and silicon wafer, \Wen | eaded gl asses are used, the

| eaded gl assesl081Flow Poliystrasie iymed apLiktid?s es owing to their excellent flow
characteri stiCgoig atﬁwgécye@&ndde\ﬁsr}n%&reﬁﬁﬁﬁ%ﬁﬁﬁpas{e@@%] The paste can be
applied on a substrate by any suitable technique. In one enbodi nent, the
paste is appliB8lHy $6rwemdmestpfirmgd ombasheidd printing, extrusion, pad
printing, ink j pright kAkd 09 .ot@RYy suitable

m cr o- deposi ti'gﬁigc]i regétlsﬂ\%??lfe%et ec%%?%uleséth%ntdq%?]e of ordinary skill in
the art woul d WetUgnisge. frifhedpabremetolddiivei on can be used to from contacts
of a sotar cellpadhe Baskes LS 3GhiFCHRtlOkad A Mins BR! S Eroapel L he
pastes fornmed on"the 'substrate are fire o0 relative ow t enper at ures
(550 C to 850 Lrwafer tenperature; furnace set tenperatures of 650 Cto

1000 C) to f | | st tact bet f . N-si d
of a_phosphor ubVapod 1617 RN uarer ARt vha paat e BlopS ARG Re« bR T o1 0

[ 00281The past &ngREHOS irtdcendaanwibat apsetafthe Sulijécabivent®nl ver conpound in any
suitable form The saqurce of the silver in the si|Jv co nent can be one
or nore fine p&Pttlc &Go}lsﬁdjsﬁﬂ’éﬁ%gr Og‘?q W?lp]ﬁ@ilﬂ?%mﬁo%l‘) "of Sog‘?rl ver. A
portion of thecsidoM@tt if doRBnRGE@tnaSpesT MBS subkiidevedgR0) or as silver
salts such as AgNO3, AgOOCCH3 (silver acetate), Ag aerylate or Ag

nmet hacryl ate. Additionally, the silver can be coated wth various nmaterials
such as phosphorus. AlternatelypsiAiYsD se8chReeea ed on glass. O silver
oxi de can be dissolved in the glass during the glass nelting/ manufacturing
process. The silver particles used in the paste can be spherical, flaked,
col | oi dal, irrgguhiar {haviingnel dhehsifosRRetdRRLINT dast kakaunagdol ogy) ,
or conbi nati on@gﬁ!ere’%}@. ép'egé%ﬁ ‘cp%xgnpl es of .'siSII vera%aasrt.i cl es include
spherical si | velityonBewang8dogrationdee pagtslcompesataadas panjesh siysiepouSRECED,
silver flake SE:23 by owds 5 0o 5Ol LRk B8l Soliver
RDAGCAOLB, al | @5%91%%%? g%diabgdég?lwgb e %Srsé%ﬂ%g%?%é%ﬁpo?dt iglcl)n, O'evel and,

Chi 0. [ 00291 Thé wpésdrence mpiosbbtl IGrwicant kessalf deeasgayorafositioe; aafl emetednt i oned

silver sources..ln o er iment, the .silver porti ._cont ai ns
spherical sil v%drdltﬁfgraF %@f‘@(?g@b%u or %ldv?% O‘b%%o“ft /?rglifg%}rf © tag[gtc %@%ﬁﬁﬁ % or

| ess of the sifTNehctploititionirahdessitiriver af drakesvaatdiabouhpd@nitorénor nore and
about 20 wt % or less of the silver portion. In another enbodi nent, the
silver portion of the paste contains silver flakes at about 75 w % or nore
and about 90 wt %or |less of the silver portion and colloidal silver at
about 1 wt %or nore and about 10 wt %or less of the silver portion. In
anot her enbodi nent, the silver portion of the paste contains irregul ar
silver metal particles at about 80 wt % or nore and about 100 wt % or |ess
of the silver portion, silver metal flakes at about 0 wt % or nore and

~NrN o o a1 o o - T | o



[ 0031] The silver particles can have any suitable size. In one enbodi nent,
the silver particles have a nedian particle size of about 0.05 m crons or
nor e and wbQ0t2/0583581 crons or |l ess. In this specificati oRCaru$2ehA56RI B

bel ow particle size is nmeasured using a Honeywell M crotrac X100
instrunent. In another enbodinent, the silver particles have a nedian
particle size of about 0.05 mcrons or nmyr e and about 5 mcrons or less. In
yet anot her enbodi nent, the silver particles have a nedian particle size of
about 0.05 microns or nore and about 3 micron or |ess. In another

enbodi nent, the parti cles have a specific surface area of about 0.01 to 10
g/ n2. In anot }55%9 , 4 SorSih@Ge area of
about 0.1 to gﬁ%fn n{l) Oﬁéeapg %g%%%%&ﬂ&éﬂ@o%;%?ﬁ%% k??\?e a specific
surface area Ofonﬁvb@tmnsoh@eqfoI@Ol?glenﬁodmmaﬁéﬂ)hfé? campgsitipmbrider intladesarti cl es
have a specifig 9,s5- 5 g/ n2. I n anot her

enbodi nment theg%g{t%g& é%sl?églttas é’[(%?%ﬂlbgﬁ??%%&o the m xture of different
types of si | ve[lﬂﬂmmmhspasm ctohmopa@tseax(wahéﬂs filnr weghgs tarmaksphesxamale;, f1 ake,
subrnicron or ano- her type of
di stribution, ¥ %%Fﬁp BLsifi 580 8 SRR ALRLL L ARea B [0032]
GLASS FRIT [ 0033bshieto Gilchissr th hnalcsbatkedntmmﬁmmoam&t elatirops iotancatsidahadt he past e

conposition can ¢ nta swtable ss . fi an .i i,al tter t he
glass frits us%%IQW“T%Qpeﬁgé?%e PlSeIF‘%EISW C?I%Etféﬂ‘?‘}cgi f@otlﬁ t%ﬁ(ﬁ Bad and/ or
cadm um or thgi.eaby Be ndeyahdued aﬂdﬁﬁ@é]édtr%ﬁﬁﬂn{) erﬂéidﬁdaelsﬂ%ﬂ/sﬁmadﬁ or cadni um

I n one enbodi nent, ¥1 glass fit |sasubstant|allyleadfree gl.ass fit. In

anot her embodi lﬁ‘@ﬁﬂceamhe élle‘thlPPé pypsisiss ¢fj the wlagcell pre 290 shigpctesiasd infFitee. The

gl asses can berefi?tﬁﬂch?ik xn&srhﬁﬁttréélémlée ng )Ofrh@@&ﬁﬁmﬁ%haﬁd nZtdiguctiRabtinal | y
crystallizing glasses are preferred M'xture of glass flits with one or

more crystal | i fzdnhgongget Wﬁpﬁlﬂgyhfd}eyﬂﬁﬂﬁp Ri-zThegubiectieie exgpoeidprs #nng
structures Ca,';b Qﬁdeul%%dse?ég}@ éé?zﬁﬁé‘ lif)gaaﬂfhléaﬂk‘ﬁ 1RPRRRL tf@{} té‘gﬁ% pufacture of

the glass fri can be or ex e, commonl aSS|gned U S. Patent
Appl i cati on Pufstionenioseldicsls, 2&)@@/8@’2@9‘,@5@013% (apo7/f0Rago0®t) whi ch are

net eby | NCOrPoRRIATd e DAL Sod A0BHALINGUEN-AENGE Ahlidh @Y AR,

subst anti al Fons 0 m ox1 de oOr vanadl um oXxl des can be added to
these fits to a@titniict ilteraeion! empiap atnd cegact ﬁmmuﬂmrheywwulﬁsnmmaaﬂ amount s of

tellurium oxide or Xl ded ri attain
| ower flow terﬁ‘)’B}pa?eg‘f galcal&ly %Oé?i%ﬁgl ﬁgag? 8 c%mrrpom E’}Sé%ncoc ‘r)lstn?Or?cl ude any

sui t abl e gl asscah bk printddién 4 ﬁhidﬂ%ﬂi@ate@hﬂ&“ﬁecﬂﬁtfusfe@h[d dlasg babssntfirthe mewhposi ti ons

useful in the ractice f t he i.nvention n entry .such,.as S 5+V205 nmeans
that Sb205 or W@HS &R E%%‘é*l%%t“? ctpe lfl?f@ ?ngﬁ“gedﬁfoé’édé?ﬁcolnﬁ t'Re specified

anmount . 10036%12@@&3&;6:9\%@@111@%@& aaiSsilfdoh byaB@MPOSH feh @l glddsesRicghid, ner cent of
total glass. d ass Conposition , Coustituent @ PbO 52-88 SiQ2 0.5-15 Al 203
0.5-10 leaded glasses allow low firing temperatures owing to their excellent flow
characteristics relatively at low temperatures.
[0026] The paste can be applied on a substrate by any suitable technique. In one
embodiment, the paste is applied by screen-printing, stencil printing, extrusion, pad
printing, ink jet printing, hot melt printing, or any suitable micro-deposition direct
writing techniques that one of ordinary skill in the art would recognize. The paste
composition can be used to from contacts of a solar cell. The pastes are screen-
printed on a substrate and the pastes formed on the substrate are fired to relatively low
temperatures (550 °C to 850 °C wafer temperature; furnace set temperatures of 650

°C to 1000 °C) to form a low resistance contact between, for example, the N-side of a

phosphorus doped silicon wafer and the paste composition.

[0027] SILVER COMPONENT



ZnO 0-22 Ta2 05 0-8 Zr02 0-10 P205 0-8 Li20+I (20+Na20 0-15 B203 0-12
Fe203+Co0203+Ca0+Mnh02 0-25 [0037] Table 2. Lead free bismuth glass frit
conposi t iwo 20re/088358ht percent of total glass. d ass Conpogiuszan/o51963
Constituent Bi 203 55-90

[0028]  The paste composition can contain any suitable silver compound in any
suitable form. The source of the silver in the silver component can be one or more
fine particles or powders of silver metal, or alloys of silver. A portion of the silver
can be added as silver oxide (Ag,O) or as silver salts such as AgNO,,AgOOCCH;
(silver acetate), Ag acrylate or Ag methacrylate. Additionally, the silver can be
coated with various materials such as phosphorus. Alternately, silver can be coated
on glass. Or silver oxide can be dissolved in the glass during the glass
melting/manufacturing process. The silver particles used in the paste can be
spherical, flaked, colloidal, irregular (having neither a spherical nor a flake
morphology), or combinations thereof. Specific examples of silver particles include
spherical silver powder Ag3000-1, de-agglomerated silver powder SFCGED, silver
flake SF-23, nano silver powder Ag 7000-35 and colloidal silver RDAGCOLB, all
commercially available from Ferro Corporation, Cleveland, Ohio.

[0029]  The paste composition can include any of the aforementioned silver
sources. In one embodiment, the silver portion of the paste contains spherical silver
particles at about 80 wt % or more and about 100 wt % or less of the silver portion
and silver flakes at about 0 wt % or more and about 20 wt % or less of the silver
portion. In another embodiment, the silver portion of the paste contains silver flakes
at about 75 wt % or more and about 90 wt % or less of the silver portion and colleidal
silver at about 1 wt % or more and about 10 wt % or less of the silver portion. In
another embodiment, the silver portion of the paste contains irregular silver metal
particles at about 80 wt % or more and about 100 wt % or less of the silver portion,
silver metal flakes at about 0 wt % or more and about 20 wt % or less of the silver
portion, and colloidal silver metal at about 1 wt % or more and about 10 wt % or less
of the silver portion.

[0030]  The paste composition generally contains silver at any suitable amount so
long as the paste can provide electrical conductivity. In one embodiment, the paste
composition contains silver at about 50 wt % or more and about 92 wt % or less of the
paste composition, In another embodiment, the paste composition contains silver at
about 70 wt % or more and about 90 wt % or less of the paste composition. In yet
another embodiment, the paste composition contains silver at about 75 wt % or more

and about 87 wt % or less of the paste composition.



B203 1-15 Si2 0-20 ZnO 0-13 K20 0-12 Li02 0-12 Na20 0-12 8 Nb205
+Ta2050- 10 Fe203+Co0203+CuO+Mn02 0-25 [00381Table 3. Lead free and bismuth
free gl asgofnt2/aseasposi tion in wei ght percent of total glPasaIs2@Gi1AS®63
Composition |1l Constituent B203+Si 02

[0031]  The silver particles can bave any suitable size. In one embodiment, the
silver particles have a median particle size of about 0.05 microns or more and about
10 microns or less. In this specification and the claims below particle size is
measured using a Honeywell Microtrac X100 instrument. In another embodiment, the
silver particles have a median particle size of about 0.05 microns or more and about 5
microns or less. In yet another embodiment, the silver particles have a median
particle size of about 0.05 microns or more and about 3 micron or less. In another
embodiment, the particles have a specific surface area of about 0.01 to 10 g/m’. In
another embodiment, the particles have a specific surface area of about 0.1 to 8 g/m’,
Tn another embodiment, the particles have a specific surface area of about 0.2 to 6
g/m”. In another embodiment, the particles have a specific surface area of about 0.2 to
5.5 ¢/m®. In another embodiment, the particle size distribution of the mixture of
different types of silver powders in the paste (either irregular, spherical, flake,
submicron or nano-silver Ag) can be a mono distribution or other type of distribution,
for example a bi-modal or tri-modal distribution,

[0032] GLASS FRIT

[0033]  The glass frits used herein are not critical and the paste composition can
contain any suitable glass frits. As an initial matter, the glass frits used in the pastes
herein can intentionally contain lead and/or cadmium, or they can be devoid of
intentionally added lead and/or cadmium. In one embodiment, the glass fritis a
substantially lead-free glass frit. In another embodiment all of the glass frits are lead
and cadmium free. The glasses can be partially crystallizing or non-crystallizing,
Partially crystallizing glasses are preferred. Mixture of glass frits with one or more
crystallizing or partially crystallizing or non-crystallizing structures can be used. The
details of the composition and manufacture of the glass frits can be found in, for
example, commonly-assigned U.S. Patent Application Publication Nos.
2006/0289055 and 2007/0215202, which are hereby incorporated by reference.
[0034]  Although generally avoided, substantial additions of thallium oxide or
vanadium oxides can be added to these frits to atlain lower temperatures. Similarly
substantial amounts of tellurium oxide or germanium oxide can be added to these frits

to attain lower flow temperatures.



30-62 ZnO 0-34 Ti 2 0-22 Li 02 0-10 Na20 0-23 K20 0-13 P205 0-10 Sb205+V205
0-13 Zr02 0-8 F 0-5 Fe203+C0203+CuQ - Mn02 0-25 Although in these tables

t he oxi desoane/de3set ed by the chem cal fornmula of one offCrhusee11waivence
states such as Fe203 , the oxides of other valence states such as FeQ
Fe304are also inplied by these fornul ae.

-7

[0035]  The paste composition can include any suitable glass frit. The following
tables set forth glass frit compositions useful in the practice of the invention. An
entry such as Sb,Os+V,0s means that Sb,Os or V.05 or a combination of the two is

present in the specified amount.

[0036] Table 1. Oxide glass frit composition in weight percent of total glass.

(lass Composition I
Consfituent

PbO 52-88
Si0, 0.5-15
AlyOy 0.5-10
ZnO 0-22
Ta,0s 0-8
7r0, 0-10
P,0s 0-8
Li;O+K,0+Na,0O 0-15
B,0O; 0-12
Fe,0:+Co504+CuO+MnO, 0-25

[0037] Table 2. Lead free bismuth glass frit composition in weight percent of total

glass.

Glass Composition I
Constituent
BizOs 55-90
B,0; 1-15
Si0, 0-20
Zn0O 0-13
KO 0-12
LiO; 0-12
Na,O 0-12




[0039] The fits can contain other oxides such as Mb03, W3, 1n203, and/or
Ga203 to adjust wetting and flow properties. [0040] The paste conposition
can cont awp 2ary583s8t abl e amount of the glass fit. |In oneCemsedilmemys3 t he
paste conposition contains the glass fit at about 1 w % or nore and about
15w %or |less. In another enbodi nent, the paste conposition contains the
glass fit at about 2 wt % or nore and abQut 10 wt % or less. In yet another
enbodi ment, the paste conposition contains the glass flit at about 2 wt %

or nore and - 9 - about 8 wt % or less. In yet another enbodi nent, the
paste conposition contains the glass frit at about 3 wt % or nore and about
6 wt %or |essy, VETAL ADDIjpVE 10042] The paste conposition contains
one or nore netal agéi%lves in_a variety lof ways to reduce the resistance

of the front |cimDadiosO:*The el Ogdditive i ncludes yttrium and organo-neta
conpounds. The—efrgano-ret-al—conpounds—inel ude or ganovanadi um conpounds,
or gano- anti nony conpounds, organo- phosphorus conpounds, and organo-yttrium

o oup. consi <t 1M JEDP Tm<ah 5t G UMEGET A Bb Ao R B DaNOKHET rmony

conpound, or ganecepitIs@iiQnads conpound, and an organo-yttrium conpound.
Yttriumcan be in its elenmental form The organo-netal conpound is a
conmpound where netal is bound to any suitable organic noiety. For exanple,

t he organo- mefal” GIRRHIEsilisn an[@rgani ¢ dompound cont ai ning netal , carbon,
and/ or ni trogLan in the nolecule! Further | in addition to the foregoing

met al conpound@ﬂwhm§écond met al [additive |[sel ected fromthe group consisting
of an organo-qggp+g LOHpOUHU amagrganc-Ti ckel conpound, an organo-tin
conmpound, an orqén02|rcon|un1connound an organo-zi nc conpound and an
organo%itrntnﬁmbnpound may be i Ackuded i|n t he paste conpostion. 10043] The
or gano- net al nnEPGunu can—tnetude—anr—oergdno- vanadi um conpound,
organo-antinohy ¢onpound, organo- ﬁ%osphorus conmpound, and an organo-yttrium
compound. The paste conposition|gan include an organo-vanadi um conmpound,

or gano- ant i nv_comound or gnnn nhncnhnr us Con‘pound, or gano_ ytt rium
conpound or c&ﬁbpnatlons there0102P0044]The or gano- netal conpound can

i nclude any sGLJpbie organic noiglikes in |its conpound. Exanples of organic
noi eties incllude linear or branched, saturated or unsaturated, aliphatic,
alicyclic, arlohghic, araliphat|c0]ﬁalogenated or otherw se substituted,
optionally ha nore heteroatoins such as 0, N, S, or Si, and

i ncl ude hydroc%?g%n éﬁletles su¢ tigs al kyl , al kyl oxy, alkylthio, or

al kyl silyl noi®0ies. [0045] Speci Pi8c exanpl es of organo-netal conpounds

i ncl ude net al —atkoxi-des.—Fhe—metgl; met al al koxi des can be vanadi um
anti nony, phasphorous, yttrium |Oor conbinations thereof. The al koxi de

noi ety can hawaﬂaﬁbbgmebed+pﬁmﬁnbﬂﬁnched al kyl group of, for exanple, 1 to
20 carbon at ops—FExanples—of -ergareo—vanadium - 10 - conpounds i ncl ude
vanadlun1aIkOX|des and vanadyl al koxi des. Exanpl es of organoanti nony

conmpounds lnChu@%ugﬂbhﬂﬁaﬁnﬁL&@%kﬁ@§meE&@ﬁﬂh@&h@&wﬂ&ﬁﬁ@ﬁm@@@Sﬁﬁ@fus
conmpounds i ncl ude phosphorus al koxi des. Iesaﬁf or%ano i um

conpounds i nclb@ievajaues sidss ek axi des: th@%ﬂﬁloégthﬁ‘f‘f s ocing %S founds

i ncl ude cobal tp.coakkay] desARneRE8In0HS aIkOX|des Exanpl es of
or gano- ni ckel gQ{g;ﬁ)ounds i ncl ude ni ckel al koxi des. Exanples of organo-tin

conpounds i ncll t|ﬁhﬁﬁk%%m@@gmnEﬂﬁﬁﬁP@§56¥fﬁﬁ@&ﬁ@ WEsr Bl s € Sipdunds

i nclude zirco of organo-zi nc conpounds i nclude zinc
al koxi des. Exg%%%g ﬁ§%gg§ﬂg#?|th|§§1conpounds i nclude |ithum al koxi des

[ 00461 Exanpl d8049 v Zherhsterroaipkotinces comah attesviianaanonmnt pbthhekssdat. panadi um
et hoxi de, vanadi anadyl

al koxi des |ncﬁ%'gg@gﬁgggﬁhggﬁﬁgggﬁéQH@g%%%#PQ&j %gﬁiagésgﬁaﬁ§(q%ropOX|de
and vanadyl bumdbeMISWn%uhémsahﬁmm&mxmﬂnﬂmnnnﬂwahﬂnwndagﬁwph@E%mbrous

al koxi des, de gobal tic al koxi d S al oxi des,

ni ckel a|kOXI é%ﬁ coﬁ?ﬁﬁ?&FK8X| ag ™ ﬂmutﬁ?ﬁkf ngilﬁ &%n k%X|des and

l'i t hum al koxi Ctﬁﬂooﬁﬁftnb&wlpﬁﬁdcorﬁ;@ﬁﬁ@]l Ghrhats 1he<glmlfesm<abomfzgxanfomrm¢rabnd
conpounds include nmetal acetyl acetonates, where the netal can be vanadi um
anti nony, phosphorous, yttrium or conbinations thereof. Exanples of

or gano- vanadi um conpounds i ncl ude vanadi um acetyl acet onates such as
V(AcAc)3 (also called vanadiun(l11) 2,4-pentanedi onate), vanadyl

acetyl acetonates such as VO(AcAc)2 (also called vanadiunm(lV) oxide

bi s(2, 4- pent anedi onate)) where (AcAc) is an acetyl acetonate (also called
2,4- pentanedionate). In one enbodi ment, the organo-vanadi um conpound is
vanadi un( V) oxi de bis(2,4-pentanedi onate), vanadiun(ll11l)

2 4 pentanedlonate or conbi nati ons thereof In another enbodi nent, the
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cobaltic acetylacetonate, cobaltous acetyl acetonate, nickel

acetyl acetonate, zirconium acetyl acctonate, dibutyltin acetyl acetonate,

zi nc acetwbaoetossmse and | it hium acetyl acet onate can bePasas201kos7%exanpl e,
antinony 2, 4-pentanedi onate, yttrium 2,4- pentanedi onate, or conbinations

t hereof can be used. [0049] Yet ot her exanpl es of organo-netal conpounds

i nclude netal 2- nethyl hexanoates, netal 92-et hyl hexanoat es, and net al

2- propyl hexanoates. Specific - 11 exanpl’es include vanadi um

2- met hyl hexanoat es, antinony 2-triethyl hexanoates, phosphorus

2- met hyl hexanoat es, yttrium 2-net hyl hexanoates, cobalt 2- nethyl hexanoates,
ni ckel 2-nethy, t Zi I, I - la@iﬁ 4 5

met hyl hexanoat ziebgG%&g\?ﬁ‘% Og?esn%tlhﬁ%%?%&?oﬁ%%ghg%g li tﬁ?g(gm Slrgg%l E?f%?l%%(tg?loat es,
vanadi um 2- et hglhdy diieat aleued wt Snerinppagndabentfyviiéxalesat es, phosphorus 2-

et hyl hexanoat ell% 4131ttr' @Ai-}ﬁgﬁﬁlﬁ%xanoat es, cobalt 2-ethyl hexanoates,

ni ckel 2- ethy He anoates, zirconium 2-et hyl hexanoates, tin

2- et hyl hexanoaf0e42] zilhe p2se @hlppbihexancatsess ot modaimetnl 2ddtitey ihexaryates,
vanadi um 2- propyl hexanoat es,. anti ppny. 2- pr | hexanoat.es. ph hor us

2- propyl hex ano‘g%/y@éc,’ rey’t“ie%%'%rﬁ‘uélﬁt%? ] g@’ﬁ %@%%3%{9 %‘s ?E%Ig t%ﬁatdg%y P rﬁg%?} Fsh exanoat es,
ni ckel 2- pr opytitiexadmdat@ae-nitdl campounls? -Thp bejayd-hewhaogioasds ibdlnde organo-

2- pr opyl hexanoat ed;, tin Z-Qro | hexanoat es, zinc 2- Bgoﬁfl hexanog&t}dgs and
l'i t hi um 2- pr op{PHEXBATRPEYS: RGP CPLPHRAL QTR PR IHP B RS S phor us,
yttrium cobaldnd ofdaG§ttsiug cbBOHinEdN THat 1, th nBal Qditive tshit Wwast chOQBRledYet ot her
exanpl es of organg-netal conpounds,include netal aerylate and netal

met haeryl at e, i fis P SPRT S 10g AT AR EEBABILEEAPE t 1 i um

cobal t, ni ckelantizlohf SiHhpHihd, biddno-Bhddph@s dontpBidéihnd HApddnbhenipast e
conposition contains the netal additive at any suitable anmount._ |n one
embodi ment , t heTFaEtde %W@P@Fwt%%ﬂﬁ%f%@f@hﬁhﬁﬁgﬂo'%ﬁl §yRpauat sabout 0. 01
Wt % or nore angh ahoUihere WhtalR B5uni®S SnyuidiIEoRARE BoRBMIVS bah Pk, ten anot her
enbodi ment, the paste conposition contains the netal "additive at about 0.02
W % or nore angpnaterial cgmppumbingn dreapéc emppel geaBinEnsdeTiplogidiond/or | n

anot her enbodi : el i - ifive at
Sbout 0. 05 vt Do A nRASHE PROS O ey e e e P et on.
I n yet anot herseenmidoaitaieddiliva dakscipd fvm thogrpasiansistimzed an aigaso-¢dpelt met al
additive at about 0.05 w % 0 I 9 > of the paste
conposi tion. [Cﬁag)ﬁlinfjheén %%%-mékgg?oﬂ?p\yg&ggﬁ‘%’%ﬁﬁ?ﬁn gor%}g Ogllﬁ’t%' gt(#ggﬁ orm, for
exanpl e, part igilcesuatcipasdspheginoaine compegulaad arsdraped;thfimadoegpund

aggl oner at ed, or r'oﬁéiffgd J;hn atcol I oitdal suspension, or a particle free

sol ution, and Cohti RalToAS S Y™ P8 Edoi ng. Wien the metal additive is in
the form of panodxl e Iht bgaieihakl @dghbiiden patid: ah esatarnhdive camyosid] t abl e
size. I n one enbodi nent, the nefal add}i]tive particles have a median
particle size BFABBHROR PP BTN SPRRRIE ALY 56 OFR§EP SHEBr | ess.

I n anot her eﬁbﬁﬂigaﬁ{m Th BestdBbdosiadididniivaudRan bighesadiave @npedidan particle
size of about 0.05 - 12 - mcrons or nore and about 10 m crons or less. |In
yet anot her erfB&IPHBRTONE (e RBRG PIEFRIPRISRRO AP PPEY e sOIRARPeY B e di an parti cl e
size of about 0.05:/0&008inHoniBefopnd about 5 micron or |ess. [0053]

| NORGANI ¢/ OTHER ADDI Tl VES [0054]] The paste conposition can optionally

contai n any otlA®44] addbe pigarp-mptal eRwowKbEE ivENe anpigahneieasic heicdedad to t he
past & conpOS! f,Qfulfluf), YRLLALYobe R0k HEANE AndalGr hiERhSd ANERAL LN
front contacts. Fof exanple, certain glasses can be nodified wth P205 in
the form of a ymemutetcédliphaticr dlicydid, oxinae, anliphsho dphemated canthprerissdded to the
paste by way of.pi - r..ofr - us. G ounds.
Vore simply, whEnERROE FoBPhals 00 B A TP S
particles, phasghtrigdrocahobeomtidedcias atkyt alitylong, allg/lthiol erevkyaisl) meictast al
additive parti pLior.to King a paste. In such cas Ll Qr. 10 pasting,
the silver an&ﬁ%ﬁnertsg‘fm%ae&ﬁ?lnﬁ\%o%ﬁ |BE:1 %aéel ‘AP &%‘81“% 1?‘ﬁta10'5}u({qog{lld&g'phosphorus
and a sol vent .THeaictaap hefal alkbtidndaobe aboditmSmtinongalphotph@busmytifoms, | ver

and/ or metal additjve, partic bout 5.to ahout 15 % sol vent, and
about 01 to dBGUELTEigE Pt i dTpRte A Le e e Rau ko FRERER, ent
evapor at ed. Phospbep s, ¢aakadpls, il tweo cabsd asmietampaddf sieve-pandingl es hel p
ensure intimate m xi ng of phosphorus and silver and/or nmetal additive in

t he pastes. [0055] O her additives such as fine silicon or carbon powder, or
both, can be added to the paste to control the silver reduction and
precipitation reaction. The silver precipitation at the interface or in the
bul k gl ass can al so be controlled by adjusting the firing atnosphere (e.g.,
firing in flowing N2 or N2/ H2/ H20 m xtures). However, no special atnosphere
is required. Fine low nelting netal additives (e.g., elemental netallic
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or a mxture of (c) one or nore crystalline additives can be used to
foimul ate a gl ass conponent in the desired conpositional range. The goal is
t o reducewOhelxss3sact resi stance and i nprove the sol ar eelrlusedieos™sg al
performance. For exanple, crystalline materials such as Bi 203, Sb203,
Sb205, 1n203, G203, Sr10, MO 2ZnO, Cr 203, Fe203, Pb304, Pb0O, Si02, Zr02,
V205, Al 203, B203, Ti @2, Nb205, Ta205 , 73120, Te02 and. Ge02 can be added
to the gl ass conponent to adjust contact properties. The foregoi ng oxides
can be added in glassy (i.e., non-crystalline) foimas well. Conbinations
and reaction products of the aforenentioned oxides can also be suitable to
desi gn a gl ass.eIReRetudMvidhddesik8dis Bal Hab@N hibkids. Hr@hplexXahiso- | ow
nelting lead silicates, either crystalline or glassy, formed by the
reaction of PbBliEmedy Smopusdidhclade PO @szam@m}%ﬂm?,s ObPRMSHILSPISMS02Si 02,
and PbOSI 02, eldheindiRald¥ pRSsphfrul¥S LS EERHH IR rUsRH- L RifREMAb& @ gl ass

conponent. O her ‘reaction products of the aforenentioned oxides such as,

Bi snut h si | i cainelgdesvicimeskaidze3Eginges of BisaoBcabglt oanporndingpdy @htlée such as
2Zn0si 02 and S| S g aoRaALes Sueh@s bismuth
ni obates, ti t%g%g%@éﬁ%@gg&g?lgﬁﬁgﬁ ?g%%ﬁg{%ﬂg?%ag ng:lé( ggeg. “Further mneral
forms of thesenidsel dksxiduchxampléserfiotgnatia copasiods ivelndetisdkdxédeadded i n pl ace
of reaction products. . However, the total : % hdes will
fall within th Xa%né)?% R R e %@Hggl ngjlurl}{e% OSX?‘%?S% ra

el sewher e her eiffrgad@QmE tdhpduadsainsloderivg dkaaied Ereatplgsiof meat@lihiuneact i on
products of these oxj de§ Sﬁﬁih as, copalt alum nate, cobalt silicates, black
pi gnent s such REPLENEHMIF SHURAYEHESe oxi des can al so be used as ot her
crystal | i ne adddd]VeSxahRNObE]vabRREANGICo VTl (elhde [VORE T hethpeadd, eamdimposi t i on
can contain any sujtable vehicle (e.qg., .carrier). The organic, vehicle or ,
carrier for OXEENE IW@T‘E’BWESSHP‘??W@W”{ S &FPYPPISs ‘%g”la’ﬁatdy n of a resin
di ssol ved in asRideibiudé farfg nesradic®aidyl thexive hila fhapokiderangont ai ns a

t hi xotropi c agent. The solvent usually boils fromabout 130 C tp about 350
C. In one enbotivhbulotiffe rhégﬁeﬁam%“féx,ﬁwm@@qqﬂiﬂxﬁ%_ph@h@w%@&ﬁiﬁﬁés of
resins incl ude gy Ryds QXY Al WkoxERY |cHbAD s alNX@Ehs Iddde Dalle k%L OSI N,

m xtures of et’hyl cellul ose and phenolic resins @ol ynet bacryl ates of | ower
al cohol s, and zilseninpabesidss. tispalieridest zing Hipadrs agl lwn ahondacer e used - 14 -

[ 0060] Exanpl es;y@f7) S0 |G| M8 h S HRENERRHER iAGud! R ac@Flacetonates,

bet a-t er pi neol[og{ﬂhi gﬁ%?g%&p%r?g gglacoﬁlo%s s&%h a§ D%vv_anol (a(r;%?j; ?%ei%?ﬁi/l ene

gl ycol nonoet hylerethherel| canrbevadinmg sntithetyepfospliordusatthiem, solopdagorsuch as
butyl Carbitol, ieth n i 0 . el yl Carbitol (r)
(di et hyl ene g|‘§%fé$ %?‘%‘ﬁé@ﬁ &ggﬁ%%g?&%&y&%ﬁ%ﬁﬁ%ﬂ%ya%g@ﬁat e (diethylene

gl ycol nonobutattylRtdt@ntcasehat &) Achsxiplse ndled vymdlum(IE X akodnangdi¢iie), 4-

trimethyl-1, 3-pent anedi ol noi sob at.e as | _as. 0 .a| cohol
esters, ker ose‘p ?nyg?‘ncﬁg"hcﬁtﬁ? t° 36k %a%%@é%%%%’ffﬁ% Ghe 1%%gg‘§xrlr@nt, t he
or gani ¢ vehi cligs(z onptahmdioastgpmndprt(abAe)ds aospylndsnatt (lsoexbeddl, & t hose based
on phosphorus or silver ]%o m)d{')f% t he, contact. Various cgnbi nati ons of

L Tg&ne pabegr

these and ot heFIEBiHAAE P 1B ¥E0s BEIUP SOPRETASSi red vi scosity
and vol atili tWaﬁzﬁﬂ!ﬂlﬁﬁEf@ﬂdeﬂaﬁ(Qﬂ-@ﬁt@ﬁbdﬁﬁ%j, ealtiop(IIPRefendihapeiasant s,
surfactants and rheol ogy nodifiers can be included. [0062] Products useful
in the organi CORRMAHIYER Regiplpd Wpths) Hee I EHRhEArEAnP Y RAYHER CURPUBE t he

fol I owi ng tradeRikst valean@l fodifanivapfbmonak). Conpany, Kingsport, TN);
Dowanol (r) and Carbitol (r) (Dow Chemical Co., Mdland, M); Triton(r)

(Uni on Car bi dd0®48}i simoie sFOwy: Oy aretdacetongiied yaHH0 a9i4cetPAiiSat r ol (r)

(El ementis Co dhah ihus BB aRibTalS Akdt hed TERRBQBEiEBhiuh NC.
Danvers, M), ml%tﬁ’cﬂ%fa Carl %f%@%@?%u Chgl?ﬁ cal Conpany, %\E/I dland, M),

Ter pi neol , (H@G@tul{lﬁonﬂmdlbllwlﬂlrﬁii?ﬁ@lﬂwfﬂﬂa@@m NeDapstpd d)ithigmg st abi | i zed
i quid preparat.Lof. L0 Ny L Pt W Lf s ;
coefficient s%tﬁ#tgg%eq%%t hlgitjpgsfeaergﬁctéﬁggf’d%ﬁ%g%ﬂ%g g\éﬁtgﬁléﬁggﬁecﬁﬁzﬁgfp% (Ferro
Cor por ati on, Gleetaaddamete, @dpmbHONBE thayadf ogpdwaseald castor oil and derivatives
ther eof can beotiaed a8 8930k LNICOLEORIE) AGSILS ifitdlinaninope [ s no

al ways necessary becalse the Jorventyresin properties coupled with the
shear thi nni ngnétflerxentatek,man 2 -shgipaasiaes, aodmeal dpeophbesubiteb|Spedific t hi s
regard. Furthernore, wetting agents can be enployed such as fatty acid
esters, e.g., Ntallow1, 3-di am nopropane di-oleate; Ntallowtrinethylene
di am ne diacetate; N-coco trinethylene diarnine, beta diarnines; Noleyl
trinmethylene diamne; N-tallow trinethylene diamne; and N-tall ow
trimethyl ene di am ne dioleate, and conbi nations thereof. [0064]1t should be
kept in mnd that the foregoing conpositional ranges are preferred and it
is not the intention to be limted to these ranges where one of ordinary

o, o, 4= - M



[ 0066] The paste conposition can be fornmed by conbining silver, a glass
frit, and a netal additive with an organic vehicle and di spersing the
silver, twe?2g1225858it, and the nmetal additive in the or@amius2vehs®be. The
anount and type of vehicle utilized can be determ ned by the final desired
formul ation viscosity, fineness of grind of the paste, and the desired wet
print thickness. In preparing conp05|t|onf according to the invention, the
particul ate inorganic solids are m xed With the organi ¢ vehicle and

di spersed with suitable equipnment, such as a three-roll mll, to forma
suspension, resulting in a conposition for which the viscosity will be in

t he range of about . 50 about about 120
kcps, at a she%fﬁanﬂp};\e?gmi)@e &%Hlénelgg %eéiﬁ%taﬁu%t %QJ %229%%%%??%%3 vi sconet er
HBT, spi ndl e GiroSphonxeameth@teahoads, ﬁtﬁuﬁrﬂz}ﬁﬁmymmthGCMDZFl RI NG OF THE
PASTE 100681The aforenentio pa tion process
to make a cont%ﬁy]g%xaﬁoatesf Plglégzﬁe%&eé%%%dt rfgan%'%%?et el}{gl%qwlfq'frp}bﬁzent s, for
exanpl e, for sgk@hehbses, iﬁhezmwmxmoammangmume-mahylh@mn@an| ves (1)
appl ying the paste conposjtion to a sil substrat.e silicon
wafer), (2) drVauad u@ﬁeeﬂbﬂ]%ﬁ?‘éma?ﬁ&n@é‘?n%%ﬁﬁglﬁ‘ff‘a(l%atﬁ phqfs]ig FBd) the paste to
sinter the metghyRixahifesPRsiug 2adyIRBIBoRANEREI Z%Qyﬂjbkamﬂﬁs nitké 2pr i nt ed

pattern of the@gaste is heated or fired at a swéﬁ rrper ure, such as
about 650 to a ﬂbexﬂwsglﬁa?lhlﬁé’ee@élﬁexﬁ%}?ﬁér@tQU‘Ft eétﬁm% 0 to about

850 C waf er tegﬂﬁhé}&ﬂéa%s 1htﬂmﬁmetﬁﬁ9%hmt vadaBRn{ 1150pPRGASadseaMaOARY Ur e i S
about 750 to about 960 C, and the paste is fired in air. The antlreflectlve

SiNx |ayer is b@tqpehh@dm@%iesoehqﬁRhO@FSz?eﬁfoﬁﬁHexé’éﬁaFeéd@a‘“B‘yz PREYIBF48¥ Gur i ng
firing and Agl/ gl ﬁlegingatfeéjrdﬁgl B0 SBEahQRes Wb nlue2 Si substrate,

whi ch are epi taX| a té silicon."Firing conditions are chosen to
produce a suf fpmpﬁhetxanl@rtlsj tiy 2ofopybesreniey dinfepapy Bxapeieanidy Bn the silicon
wafer at the siliacp Yisi@sdagtnt, Vi ty contact,
t her eby product Hﬁy eXﬁ §GS%¥I¢ r@%&%@ﬁmﬂﬁﬁﬁﬁ?ﬁ% b earg%n!g% solar cell. [00691A
typi cal ARC i SMnMy,qfhoaohsmb,lmmmcm‘rpb,und(eb aicdenivgn, $ip) Fincon ligiiem; de

generically Si i.s.layer acts as an

i ncrease the c@ﬁ?'ﬁct?eg%ﬂ%ﬁ 81%5 T aélgf%eﬁélg%%ﬁﬁ%ﬁ%ﬁ %gtgirgc %@ gl ass
conponent i s heBGEmahnedesselicye méteps wmaﬂmnmmnmnmwaﬂmsﬁlmnmﬁmjm, CCFbehLum ng
the resi stance between the. silico o, . 16 - wafer and the paste can be
facilitated byMCkd FGPTHER Bh78f OB M8k al silver/silicon conductive islands
at the interfaggsiVhemepughcarposipibh aodtahs thé inwera{dﬁitiveemmwstmtaetefaamentdoes not

result, the resistance at that interface becone i The
pastes and pr oBedsegLadireninthe A RO IRIH L) elﬁ“%%ﬂ%g‘g‘u%%t ﬂlﬁe)g}?t axi al

silver/silicongy ot &hfREed Sagisng % er @sm@ﬁbteb@ﬂpd@mohom fesdiest ance under
broad processing conditions-a mnimmfiring qp&%ature as Ig I{;}s about
¢ TS

650 C, but whi ehbaEneBahs PIEEOHPOTEPIAIBGLS ﬁfeenf‘el fresat ARG

[ 0070] The resul‘xﬁ)fer% ab(gu%g th5/9@165%%9%11@?5%@%}50@1@551&1d%l%hdtN&rem@bd@;BﬁlUﬂhe 50 wt %
or nore and about % % or | ess of fired front contact glass fit
at about 1 wt %smcompeumn@m@@w el opt ape & 050 he TP 36T Bk
contact; and ytt |u ndgpbayt 5 w % or

| ess of the fIFVe Iq%slg]?f ﬁ%sé%g%gsnlg%lgeh%taol{%t?ﬁreelﬁ%%&tn%e |?)gd front contact
i ncl udes yttri uusmlmmt]abomttaxﬁh B2mate] 84diverbrheuEheh whur n@f%nd%@}* Obess of the
fired front comi no;tlS er, %@B ment, the fired front contact can
further includ®& %%é%ffﬁ 38 ¢S iosphorus, or conbi nations t hereof
[0071] METHOD mesmKlﬂemmve[@ﬁmpﬁaw@mmblecfem fooneaple. meedsdidlg to the
i nvention can be produced condu | osed herein
to a substrat e? FG1E WP@/S}B&P& }cﬁf’ﬂg ’nag&r R E}teng&%ﬂrgﬁd T;i%r%%gﬁ%gt t hi ckness,
e.g., from abouis é;ﬁmh%r&hﬁﬂida&ﬁbaﬁblﬁﬁ@ﬂﬁnd d&mtbﬁrmabmsmfs;ltﬁrfeeg@lpg i Whemige

t echni ques can be enpl oyed us S creen. The, printed pattern
is then dried He ?Wltﬁed?‘nlt%%ngﬁf %T %ﬁgg?ﬁﬁwatr%d%’ﬁ%%l&fgg}g C for
about 0.5-20 nmyubRSiLe e ebbdiftgnt, b enethl yddmt[de@hﬁﬂlephivteernmdwrpahfelefi red
for as little as 1 second up to about (?0 se onds at ]gea ﬁ?erature in a

bel t conveyor $ia plrbeut () Sapieronp Forg 4 ?Wﬂb()@ﬁeméP% MUEEd and the
netal is sinteg dﬁﬂodn&%ﬂ%@ﬁ%{aﬁéc’fdﬁt% pR@W et Bavk lh @Rdiah Pardile sRBf sdoun®Oy possi bl e
exenpl ary enbodi nents of naking a solar cell front contact is illustrated.
The solar cell front contact generally can be produced by applying the
paste conposition to a solar grade Si wafer. In particular, FIG [|A
schematically shows providing a substrate 10 of single-crystal silicon or
mul ticrystalline silicon. The substrate can have a textured surface which
reduces light reflection. In the case of solar cells, substrates are often
used as sllced fron1|ngots mhlch have been forned fron1puII|ng or castlng

o T o, o o o . o o o



- 18 - substantially no hydrogen in the silicon nitride film giving a
substantially stoichiornetric conpositional ratio between the silicon and
the nitroyore@dssss O her nmet hods of form ng an ARC canPbe/uss@d/05796976] Fl G
IDillustrates applying the subject paste conposition 500 over the ARC film
30. The paste conposition can be applied by any suitable technique. For
exanpl e, the paste conposition can be applied by screen print on the front
side of the substrate 10. The paste conposition 500 is dried at about 125 C
for about 10 m nutes. O her drying tinmes and tenperatures are possible so

| ong as the paste vehicle is dried of solvent, but not conmbusted or renoved
at this stage. [0077] F I I ? back

si de pastes ove[rntnﬁeJ é%%méE%1Mt¢9§ﬁ%ﬁgt§§$gggg%%%ﬂewﬁgﬁggghegﬁégﬁgaste

| ayer can contaidhivepetides Inve e npdih articlkpios pf dbonts).03 miconme cembigdpdet ¢ he
first paste 70 facilitates form ng a back side contact and a second paste
80 facilitates Pﬁ?ﬂt%@“ﬁ:p+ | ayer over the back side of the substrate. The
first paste 70[0083) CINO®GANIC/QAHER ADDIFEVESI uni num and the second paste

80 can contain al umn im An exenpl ar ide silver teis
Ferr o 3993, - paoBala: o TopeioSabeliah oRRarty Syt miar e st OHRES: o

Cor por ation, Ceseaindne phédherus A&d@aﬂe@rme@we eopnpreition al d wriawaif apl te backsi de
alunlnuntpaste is Ferro AL53-120 St andar or AL53-112, AL860, AL5116,
comerci al |y apdidednTesiiinsarHEp TENEEFAT-at 1 61™ SBR[ 00781 The
back si de paﬂx‘ﬁo&ﬁé’cﬁ&uﬂ??ﬁbs%t@@&tﬂ &4 go@déBeostiRsd 5:a8€ oppidsshohadai b t he same
manner as the front pate |layer 500. I'n this enhodi nent @Q@ back side is

| ar gel y covere@kWﬁF) g BREte R (YR 9l R Ristceestepsind ost orepoRsRleT St about 30 to
50 mcrons, ow p@ere L %pfyh%h&ﬁﬁgsﬂv@r $I Nl A GkR ard it thedhi of N t he
subsequent proce 79| T fer bearing the dried pastes is then fired
in an infrar edpdmedlfts tﬁh@mﬁ@@é Caltub@ nge@aftﬁ apgopting trsdysk andor mgtel 3dditirhace set

t enper ature of t Go | e @fvef £AMBrafout one
to several nlﬁﬁﬁgﬂg&$§58?&%%%b |QH g%%@%ﬁty g%?@ﬁﬁﬁﬁ%ﬂﬁ according to a

t enper at ur e prafditive periales s trr11X®1IW161/MCMrph@EHhODIS aphesabreghrfic cHEle P at about
300 C to about. .55 r|od about 650
C to about 10018e (fcg‘ﬁggﬁ)ﬂmu ?%gggﬁa(%%ﬁgTﬁgg%gﬁﬂgﬁ&%£ﬁ%ﬁgﬁi?onger
firing tinmes agbohi oghwids sdlven%, anmabcﬁlt fil nuttest Hret poigsidphesphprapnisiikg¢dg at

| ower tenperatu 0080] Fi ri |s t don her e.
For exanple a @ﬁiﬁ?ﬁh@nv? Wﬁa“g AIREEY égﬂggtgﬁgeiQM%Ht%pm%gRF?&@gggd of
about 1 to abohbtlp Ersbre iRl S midtlr dphodphehes)d silverh8d/er petnl adilitive &, ther ef er abl y
5to 6 meters/mnute (about 200 to 240 inches/mnute). In a preferred
exanpl e, zone Basfe§ gbout 18 inches (45.7 cm) long, zone 2 is about 18

inches (45.7 cphs gong)the?r(aﬂtﬁtt{ges sSchaR @t siflcdinehesod gavdr, Q)lﬁ))oth,o;mg be abké 4 is
about 9 inches (2 3_ zone 5 s about, 9 inches | ong, and

zone 6 is abou@f@?Wﬁ@Wegm@Qb 95@%5“ﬁHWQHmTH@e?@ﬁﬁe?gﬁﬁF@‘%ﬁ 85@5 successi ve
zone is typi Ca%lje&'i itdef3Q Hehe ﬂl@grfa@el Ay she bRIKGRE ce{nrh@é@ HeRenti1ey bpuiGustih@r

exanpl e, 350-5 % In zone 1, 400-550 Cin zone 2, 450-700 C in zone 3,

600- 750 C in z@ndring amperigo0eg. iiing orikovang Hner Wﬂézﬁbmewrﬁs zBRECH:
Naturally, fir n LRAD M3t P QRS eMMiesiapned by
the invention, hy%%ﬁ&éﬁﬂgﬁﬁgghﬁﬁgﬁ%a gmgpﬁ@m'zg%ggaor nn?ﬁ@%%achemnth zone

| engt hs of abomtetaﬁlctaddlattﬁm‘s digtingt fremencta ndides) sichgs Perielabards NoA165D t o
1000 C. [0081] Fl Si L} 0%acPlt ot he paste
500 and fusing t(‘hOYS (f%ae%ish ‘%\?ﬁ {t%ag'?o O%Ielglgﬂ%a%ggam%gdrgggﬁmkl n Y etlaect rical
contacts 501. AsvesﬁﬂinWMpﬂaﬂufWOthﬁBnlthﬁ tﬁtr@wm@w dIﬂ’pm{c]Y fychinkel the front

si de paste 500 silicon
nitride |ayer ?%hﬁﬁﬁa? g?%bﬁgamfegﬁ% e ??%% con g%%%@@ﬂﬂ&?%ﬁﬁthe n-type

| ayer 20. The p@ebmoﬁmbp@ﬁt&mamn@maMWmmmﬁnnmuenmﬂhQObamgabmm@mnelts and

reacts with the silicon wafer 10, durj i forma
partial p+ Iay@?“%6%§gﬁphpﬁgﬁﬁug'ﬁ?&ﬁﬁgﬂ ﬁ@?@%?ﬁzfgt &%%%%%ﬁm&gh

| ayer is gener alch¥s, Gl dk@plthBe hatkes def}ﬂa’i&emfetlhedrﬂat(eB%‘)naleamodecmshe| ps to
i nprove the energy conversion eff|C|enaé of the sol back

.
el ectrode 81 cESTBEItoFHRHISMFNPFRGOF! ﬁ%%?%W%%Ofgﬁemﬁgi?gﬂ 0 cont ai ni ng

silver or silvepdaliinamib gisé h sedblesard fgoasdack contact. The areas of
t he back side paste 71 can be used for tab attachnment during nodul e

fabrication. Processes of naking the pastes, solar cell contacts and sol ar
cells disclosed herein are envisioned as enbodi nents of the invention.
[0082]FIG 2 illustrates an exenpl ary net hodol ogy 2000 of making a paste
conposition. At 2002, silver, a glass flit, and a netal additive are
conbined with an organic vehicle. At 2004, the silver, the glass flit, and
the netal addltlve are dlspersed |n the organlc vehlcle [0083]FIG. 3

oy NN PN PN o o o S . a




[ 0084] Al t hough not shown in FIGS. 2 and 3, the nethodol ogi es can invol ve
one or nore of the follow ng features. The paste contains silver at about
50 wt % oworeor2anss3sd about 92 wt % or | ess of the paste ®OoRpSMI06TH3 a gl ass
frit at about 1 W %or nore and about 15 wt %or |ess of the paste
conposition; and a netal additive at about 0.01 Wt %or nore and about 5 wt
% or less of the paste conposition. The ste contains the netal additive
at about 0.02 wt % or nore and about 3 % or |less of the paste
conposition. The paste contains the netal additive at about 0.05 wt % or
nore and about 1 wt %or |less of the paste conposition. [0085] The netal
addi tive conpry one SRR iigd.dafipm a group
consi sting of I{\‘;ﬁ?ﬁjdl F}mmgﬁhﬁom(g géﬁﬁgﬁ%ﬁg koXi deggg%gﬁ??ﬁglny aLkoxi des,
phosphor ous  al deaxiides; ofyieltoni armateleasiatise addibinalcen e wpk xpaadatc g 8ba t ous

al koxi des, nickel alko [ i zi nc

al koxi des and ciolmtptgu%nt )%bg%lggeﬂon%ﬁml&@ ?a:nE %’fg? ?/1e1§ {é)gerr%lrclggfeéfg%ﬁ% or nore
or gano- net al cesipawadsd sgteettiecsotar oel aecgmaahperfmnslcst Forgxahply.aongsthilling

acet yl acet onat es an | ,acetyl acgt t| C I tes,
yttrium acetylrﬁ?:ﬁl?%%%lfa]ggs, Big %g?gtdgtﬁj @%?‘Vﬁé’ a(?)’ﬁafqg %ggb%? (ﬁc(? PaS:,

cht yl iac etori amgclj4, PbOKSID, e, Wz@@,@ﬂﬂhﬁB@g, ngcﬁbu(ls,rﬁaa@eﬂ/lh@.dét)@ rrad e,

i butyltin acetyl aceton acet et te an |i ¢

acet yl acet onat® %W@nh%ﬁ(gf’gg’cfé? E]FVé’O'cPB Ff@é‘gl r‘?@n% pﬁ%@mes fho- met al
conpounds sel egtgink bRkl bORRlE Qn;,amy {iRg nof- c@amahe)zemashydnh exanoat e,

nmet al 2-et hyl hexanoate, and netal pr.opyl hexanoat V\%

vanadi um ant i sARnatigAnEdRERCHan pr?fhicttﬁ ke aéﬁﬁ]ﬁf"%mn?ﬂe?f‘k B Can 59 %’r‘ﬁ”ﬁ%]l tin,
zinc or lithi qgﬂe&@@ﬁ@ksﬁé@mﬂ&{eﬁﬂ witflglstré V@ a £OBS4tRE. SF@fexatan g dbw Melting

acetyl acet onat es, vanadyl acetyl| acetonates, qr conbi natlonsmé%greof The

metal additi veeadoisaiss, §1tb@rw>é il or glawsyyloupes:beiihg rwactiop GHBHY BRI MENTAL
EXAMPLES [ 0088} fhg, dF%bLQ\M 8% @'ﬁ%ol.‘sbﬁpfb@tzas@b%néym%q@z efgnt i on.

Unl ess ot herwise I ndicat €4 e foll'ow ng exanpl és and el sewhere in the
speci fication mgﬂymhamzstureabdn lq@amcgoawrdmb@'&:@aﬂsag@mlﬁme Whervipsicgtit | al |
tenperatures are,i and RL t nospheri c
pressure. [0095?498{]??&%@?0&?91%1@%61 ARy ?ﬁéﬁ{{ﬂigh%t& Su&raf?q B C 3'5%

t hi ckness of 1350,6,332507ift GHEAS sadhens QA0 RIONitd V1, «lidi @onlsnibt mede

antireflective coating. The sheet re5|st|V|t ese ers i s about
55- 80 Q squar eSHAdy Iﬁa‘%fti‘“é SRR STt HEbASS. 4t teéé‘ﬂ%’cf‘ b m\{\ﬁ‘ztfanmf’ﬁﬁ}abes 7 and

8 are formul atggy iftRerPASEAT ARG S PaEh: 8schaFiBerdiRint @fcitah BBo B¢ | | con
waf ers, respectively. In Table 7, silver particles hawfnq(%h%j medi gn particle

si ze of about @dgbnipicgotyesiter sivguds- dlogssd, the fiat AFPEIIEo O%F PYEF powder
mxture | is .t H’Ftﬁn%e &ﬁ‘g’eg %e@ﬁe@%@ﬁ&s‘éﬂn%@dﬂ'eﬂ@@@élo@ﬁ%@e\ﬂﬂe‘ﬁérl buti on,
with a mediumparticle size of 1 to 4 mcrons (81 w % and submicron Ag
suspensi on wi ther@n.nedi um particle size of 0.2 to 0.6 mcrons. (3 w %, the
silver powder ur . m L Eoifh T8 r QARG PRUER! St Mdst BxiBismdal si ze
di stribution, [\%b'ﬁlu ?t@ Fi%ﬁls’ggrn;é‘iﬁc gpg&]e Zg)'? i topl?i mcronsS (}%9 swt % and
submi cron Ag selasplﬁthsaﬂmmnw tchbaalt silbdieshlgshpidrehe sedhzg ceifpe0iron MEn®nae i cr ons.
(5w %, the silver po ure of Ferro Ag powders with
bi nodal size aoé(ieﬁc%lu Sio\cl)%usec{nw%hgﬁgéalhﬁnegdgﬂﬁé%:l e size of 1 to 4 mcrons
(83 wt % and [9048Y1 c(ﬂtGAgI&Wﬂi]HI&:DEedl um partlcle size of 0.2 to 0.6

m cr ons. wt | ver. powder, .m xt ur
Spher i cal Ag b 08 KRG RiyrE bR S ST i iR QLS. Bhe
mcron (81 w @&anambh&mﬂo@m@ﬂfoﬂ@owcbmﬁtlmmmlmsns tgpiealbi zehtibn 62 to 0.6

mcrons. (3 w %,  all I’CI avai |.able fr Ferro Cor, oratlon
C evel and, OmrSSln ?ﬁ@l‘fﬁ’élﬁ? leélé’%ﬁel?lg C{im% thy ‘éeg‘nzﬁ erv%lo?t a’Tg from 350
to 525 C and tihR o RRid 5R8t. qlh@%@lv&t h&laﬁy Phitsfreeatghass °®Itb hbeaut Tgp 90 dm 280 t o

450 C. The | eaded gl ass m xture | ead base | asses th Tg of 350C
to 550C and t HEercERpdmep) Be &eshn iy %‘fhél quLﬁosebQéléeae ?WW’@W@F *B80 to 450

C. The or gano-janadidim c@l‘ﬂﬂ&@%@l}cﬂrﬁsﬂ %@.ﬁﬂb&iﬁ(ﬂllﬂuré@%&"&ﬁﬂ cellulose and
bi s(2, 4- pent anédi ohat e) The adhesive pronoter is_one netal oxi de The

organi ¢ vehi clzréaencdlcaemSemW@wh@fsﬂgtPs Ehoyaalsslolsepd thy mogobisylgthengt £t hy|

Cel | ul ose Std ixatrol(r) ST, 0.3 w % Triton(r) X-100,
0.18 wt 9% eneé)%%ﬁ%rﬁ) t% % Dowanol (r) DB, 8.45 wt % and

Ter pi neol 3.84 wt % [0090] The paste conpositions are printed using a 280
or 325 mesh screen with about 110 micron openings for front contact finger
|l i nes and about 2.5 nmm spaci ng between the lines. Sanples are dried at
about 250 C for about 3 mnutes after printing the front contacts. The
printed wafers are co-fired in air using a 6-zone infrared (IR) belt

fur nace from Despatch W|th a beIt speed of about 5 rret ers (200 ) per
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[0060] Examples of solvents include terpenes such as alpha- or beta-terpineol or
higher boiling alcohols such as Dowanol® (diethylene glycol monoethyl ether), or
mixtures thereof with other solvents such as butyl Carbitol® (diethylene glycol
monobutyl ether); dibutyl Carbitol® (dicthylene glycol dibutyl ether), butyl Carbitol®
acetate (dicthylene glycol monobutyl ether acetate), hexylene glycol, Texanol® (2,2,4-
trimethyl-1,3-pentanediol monoisobutyrate), as well as other alcohol esters, kerosene,
and dibutyl phthalate.

[0061] In one embodiment, the organic vehicle contains organometallic
compounds, for example those based on phosphorus or silver, to modify the contact.
Various combinations of these and other solvents can be formulated to obtain the
desired viscosity and volatility requirements for each application. Other dispersants,
surfactants and rheology modifiers can be included.

[0062]  Products usefiil in the organic carrier can be obtained commercially under
any of the following trademarks: Texanol® (Eastman Chemical Company, Kingsport,
TN); Dowanol® and Carbitol® (Dow Chemical Co., Midland, MT); Triton® (Union
Carbide Division of Dow Chemical Co., Midland, MI}, Thixatrol® (Elementis
Company, Hightstown NI}, and Diffusol® (Transene Co. Inc., Danvers, MA), Ethyl
Cellulose (Dow Chemical Company, Midland, MI), Terpineol, (Hercules Inc.,
Wilmington, DE). N-Diffusol® is a stabilized liquid preparation containing an n-type
diffusant with a diffusion coefficient similar to that of elemental phosphorus.
Plasticizer™ (Ferro Corporation, Cleveland, OTI).

[0063] Hydrogenated castor oil and derivatives thereof can be used as organic
thixotropic agents. A thixotrope is not always nccessary because the solvent/resin
properties coupled with. the shear thinning inherent in any suspension can alone be
suitable in this regard. Furthermore, wetting agents can be employed such as fatty
acid esters, e.g., N-tallow-1,3-diaminopropane di-oleate; N-tallow trimethylene
diamine diacetate; N-coco trimethylene diamine, beta diamines; N-oleyl trimethylene
diamine; N-tallow trimethylene diamine; and N-tallow trimethylene diamine dicleate,
and combinations therecf.

[0064] It should be kept in mind that the foregoing compositional ranges are
preferred and it is not the intention to be limited to these ranges where one of ordinary

skill in the art would recognize, starting with the teachings herein, that these ranges
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may vary depending upon specific applications, specific components and conditions
for processing and forming the end products.

[0065] PASTE PREPARATION

[0066] The paste composition can be formed by combining silver, a glass frit, and
a metal additive with an organic vehicle and dispersing the silver, the glass frit, and
the metal additive in the organic vehicle. The amount and type of vehicle utilized can
be determined by the final desired formulation viscosity, fineness of grind of the
paste, and the desired wet print thickness. In preparing compositions according to the
invention, the particulate inorganic solids are mixed with the organic vehicle and
dispersed with suitable equipment, such as a three-roll mill, to form a suspension,
resulting in a composition for which the viscosity will be in the range of about 50 to
about 200 keps, preferably about 55 to about 120 keps, at a shear rate of 9.6 sec” as
determined on a Brookfield viscometer HBT, spindle CP-51, measured at 25 °C.
[0067] PRINTING AND FIRING OF THE PASTE

[0068]  The aforementioned paste compositions can be used in a process to make a
contact (e.g., fired front contact film) or other components, for example, for solar
cells. The method of making the contact involves (1) applying the paste composition
to a silicon substrate (e.g., silicon wafer), (2) drying the paste, and (3) heating (e.g.,
firing) the paste to sinter the metal of the paste and make contact to silicon. The
printed pattern of the paste is heated or fired at a suitable temperature, such as about
650 to about 1000 °C furnace set temperature, or about 550 to about 850 °C wafer
temperature. In one embodiment, the furnace set temperature is about 750 to about
960 °C, and the paste is fired in air. The antireflective SiNx layer is believed to be
oxidized and corroded by the glass during firing and Ag/Si islands are formed on
reaction with the Si substrate, which are epitaxially bonded to silicon. Firing
conditions are chosen to produce a sufficient density of conductive metal/Si islands on
the silicon wafer at the silicon/paste interface, leading to a low resistivity contact,
thereby producing a high efficiency, high-fill factor solar cell.

[0069] A typical ARC is made of a silicon compound such as silicon nitride,
generically SiNx.H. This layer acts as an insulator, which tends to increase the
contact resistance. Corrosion of this ARC layer by the glass component is hence a

necessary step in front contact formation. Reducing the resistance between the silicon
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wafer and the paste can be facilitated by the formation of epitaxial silver/silicon
conductive islands at the interface. When such an epitaxial silver/silicon interface
does not result, the resistance at that interface becomes unacceptably high. The pastes
and processes herein can make it possible to produce an epitaxial silver/silicon
interface leading to a contact having low resistance under broad processing
conditions—a minimum firing temperature as low as about 650 °C, but which can be
fired up to about 850 °C (wafer temperature).

[0070]  The resulting fired front contact can include silver at about 50 wt % or
more and about 92 wt % or less of the fired front contact; a glass frit at about 1 wt %
or more and about 15 wt % or less of the fired front contact; and yttrium form at about
0.01 wt % or more and about 5 wt % or less of the fired front contact. In one
embodiment, the fired front contact includes yttrium at about 0.02 wt % or more and
about 3 wt % or less of the fired front contact. In another embodiment, the fired front
contact can further include vanadium, antimony, phosphorus, or combinations thereof.
[0071] METHOD OF MAKING CONTACT

[0072] A solar cell contact according to the invention can be produced by applying
any conductive paste disclosed herein to a substrate, for example, by screen-printing
to a desired wet thickness, e.g., from about 10 to about 80 microns. Automatic
screen-printing techniques can be employed using a 200-400 mesh screen. The
printed pattern is then dried at 250 °C or less, preferably about 80 to about 250 °C for
about 0.5-20 minutes before firing, The dry printed pattern can be fired for as little as
1 second up to about 30 seconds at peak temperature, in a belt conveyor furnace in air.
During firing, the glass is fused and the metal is sintered.

[0073]  Referring now to FIGS. 1A-1E, one of many possible exemplary
embodiments of making a solar cell front contact is illustrated. The solar cell front
contact generally can be produced by applying the paste composition to a solar grade
Si wafer. In particular, FIG. 1A schematically shows providing a substrate 10 of
single-crystal silicon or multicrystalline silicon. The substrate can have a textured
surface which reduces light reflection, In the case of solar cells, substrates are often
used as sliced from ingots which have been formed from pulling or casting processes.
Substrate surface damage caused by tools such as a wire saw used for slicing and

contamination from the wafer slicing step are typically removed by etching away
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about 10 to 20 microns of the substrate surface using an aqueous alkali solution such
as KOH or NaOH, or using a mixture of HF and HNOs. The substrate optionally can
be washed with a mixture of HC1 and H,O; to remove heavy metals such as iron that
may adhere to the substrate surface. An antireflective textured surface is sometimes
formed thereafter using, for example, an aqueous alkali solution such as aqueous
potassium hydroxide or aqueous sodium hydroxide. This resulting substrate is
depicted with exaggerated thickness dimensions, as a typical silicon wafer is about
160 to 200 microns thick.

[0074]  FIG. 1B schematically shows that, when a p-type substrate is used, an n-
type layer 20 is formed to create a p-n junction. A phosphorus diffusion layer is
supplied in any of a variety of suitable forms, including phosphorus oxychloride
(POCI;), organophosphorus compounds, and others disclosed herein. The phosphorus
source can be selectively applied to only one side of the silicon wafer, The depth of
the diffusion layer can be varied by controlling the diffusion temperature and time, is
generally about 0.2 to 0.5 microns, and has a sheet resistivity of about 40 to about 120
ohms per square. The phosphorus source can include phosphorus-containing liquid
coating material such as phosphosilicate glass (PSG). The phosphorus source can be
applied onto only one surface of the substrate by a process such as spin coating, where
diffusion is effected by annealing under suitable conditions.

[0075]  FIG. 1C illustrating forming an antireflective coating (ARC)/passivating
fitm 30 over the substrate 10. The antireflective coating (ARC)/passivating film 30,
which can be SiNy, TiO; or Si0;, is formed over the above-described n-type diffusion
layer 20. Silicon nitride film is sometimes expressed as SiNy:II to emphasize
passivation by hydrogen. The ARC 30 reduces the surface reflectance of the solar
cell to incident light, increasing the electrical current generated. The thickness of
ARC 30 depends on its refractive index, although a thickness of about 700 to about
900 A is suitable for a refractive index of about 1.9 to about 2.0. The ARC can be
formed by a variety of procedures including low-pressure CVD, plasma CVD, or
thermal CVD. When thermal CVD is used to form a SiNx coating, the starting
materials are often dichlorosilane (SiCl;Hy) and ammonia (NHs) gas, and film
formation is carried out at a temperature of at least 700 °C. When thermal CVD is

used, pyrolysis of the starting gases at the high temperature results in the presence of
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substantially no hydrogen in the silicon sitride film, giving a substantially
stoichiometric compositional ratio between the silicon and the nitrogen—=Si:Na.
Other methods of forming an ARC can be used.

[0076] FIG. 1D illustrates applying the subject paste composition 500 over the
ARC film 30. The paste composition can be applied by any suitable technique. For
example, the paste composition can be applied by screen print on the front side of the
substrate 10. The paste composition 500 is dried at about 125 °C for about 10
minutes. Other drying times and temperatures are possible so long as the paste
vehicle is dried of solvent, but not combusted or removed at this stage.

[0077]  FIG. 1D further illustrates forming a layer of back side pastes over the back
side of the substrate 10. The back side paste layer can contain one or more paste
compositions. In one embodiment, the first paste 70 facilitates forming a back side
contact and a second paste 80 facilitates forming a p+ layer over the back side of the
substrate. The first paste 70 can contain silver or silver/aluminum and the second
paste 80 can contain aluminum. An exemplary backside silvet/aluminum paste is
Ferro 3398, PS 33-610 or PS 33-612, commercially available from Ferro Corporation,
Cleveland, Ohio. An exemplary commercially available backside aluminum paste is
Ferro ALS53-120 Standard, or AL53-112, AL860, AL5116, commercially available
from Ferro Corporation, Cleveland, Ohio.

[0078]  The back side paste layer can be applied to the substrate and dried in the
same manner as the front pate layer 500. In this embodiment, the back side is largely
covered with the aluminum paste, to a wet thickness of about 30 to 50 microns, owing
in part to the need to form a thicker p+ layer in the subsequent process.

[0079]  The wafer bearing the dried pastes is then fired in an infrared belt furnace,
using an air atmosphere, at a furnace set temperature of about 650 °C to about 1000
°C for a period of from about one to several minutes. The firing is generally carried
out according to a temperature profile that will allow burnout of the organic matter at
abott 300 °C to about 550 °C, a period of peak furnace set temperature of about 650
°C to about 1000 °C, lasting as little as about 1 second, although longer firing times as
high as 1, 3, or 5 minutes are possible when firing at lower temperatures.

[0080]  Firing is typically done in an air atmosphere. For example a six-zone firing

profile can be used, with a belt speed of about 1 to about 6.4 meters (40-250 inches)
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per minute, preferably 5 to 6 meters/minute (about 200 to 240 inches/minute). Ina
preferred example, zone 1 is about 18 inches (45.7 cm) long, zone 2 is about 18
inches (45.7 cm) long, zone 3 is about 9 inches (22.9 cm) long, zone 4 is about 9
inches (22.9 cm) long, zone 5 is about 9 inches (22.9 cm) long, and zone 6 is about 9
inches (22.9 cm) long. The temperature in each successive zone is typically, though
not always, higher than the previous, for exanple, 350-500 °C in zone 1, 400-550 °C
in zone 2, 450-700 °C in zone 3, 600-750 °C in zone 4, 750-900 °C in zone 5, and
800-970 °C in zone 6. Naturally, firing arrangements having more than 3 zones are
envisioned by the invention, including 4, 5, 6, 7, 8 or 9 zones or more, each with zone
lengths of about 3 to about 20 inches and firing temperatures of 650 to 1000 °C.
[0081] FIG. 1E illustrates sintering the metal portions of the paste 500 and fusing
the glass frits of the paste 500, thereby making electrical contacts 501. As
schematically shown in FIG. 1F, during firing, the front side paste 500 sinters and
penetrates (i.e., fires through) the silicon nitride layer 30 and thereby makes electrical
contact 501 with the n-type layer 20. The paste 80 containing aluminum over the
back side melts and reacts with the silicon wafer 10, during firing, then solidifies to
form a partial p+ layer 40 containing a high concentration of Al dopant. This layer is
generally called the back surface field (BSF) layer, and helps to improve the energy
conversion efficiency of the solar cell. A back electrode 81 can be formed by firing
the paste 80. The paste 70 containing silver or silver/aluminum is fired becoming a
back contact. The areas of the back side paste 71 can be used for tab attachment
during module fabrication. Processes of making the pastes, solar cell contacts and
solar cells disclosed herein are envisioned as embodiments of the invention.

[0082] FIG. 2 illustrates an exemplary methodology 2000 of making a paste
composition. At 2002, silver, a glass frit, and a metal additive are combined with an
organic vehicle. At 2004, the silver, the glass frit, and the metal additive are
dispersed in the organic vehicle.

[0083]  FIG. 3 illustrates an exemplary methodology 3000 of making a solar cell
contact. At 3002, a paste is applied to a silicon substrate. The paste can contain silver
particles, a glass frit, and a metal additive. At 3004, the paste is heated to sinter the

silver particles and fuse the glass frit.
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[0084]  Although not shown in FIGS. 2 and 3, the methodologies can involve one
or more of the following features. The paste contains silver at about 50 wt % or more
and about 92 wt % or less of the paste composition; a glass frit at about 1 wt % or
more and about 15 wt % or less of the paste composition; and a metal additive at
about 0.01 wt % or more and about 5 wt % or less of the paste composition. The
paste contains the metal additive at about 0.02 wt % or more and about 3 wt % or less
of the paste composition. The paste contains the metal additive at about 0.05 wt % or
more and about 1 wt % or less of the paste composition.

[0085] The metal additive comprises one or more organo-metal compounds
selected from a group consisting of vanadium alkoxides, vanadyl alkoxides, antimony
alkoxides, phosphorous alkoxides, yttrium alkoxides, cobaltic alkoxides, cobaltous
alkoxides, nickel alkoxidse, zirconium alkoxides, tin alkoxides, zinc alkoxides and
lithum alkoxides. The metal additive comprises one or more organo-metal
compounds selected from a group consisting of vanadium acetylacetonates, vanadyl
acetylacetonates, antimony acetylacetonates, ytirium acetylacetonates, cobaltic
acetylacetonate, cobaltous acetylacetonate, nickel acetylacetonate, zirconium
acetylacetonate, dibutyltin acetylacetonate, zinc acetylacetonate and lithium
acetylacetonate The metal additive comprises one or more organo-metal compounds
selected from a group consisting of metal 2-methylhexanoate, metal 2-ethylhexanoate,
and metal 2-propylhexanoate where metal is vanadium, antimony, phosphorus,
yttrium, cobalt, nickel, zirconium, tin, zinc or lithium.

[0086] The metal additive consists of vanadium acetylacetonates, vanadyl
acetylacetonates, or combinations thereof. The metal additive consists of vanadyl
acetylacetonates.

[0087] EXPERIMENTAL EXAMPLES

[0088]  The following examples illustrate the subject invention. Unless otherwise
indicated in the following examples and elsewhere in the specification and clairas, all
parts and percentages are by weight, all temperatures are in degrees Celsius, and
pressure is at or near atmospheric pressure.

[0089]  Polycrystalline silicon wafers, 15.6 cm x 15.6 em, thickness of 150 to 250
microns are coated with a silicon nitride antireflective coating. The sheet resistivity

of these wafers is about 55-80 Q/square. The paste compositions as indicated in
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Tables 7 and 8 are formulated into pastes and the pastes are applied on the silicon
walfers, respectively. In Table 7, silver particles having a median particle size of
about 0.05 to 3.5 microns are used. In Table &, the silver powder mixture 1 is a
mixture of Ferro Ag powders with bimodal size distribution, with a medium particle
size of 1 to 4 microns (81 wt %) and submicron Ag suspension with a medium
particle size of 0.2 to 0.6 microns. (3 wt %), the silver powder mixture 2 is a mixture
of Ferro Ag powders with bimodal size distribution, with a medium particle size of 1
to 4 microns (79 wt %) and submicron Ag suspension with a medium particle size of
0.2 to 0.6 microns. (5 wt %), the silver powder mixture 3 is a mixture of Ferro Ag
powders with bimodal size distribution, with a medium particle size of 1 to 4 microns
(83 wt %) and submicron Ag with a medium particle size of 0.2 to 0.6 microns. (1

wt %), and the silver powder mixture 4 is a mixture of spherical Ag particles having a
median particle size of about 0.8 to 1.6 micron (81 wt %) and submicron Ag witha
medium particle size of 0.2 to 0.6 microns. (3 wt %), all commercially available from
Ferro Corporation, Cleveland, Ohio. The Pb-free glass A is a Pb-free glass with a Tg
from 350 to 525 °C and the Pb-free glass B is a Pb-free glass with a Tg from 280 to
450 °C. The leaded glass mixture 1 is two lead based glasses with Tg of 350°C to
550°C and the leaded glass 2 is a lead based glass with Tg of 280 to 450 °C. The
organo~vanadium compound is vanadium(IV) oxide bis(2,4-pentanedionate). The
adhesive promoter is one metal oxide. The organic vehicle is a blend of Ethyl
Cellulose Std. 4, 0.45 wt %, Ethyl Cellulose Std. 45, 1.28 wt %; Thixatrol® ST, 0.3
wt %; Triton® X-100, 0.18 wt %; N-Diffusol®, 0.5 wt %; Dowanol® DB, 8.45 wt %;
and Terpineol, 3.84 wt %.

[0090]  The paste compositions are printed using a 280 or 325 mesh screen with
about 110 micron openings for front contact finger lines and about 2.5 mm spacing
between the lines. Samples are dried at about 250 °C for about 3 minutes after
printing the front contacts. The printed wafers are co-fired in air using a 6-zone
infrared (IR) belt furnace from Despatch, with a belt speed of about 5 meters (200”)
per minute, with temperature set points of 880 to 940 °C in the last zone. The zones
are 187, 187,97, 9”7, 9 and 9” long, respectively. The fired finger width for most
samples is about 80 to about 160 microns, and the fired thickness is about 10 to 50

microns.
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[0091]  Electrical performance of the solar cells is measured with a solar tester,
Model NCT-M-180A, NPC Incorporated, Dumont, NJ, under AM 1.5 sun conditions,
in accordance with ASTM G-173-03. The results of this electrical testing are
presented in Tables 7 and 8. EFF means cell efficiency (n); and Rg is previously
defined.
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[0094] Tt will be appreciated that although the examples herein primarily concern a
conductive composition for use in forming a conductor paste for in the formation of solar
cell contacts, the present invention also contemplates the use of the principles disclosed
herein to form resistor and semiconductor pastes, inks, tapes and the like. Furthermore,
such compositions may or may not be considered as materials for use in forming thick
films. Thus, applicants’ unique conductive compositions can be utilized to form
conductive, resistive or semiconducting paths or patterns on substrates. Such conductive
composition can assume various forms including an ink, a paste, a tape and the like.
Additionally, substrates other than silicon can be employed in connection with the pastes
of the present invention. The use of the compositions disclosed herein is also envisioned
in a variety of electronic components and devices.

[0095]  What has been described above includes examples of the subject invention. It
is, of course, not possible to describe every conceivable combination of components or
methodologies for purposes of describing the subject invention, but one of ordinary skill
in the art may recognize that many further combinations and permutations of the subject
invention are possible. Accordingly, the subject invention is intended to embrace all such
alterations, modifications and variations that fall within the spirit and scope of the
appended claims. Furthermore, to the extent that the terms “contain,” “have,” “include,”
and “involve” are used in either the detailed description or the claims, such terms are
intended to be inclusive in a manner similar to the term “comprising” as “comprising” is
interpreted when employed as a transitional word in a claim. In some instances, however,
to the extent that the terms “contain,” “have,” “include,” and “involve” are used in either
the detailed description or the claims, such terms are intended to be partially or entirely
exclusive in a manner similar to the terms “consisting of” or “consisting essentially of” as
“consisting of” or “consisting essentially of” are interpreted when employed as a

transitional word in a claim.
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CLAIMS

What 1s ¢laimed 1is:

1. A solar cell contact formed by firing a paste composition comprising;

silver at about 50 wt % or more and about 92 wt % or less of the paste
composition;

a glass frit portion at about 1 wt % or more and about 15 wt % or less of the paste
composition; and

a metal additive at about 0.01 wt % or more and about 5 wt % or less of the paste
composition, the metal additive comprising yttrium, an organo-vanadium compound,
organo-antimony compound, organo-phosphorus compound, organo-yttrium compound,

or combinations thereof.

2. The solar cell of claim 1, wherein the paste composition comprises the metal

additive at about 0.02 wt % or more and about 3 wt % or less of the paste composition.

3. The solar cell of claim 1, wherein the paste composition comprises the metal

additive at about 0.05 wt % or more and about 1 wt % or less of the paste composition.

4. The solar cell of claim 1, wherein the metal additive comprises one or more
organo-metal compounds selected from a group consisting of vanadium alkoxides,

vanadyl alkoxides, antimony alkoxides, phosphorous alkoxides, and yttrium alkoxides.

5. The solar cell of claim 1, wherein the metal additive comprises one or more
organo-metal compounds selected from a group consisting of vanadium acetylacetonates,

vanady] acetylacetonates, antimony acetylacetonates, and yttrium acetylacetonates.

6. The solar cell of claim 1, wherein the metal additive comprises one or more

organo-metal compounds selected from a group consisting of metal 2-methylhexanoate,



Rs (emtter 3) EFF (emtter 3) Rs (emtter 4) EFF (emtter 4) - 25 -
[0094] 1t will be appreciated that although the exanples herein primarily
concern awoantssisse conposition for use in form ng a cenulustan/opmss e for
in the formation of solar cell contacts, the present invention also
contenpl ates the use of the principlef7di sclosed herein to formresistor
and sem conductor pastes, inks, tapes and the |like. Furthernore, such
conpositions may or may not be considered as nmaterials for use in formng

t hi ck fi Imeal 2ZFbibglhesppbiccantsetalhppelhesirdat wiese hermeigliis varmdigan be
utilized ta formconductive, .resistive or sem conducting paths or patterns
on substﬁﬁﬁg??yﬁﬁ@ﬁg SWHBEwpygnzonposition can assume various forns
including an ink, a paste, a tape and the like. Additionally, substrates
other than silicon can be enployed in connection with the pastes of the
present ifventTheolarhell pkdaiof | vhereirotlp paste FomRosHi pcvEBednHBdesi aPeFddy) so
envi sioned ,in a.variety .of electraoni 0 i [ ] What
has beenIﬁ%@g@?ﬁ%ﬁnggégﬂ%ﬁg?afeggg¥§%%1@gﬁgﬁﬂ@ﬁ%ﬁgﬁﬁﬁﬁ%#ﬁﬁﬁegﬁg. n. It is,
of cour sepnieingduTasdobhle, dickellefesiihe, B e aolidemvable-nembéonaduad, of
conponent s or net hodol ogi es for purposes of describing the subject

i nvent i ordnixpiges HEEObf ordinary skill in the art may recogni ze that many
further conbinations and pernutations of the subject invention are
possi bl e. Accordingly, the subject invention is intended to enbrace al

such alt & at i dFig,sohmdélf oLadtiohsvianen darmetl aldgivelabsiftabf vagiatiim t he spirit
and scope of the appended. cl ai ns, Furthern%re. to,the.extent that the terns
"cont ai n,acetyjpgeranatcs, vapadyhacetylagaipnatesn f8 CoRogHNS fBEE0% n ei t her the detai | ed
description or the clains, such terns are intended to be inclusive in a
manner simlar to the term"conprising" as "conprising” is interpreted when
enpl oyed %s a Eheanki télbobdlaimot,dvlioneia thel ragted additivesansistnof waneds, however, to
t he extent that t%e terns "contain,' "have," "include,"” and "invol ve" are
used in ECPHECCPREYet ai | ed description or the clains, such terms are
intended to be partially or entirely exclusive in a manner simlar to the
terns "consisting of' or "consisting essentially of' as "consisting of' or
"consi st ilfy essasthodldfynaking apaste) Qmpopitienc@ileRgenpl oyed as a transiti onal
word in aclaim,.- 26 - | W i i [ 81 | contact
formed by fir icﬁglbémﬁ%gl%vgr’c o@%%%l% ﬁ‘g&ha%%rer%lrl ?ééﬁﬁ‘ge ‘I"Vr;ql ﬁ%glfg%g%wae S}Jet? ﬂLﬁo wt % or
mor e and RReILAdAR c\WbmMeisihg h@EEmOin digenpasiadiveo sgesintlofrgano-antimanygl ass fit
portion at about 1 W %or nore and about 15 wt % or |ess of the paste
conposi t iCORPoERE organo-phgsphetus CORMAPRG - PESHHO-YABY T CQW?H?P“&PT SRBPINEHITE and
about 5 wﬁa%%pandess of the paste conposition, the netal additive
conprising yttrium an organo-vanadi um conpound, organo-antinony conpound,
or gano- phosphatispersirane sibely, the gasofritt aodithenmeahpddtitie: indhe egadic velticlons
thereof. 2. The solar cell of claiml1l, wherein the paste conposition
conprises the netal additive at about 0.02 wt % or nore and about 3 wt % or
less of tfe pagl.e, GRIPOSULINPCS whetein HEn&AI RitARIOmBHs&! odke By ilnoré’\@l%éﬁi—n the
paste conposition conprises the netal additive at about 0.05 w Y% or nore
and aboutmdtalwonfoondd sebstedffranhe gpapteendstinzodivenahium alkoxifes veotdt cel | of

claim1, erein the netal . .additive conpri ses one,ar [ e.organo- net al
conpoundéxgﬁTﬁﬁt%ﬁm$¥%ﬁh X &J&D@§W§F§t'ﬁﬁ“§%fwﬁﬁ§ Pﬁ%ﬁ%ﬁ%@?ides, vanady!|
al koxi des, antinony al koxi des, phosphorous al koxi des, and yttrium

al koxides. 5. The solar cell of claim1, wherein the netal additive
conpri sesl2one e meshed off Jaimod, gicasin dwripeialuilditye|ceppasesians o H95F oigpno-

isti f di tyl . : fes, ti
ety acatenuo bR AR AR PR AR N R LAACHARCE) OF cl'ai

1, wher eivankdig ab®ilatet@dtist intBn@@MRElyRRStoaNEes, @hdimiven aregdmetaeteal conpounds
selected froma group consisting of netal 2-nmethyl hexanoate,

13.  The method of ¢laim 9, wherein the metal additive comprises one or more organo-

metal compounds selected from a group consisting of metal 2-methylhexanoate, metal 2-
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conpri si AYIPEENd; HigAnANERORNEIRAYAN WRIOOMISRRTILS SRS HRIMORBAY onpound,
organo-pggﬁ ﬁugr&gﬁﬁﬁﬂﬂﬂsﬂg&g@qgmyttriun1conpound, or conbi nati ons

t hereof; "an eating the paste to sinter the silver particles and fuse the
glass flit. 17. Theatimgttinoghstaftocindrthd 6]venpetidienandhinsptistedase dmtposi ti on
conprises the netal additive at about 0.02 wt % or nore and about 1 wt % or
| ess of the paste conposition.

17.  The method of claim 16, wherein the paste composition comprises the metal

additive at about 0.02 wt % or more and about 1 wt % or less of the paste composition.

18. The method of claim 16, wherein the metal additive comprises one or more
organo-metal compounds selected from a group consisting of vanadium alkoxides,

vanadyl alkoxides, antimony alkoxides, phosphorous alkoxides, and yttrium alkoxides.

19.  The method of claim 16, wherein the metal additive comprises one or more
organo-metal compounds selected from a group consisting of vanadium acetylacetonates,

vanadyl acetylacetonates, antimony acetylacetonates, and yttrium acetylacetonates.



18. The method of claim 16, wherein the netal additive conprises one or
nor e or gano-netal conpounds sel ected froma group consisting of vanadi um

al koxi deswowvareadyissal koxi des, anti nony al koxi des, phosplroraisgoialokmxks des,
and yttrium al koxi des. 19. The nethod of claim 16, wherein the netal
additive conprises one or nore organe2getal conpounds sel ected froma group
consi sting of vanadi um acetyl aeet onates, vanadyl acetyl acetonates, antinony
acetyl acetonates, and yttrium acetyl acetonates. -29- 20. The nethod of
claim 16, wherein the netal additive consi sts of vanadi um acetyl acet onat es,

vanadyl etyl acet anat or. Cco ion eof The thod of claim
16, wher ﬁ FFE?%%Q&%&%“{H]\%W aé‘ %%ﬁg(%h?’efﬁﬂs@ "¥8t al conpounds
sel ected a&ét?l%e@o%é%u{?’arﬁﬁ se!ceg/la!agtoﬁétemir ad;m@mmda)ahéaeﬁanoat e, metal

2- et hyl hexanoate, and netal propyl hexanoat e t hereof where netal is
vanadi um antinony, phosphorus, or yttrium 22. The nmethod of claim 16,

wher ei n ep te furt sec tal addifive cQ r|S|ng one
Ol P R A R i T e N A

vanadi umprgaRbinfidalompbasiiiercuRd fivht & btoip comalnk of Rtk elmethitheomioni) tin,
zinc or lithium organo-netal conpound. 23. Afired front solar cell

cont act , megBratkylhgranoate, and spqtsl@rrrapylagwneats Grredodierameal mygnaben: 92 w %
or |ess ont act; a glass fit at about 1 w % or
nor e andgﬂtg%)lg&?y fbgs\%? "y &yttg@SH of the fired front cont act; and yttrium
format about 0.01 wt (Yo or nore and about 5 w % or Iess of the fired
front contact. 24. The {lred front ontac]%5 %f cl aim 23, vxclﬂW n the fired
f ront coﬁ@act Themsthoded claa 19 vhergim the paipinther psludes aae5pn F@ and about 5
wt % or f ont act of
claim 23El urt éeﬂlﬁﬁg%ﬁl’{ﬁgr(il;@?or{éﬂ @ghgggﬁﬂin?&%r? fn%g%%d:g@glﬁ%ﬂg%%ggﬂ%@%&@conbl nations
t her eof . consisBfig-of a EnadAmpasitisiongghospioren yttcanpeabskt.mgekel, zirconigin, ter  at
about 50 wt nore and about 92 wt A or | ess of the paste conposition;

a gl ass F’Inlctor%g?‘fl}léffﬁaﬁ?‘r%%&f?nlfoyﬁd%or more and about 15 wt %or |ess of
t he paste conposition; and a netal additive at about 0.01 wt % or
nore and about 5 w % or |ess of the paste conposition, the netal additive
conpri si 8% yt tyrfingdfroahsadarggh sontastactinpristegipound, organo anti nony conpound,

Cheraor . 27 o apaRRe M e PRPERIPoLY B P TR e SRR o

conposi t t@flagonpri ses the netal addi tive at about O. 02 w % or nore and
about 3 wt %or less of the past e conposition. 28. Paste conposition
of clai m 26, waeﬁefrﬁatﬁpupéﬁtw@bwgrﬁsamsé’ﬁufc%fr%wée%ﬁé hedirad frgefdi ti ve at
about 0.05, %{gt Joqor more and about 1 wt %or less of the paste conposition.
29. The past¥e corrp05|t| on of claim26, wherein the netal additive conprises
one or nore oygane-fomt &l aboonpoLindS, eseheetaad abswhvet (Groolyss obthsitsed ng of
vanadi um_ al koxi des, vanadyl all coxi des, antinony al koxi des, phosphorous

al koxi de§ontaeatagh t ri um al koxi des. 30. The paste composition of claim 26,
wherein the netal additive conprises one or nore organo-netal conpounds
sel ected froma group consisting of vanadi um acetyl acet onat es, vanadyl
acet yl ac24.onafbs firddritinmomtacied tiaim ét whatieshe fired fjont conimt acepybeadiet onat es.

yttrium at about 0.02 wt % or more and about 5 wt % or less of the fired front contact.

25.  The fired front contact of claim 23 further comprising vanadium, antimony,

phosphorus, or combinations thereof.



30. The paste conposition of claim26, wherein the netal additive conprises
one or nore organo-netal conpounds selected froma group consisting of
metal 2- wo2t12/05888hyl hexanoat e, netal 2-ethyl hexanoat e PpCarn2omeiosto63

2- propyl hexanoat e where the metal is vanadium antinony, phosphorus, or
yttrium 31. The paste conposition of3ocl ai m26 further including a second
nmetal additive conprising one or nore organo-netal conpounds selected from
a group consisting of a cobalt, nickel, zirconium tin, zinc or lithium
organo- met al conpound, or mxtures thereof. 32. The paste conposition of

claim 26, wherein the netal additive consists of vanadi um acetyl acet onates
vanady!l afet yl/aBE{orPROSIogy CuRRbiHat i ons thereof. 33. The paste ,

conposi i on ofscliak iR 50 Who% Bl Rotdmdmbal onddidreseonsipie of vanadyl
acet yl acet onates. 4. The paste conposition of claim26, wherein the

sil ver capppbsiesn;a m xture of spherical and flake shaped powders. 35. The

paste conpositiqn of claim 26, eregin the silyve i ] f
i rregul ar shaﬁegq?ﬁﬁ%ﬁ Rreen ¢ OET\(I)\{]WE)?Od%{Im%rlela{}%?bm{téé%%g?%gss étﬁ]?:gér%%gi 1(:)i on
of clai m3p,,owherein the silver includes silver flakes. 37. The paste

conposi tion of claim26, wherein said glass fit has the follown
conposi ti on: Q@onetel adddive at Phyoit 9198 Sjopmoge Fdiapopy %M’f&%‘?@ﬁﬂs(?f%@f?z

composition, the metal additive comprising yttrium, an organo-vanadium compound,
organo-antimony compound, organo-phosphorus compound, organo-yttrium compound,

or combinations thereof.

27.  The paste composition of claim 26, wherein the paste composition comprises the
metal additive at about 0.02 wt % or more and about 3 wt % or less of the paste

composition.

28.  The paste composition of claim 26, wherein the paste composition comprises the
metal additive at about 0.05 wt % or more and about 1 wt % or less of the paste

composition.

29.  The paste composition of claim 26, wherein the metal additive comprises one or
more organo-metal compounds selected from a group consisting of vanadium alkoxides,

vanadyl alkoxides, antimony alkoxides, phosphorous alkoxides, and yttrium alkoxides.

30.  The paste composition of claim 26, wherein the metal additive comprises one or
more organo-metal compounds selected from a group consisting of vanadium
acetylacetonates, vanadyl acetylacetonates, antimony acetylacetonates, and yttrium

acetylacetonates.

30.  The paste composition of claim 26, wherein the metal additive comprises one or

more organo-metal compounds selected from a group consisting of metal 2~



- 32 - Ta205 0-8 Zr02 0-10 P205 0-8 Li20+K20+Na20 0-15 B203 0-12
Fe203+C0203+CuO+Mn02 0- 25 38. The paste conposition of claim 26 wherein
sai d gl aswoOf2piz058358t i on conprises a m xture of two or MPCE/USL@IAHSTIRIt S.
39. The paste conposition of claim26 wherein said glass frit portion is
cadmumfree and | ead-free. 40. The-paste conposition of claim26 wherein
said glass fit portion includes the foll ow ng conposition: Constituent
Bi 203 55-90 8203 1-15

methylhexanoate, metal 2-ethylhexanoate, and metal 2-propylhexanoate where the metal

is vanadium, antimony, phosphorus, or yttrium.

31,  The paste composition of claim 26 further including a second metal additive
comprising one or more organo-metal compounds selected from a group consisting ofa
cobalt, nickel, zirconium, tin, zinc or lithium organo-metal compound, or mixtures

thereof.

32,  The paste composition of claim 26, wherein the metal additive consists of

vanadium acetylacetonates, vanadyl acetylacetonates, or combinations thereof.

33.  The paste composition of claim 26, wherein the metal additive consists of vanadyl
acetylacetonates.
34.  The paste composition of claim 26, wherein the silver comprises a mixture of

spherical and flake shaped powders.

35.  The paste composition of claim 26, wherein the silver comprises a mixture of

irregular shape particles and colloidal silver.
36.  The paste composition of claim 35, wherein the silver includes silver flakes.

37.  The paste composition of claim 26, wherein said glass frit has the following

composition:

Constituent

PbO 52-88
510, 0.5-15
AlLO; 0.5-10
Zn0O 0-22




Si02 0-20 ZnO 0-13 K20 0-12 Li02 0-12 Na20 0-12 N13.205 +Ta205 0-10
Fe203+Co0203+CuO+Mn02 0- 25 41. The paste conposition of claim 39, wherein
sai d gl aswof20t2/q58358i on i ncl udes the foll owi ng conpositi @aT/USeeISHOF96E Nt
B203+Si 02 30-62 ZnO 0-34 Ti 02

-32 -
Ta,0s 0-8

710, 0-10

P;0; 0-8

Li;O+K,0+Na;O 0-15

B,0; 0-12

Fey03+C0,05+CuO-+MnO, 0-25

38.  The paste composition of claim 26 wherein said glass frit portion comprises a
mixture of two or more glass frits.

39.  The paste composition of claim 26 wherein said glass frit portion is cadmium-free

and lead-free.

40.  The paste composition of claim 26 wherein said glass frit portion includes the

following composition:

Constituent

Bi203 55-90
B203 1-15
Si02 0-20
Zn0 0-13
K20 0-12
LiO2 0-12
NazZO 0-12
Nb205 +Ta205 0-10
Fe203+C0203+Cu0+Mn0O2 | 0-25

41,  The paste composition of claim 39, wherein said glass frit portion includes the

following composition:

Constituent

B203+510; 30-62
ZnO 0-34
TiO; 0-22
LiO, 0-10




0-22 Li02 0-10 - 33 - Na20 0-23 K20 0-13 P205 0-10 Sb205+Vv205 0-13 Zr02
0-8 F 0-5 Fe203+C0203+CuO+Mn02 0-25

WO 2012/058358 PCT/US2011/057963
-33 -

Naz;O 0-23

K,0 0-13

P20s5 0-10

Sby05+V,05 0-13

ZI'OQ 0-8

T 0-5

Fe;,04+C0:0:+CuO+MnO; | 0-25




