ELECTROCONDUCTI VE PASTE COVPCSI TI ON CONTAI NI NG METAL NANCPARTI CLES

CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] Thi s application clains
priority to U S. Provisional Application No. 61/550,998 filed COctober 25,
2011, the disclosure of which is incorporated herein by reference inits
entirety. FIELD OF THE | NVENTI ON [ 0002] Sol ar cells are devices t hat convert

- the energy of I|ight i E c effect. Sol ar
power is an attracti ]i? %ﬁg\?g%%@ é g Fg ﬁ ust ai nabl e and
produces only non-pollu & great deal of

research is currently being devoted to devel oping solar cells with enhanced
ef ficiency while continuously lowering material and manufacturing costs.

Wien | igbdSSUREFERERCE TORELARED APPLAMAPIONRE i ncident light is reflected
by the surface and the remainder is transnltted |nto the solar cell. The

phOtonjomﬁbt he Ui Blildi® clatlgttfénattgér 3P PRRSi ABRiAALRNO &Y 5500 il | S
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separated by p-n junctions and coIIected by conductive el ectrodes which are
applied on the solar cell surface. [0003] The nost conmon solar cells are

t hose nade of silicon. Specifically, a p-n junction is made fromsilicon by

appl yi WgERD OF IHEINVENIION | ayer onto a p-type silicon substrate, coupled
with two electrical contact |ayers or electrodes. In a p-type
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phosphorous dopant. In order to mnimze reflection of the sunlight by the
sol ar SENPLRCHFNg pests: eWherclight hite e salpnrgll, afiestionof dielincidont Hiehtris wélectrdbupsl i ed
to the n-type diffusion layer to increase the amount of |ight coupled into
t he sobuenfaceehd the[re0@indsiis rawmittad into thesdla celpiTbaphoporisaf theghamemited bighitere | ve
pastes applied to both their front and back surfaces. As part of the

met al | azsmtbedrbyphosdasell avhicais vewilyanideiof atsgtpicomducying magtiah pyhiae dilicon. t Tie
silicon substrate, such as by screen printing back side silver paste or

si | ver kadrpyTromth@asbdell PhdtondRIsHode bf thE sdridsndublend maRAaldtditRUMARSt € 1S
applied to the entire back side of the substrate to forma back surf ace

field GBRRHing@MirbilBole Phirs. "ﬁhés@@l@ctﬁfd ke pdidhe R sdparaReddyf J-ﬁﬁtﬁﬁtloﬂﬂaﬂﬁ Of

electroconductlve paste, a netal contact” may be screen printed onto

front giy %tear?) cBﬁJIJc gé L108dd @%’ﬁ/ﬁlcit%resa?%ﬁgc} a&h@ sl %ﬁoﬁl sﬁtfg trode. This

electrlca er on ace e ceﬁ where | i ght

enters typ resent made ne and
itithald (11 R f@ nt%awnsn%t%tr@flésgtrsﬁep i%ﬁtf B S P HEER P s
are ty al_l ransparent to I| The silicon sybstrate with pri ted
front g’l a%ﬁa%]tfri[%f& Y&p mgaeeletype élﬁn faverentap Patyﬁee?tb‘é’r“ast‘h‘?”é‘te@fwul’led Wlth
approxi mately 700- 795C. After firing, the front side paste etches through
t he antW¥9 elestiealicopfagtigpers orfelnchigdes| dia pityie seanondedtory dengabsiomp arerpdded todghd d
and the sem conductor, and converts the netal pastes to netal el ectrodes.
On t hesdraicdndicige in ardler talinendapeithe disimbesaSrdeharge barisisl(pesitivedwles). rEssentialigt i ng
as a dopant which creates the BSF. The resulting netallic el ectrodes all ow
el ect r tleidopingondi¢rinivtakes awe Weabdy Isaind bueetlesrans finacthe dericordus ok atonza gk .
[ 0005] To assenble a panel, nmultiple solar cells are conbected in series

and/ or exdinfl@b8d p-fpeadiliconductor is silicon with a boron or aluminum dopant. Solar cells can also

be made from n-type semiconductors. In an n-type semiconductor, the dopant atoms provide extra
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the ends of the electrodes of the first cell and the last cell are
preferably connected to output wiring. The solar cells are typically
encapsul ated in a transparent thernmal plastic resin, such as silicon rubber
or ethylene vinyl acetate. A transparent sheet of glass is placed on the
front surface of the encapsulating transparent thermal plastic resin. A
back protectin terial, for .exanple, sheet of polyethyl ene

ter epthFﬁF%‘i‘seto OéEP”tRFtEar‘i@éirerﬂFP%?ggxcﬁ%ﬂ ﬁxﬂegﬁﬂve Fﬁﬁ%‘?ﬁ RIS JoRsepxample
mechani cal properties and good weather resistance, is placed under the
encaps §f 82 PR FEHGRRAUGHPTHS §1%€°1¥ wih A phaspbareus dgnapie dn pides i mindmizg yeflsstioneedt ed
in an approPriate vacuum furnace to renpve air, and then integrated into
one bodle wplighdyitkrpsolandelbraagstivgfectivnreohidrereich as silinerenigideais appliddgo dreen-type
typically left in the open air for a long tine, it is desirable to cover

t he ci diftusiceriaynr ¢o mtrensvahs ahountof lithtwotpledinie thewolamtedlr i al consi sting of
alum numor the like. [0006] A typical silver electroconductive paste

cont ai 6004t al | iSiligparsbiaetedl tygtallyhabe tlbctaonduatios pates appiRkit6 beth tHdweHent
conponents nust be carefully selected to take full advantage of the

t heor etah& BhckiR@kfadtsi Ak pait of the nictsilidion Procedsad réafidntack Rty S¥ARTS, apblied © the
desirable to nmaxi m ze the contact between the netallic paste and silicon
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ot her hand he.ql nmusi . not. be so, aggressi ve t it shunts the p-n
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whi | e keeping the p-n junction intact s s to, achi eve inproved efficiency.
Known ee%?g&;ﬁ?t?l&ﬁggﬁfav%v 76 YFeee (Rﬁ‘f@gt‘m ¥ g’f’%‘rﬁé‘? tjeetiegtiqnyayer to sare ¥Srvg
effect of the %jass_in the interface of the netallic |ayer and silicon

waf er, figat ¢legtrodgs This gleetrigplognipahlexgyes thaiepe erslrant ghthe selbrfieraligh anters, ishe
contact area. Thus, a paste is needed that inproves contact between the
past e &vpically@resenidn b giid gattirh nade o8 tfiger bines” andSiBRY,” CRhditHian ANMVENTEON

[ 0007] An el ectroconductive paste conposition according to one enbodi nent of
t he i nlayet,ibocausothp hiese gtid Ganeriald aretypirally ned temspardn) toligt s The siticon supstrate
electrically conductive netal, netal alloy, and/or nmetal suicide

nanopakfithgirizged Hekide Bnd Bk @mega@é i thérPBred av £tethpRAiidrk ef%) hameleRr700L about
5 nmto about 2 mcrons; and (d) an organic vehicle. [0008] According to

anot hergeh odidrgiitne ﬁl@?roﬂ@ﬂ&hqaarsieie@éhe&hwga&ﬁe;%ﬁ?éﬂekﬁ&ﬁayapﬁrﬁ?g@&p g from

t he group consisting of nickel, chromum™ co titanfum and alloys,

i1 cCi d&Siact 3BveTh HeHh&s gtrfaeali'ﬁ e semiconductor, and converts the metal pastes to metal

electrodes. On the back side, the aluminum diffuses into the silicon substrate, acting as a dopant
which creates the BSF. The resulting metallic electrodes allow electricity to flow to and from solar
cells connected in a solar panel.

[0005] To assemble a panel, multiple solar cells are connected in series and/or in parallel and
the ends of the electrodes of the first cell and the last cell are preferably connected to output wiring.
The solar cells are typically encapsulated in a transparent thermal plastic resin, such as silicon
rubber or ethylene vinyl acetate. A transparent sheet of glass is placed on the front surface of the
encapsulating transparent thermal plastic resin. A back protecting material, for example, a sheet of

polyethylene terephthalate coated with a film of polyvinyl fluoride having good mechanical
2



[ 0009] According to yet another enbodi ment, the el ectroconductive paste
conprising about 40 to about 95%silver particles, about 0.5 to about 6 %
glass frit, about 0.05 to 20 wt. % netal nanoparticles, and about 5 to
about 30% organic vehicle, all percentages being by wei ght based on total
wei ght of the conposition. [0010] According to another enbodi nent, the
nanoparticles have a particl|e dianeter of apout 20 nmto about 800, nm More
pr ef er KMBprtics gRd gepdopeatier gysistanpg ieplacedinderhe enpapatipg thermalilastic 25ihm ¢ o
about 500 nm [0011] According to another enbodinent, the nanoparticles are
pr esentThese layeredwaiatials maghe lieaterd Dsntapproprigre wacwan fypiase frrsmeradir.and thea
nanoparticles are present in an anount of about 0.05 to 5.0 [0012] Accordi ng
to yet imtpghied inte whobidydrytheatitgpand|peessingc Endiasrnioeg sipessiobar ells dietypeelpldfises at
| east one additive selected fromthe group consisting of Al 203, ZnO Li 20,
Ag20, AglpeMald3or allob2 timEeiD B, detiedble 10DV, thEtiddmh fer€ip@a f tieadodhr c8i G&h agfle PO,
Zr02, 1-1f02, 1n203, SI102, P205, Ta205, B203, Ag3POX4, LiCo02, LiN 02,

Ni 3( POfnatoriaNodasisthg bf Almimmpdiakpligs es in an amount of about 0.1 to 3.0 wt .
% [0013] A solar cell electrode according to a first enbodi nent of the

I nvent irggbe) S T OTATBAidAY siRBPIY B0 BT EfdsteQoRAt Hletfc PaAtIEs, REPAR WA AP tO 2

substrate and firi'ng the paste to formthe el ectrode, wherein the
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between the metallic paste and silicon surface, and the metallic particles themselves so that the
charge carriers can flow through the interface and finger lines to the bus bars. The glass particles in
the composition etch through the antireflection coating layer, helping to build contacts between the
metal and the P+ type Si. On the other hand, the glass must not be so aggressive that it shunts the p-
n junction after firing. Thus, the goal is to minimize contact resistance while keeping the p-n
junction intact so as to achieve improved efficiency. Known compositions have high contact
resistance due to the insulating effect of the glass in the interface of the metallic layer and silicon
wafer, as well as other disadvantages such as high recombination in the contact area. Thus, a paste is

needed that improves contact between the paste and the underlying silicon substrate.



(d) an organic vehicle. [0014] According to anot her enbodi nent, the
nanoparticles are at | east one selected fromthe group consisting of

ni ckel, chromium cobalt, titanium and alloys, silicides, and m xtures

t hereof [00151According to anot her enbodi nent, the nanoparticles have a
particle diameter of about 20 nmto about 800 nm More preferably, the
nanoparti c | i ameter of about 20 nmto about 500 nm
[0016]A%@gbggﬁgﬁ¥§Tﬁﬂgiﬁ&iﬁbﬁfgﬁinent t he nanoparticles are present in the
conposition in an anmount of about 0.05 to about 20% by wei ght based on a
total WAGht of Ameedrrpriictyonistegpmponiiens acarling torrechbebpantafthces are
present in an anount of about 0.05 to 10.0 wt% Most preferably, the
nanopadinvesliescaaneispresent in an anount of about 0.05 to 5.0 wt %

[ 0017] According to yet another enbodi ment, the el ectroconductive paste
conposi ti on(Hweitdiparticenpri ses at | east one additive selected fromthe group
consisting of Al 203, ZnQO Li20, Ag20, AgO M0O03, Ti02, Te02, CoO Co203,

Bi 203, CeO02(b)@ks4fritSi 02, MyO, PbO, Zr02, Hf 02, 1n203, Sn02, P205, Ta205,
B203, Ag3PM, LiCo02, LiNi02, N 3(PX)2, NO or l|ithiumphosphate in an
anount of a@g‘élecﬁ’}c&ll)ﬁ Sondu&ivetmdtal, mﬁﬁpélmypurﬁﬂér@ﬁetﬁ%mm&' RSP 2GRGERH BY 1O

a second enbodi nent of the invention is forned by applying a first |ayer of

a first el eqii g%@gyﬁw asl@a&gaarf"xﬁ{épeﬁéﬁohp@nfnqoaba%%%l%h@ a3gd drying the

paste, applying a secon ayer of a second el ectroconductive paste

conp05|t|on&ﬂ k‘m Jayer, and firing the two layers to formthe

el ectrode ere |rst el ectroconducti ve paste conposition conprlses
eIe trlcaII conducti v ta

ot ar M08 P deioings o dhtatadntan S PpraYes e TR SRR | of es
have a_particle dianeter of about 5 nm about 2 mcrons; and (d) an
or gani érog’bthf: &foup consisting of nickel, chromium, coba(])t titanium, and alloys, silicides, and mixtures
thereof.
[0009] According to yet another embodiment, the electroconductive paste comprising about
40 to about 95% silver particles, about 0.5 to about 6 % glass frit, about 0.05 to 20 wt. % metal
nanoparticles, and about 5 to about 30% organic vehicle, all percentages being by weight based on
total weight of the composition.
[0010] According to another embodiment, the nanoparticles have a particle diameter of about
20 nm to about 800 nm. More preferably, the nanoparticles have a particle diameter of about 20 nm
to about 500 nm.
[0011] According to another embodiment, the nanoparticles are present in an amount of about
0.05 to 10.0 wt.%. More preferably, the nanoparticles are present in an amount of about 0.05 to 5.0
wt. %.
[0012] According to yet another embodiment, the electroconductive paste further comprises

at least one additive selected from the group consisting of Al,0s, ZnO, Li>O, Ag,0, Ag0, MoO;,

TiOg, Te()z, COO, C0203, Bi203, CeOz, CeF4, Sioz, MgO, PbO, ZI‘Oz, HfOz, In203, SHO;;, P205,



and wherein the second el ectroconductive paste nmay be the sane or different
fromthe first |layer paste and may or nmay not contain glass frit or organic
vehi cl e, but contains el ectroconductive particles and preferably produces a
hi gher el ectrical conductivity than the first |ayer paste. [0019] Accordi ng

to anot her enbodi nent of the solar cell electrode, the nanoparticles are at

| east qne. segl ecte r the gr.Qup .c istin f.nickel, chromum caqbalt,
titani 3ﬁ%OSaﬁb&af‘\lgg’ﬁ°; E@Q&c%@*&@?ﬁﬂ?{g Bﬁ%las&%‘&% g& ﬁ‘ihl”rg‘i‘ BRIsPh3iE B 61 AMRE D of
formng a solar cell electrode according to an enbodi nent of the invention
conpr i et 8P idit- 201 ayer of a first el ectroconductive paste conposition
to a substrate and firing the paste to formthe el ectrode, wherein the
first €081 r ocorddindaricok clseisads acenrpiogite & drst ewhpimentsof the iayentionysehormped by cl es;
(b) glass fit; (c) electrically conductive nmetal, netal alloy, and/or

et al  spplyicg de elecin@padddtict paste eungrosition tha subamap arnd fidheselpastetcafopathe cl e

di aneter of about 5 nmto about 2 mcrons; and (d) an organic vehicle.

[ 0021] Azcsdd] whertia thetle@rbidiictiepasth oFRipbsitbn tdigpriges:nod of form ng a sol ar
cell electrode, the nanoparticles are at |east one selected fromthe group
consi sting @f siles biticleghr om um cobalt, titanium and alloys, silicides,
and m xtures thereof [0022] According to yet another enbodi nent, the nethod
further CONgY; ir%.;sagifrftorm ng a layer of a second el ectroconductive paste
conposition 3 the 1ayer of the first el ectroconductive paste composition.

(c) electrically conductive metal, metal alloy, and/or metal silicide nanoparticles, wherein the

nanoparticles have a particle diameter of about 5 nm to about 2 microns; and

(d) an organic vehicle.
[0014]} According to another embodiment, the nanoparticles are at least one selected from the
group consisting of nickel, chromium, cobalt, titanium, and alloys, silicides, and mixtures thereof.
[0015] According to another embodiment, the nanoparticles have a particle diameter of about
20 nm to about 800 nm. More preferably, the nanoparticles have a particle diameter of about 20 nm
to about 500 nm.
[0016] According to another embodiment, the nanoparticles are present in the composition in
an amount of about 0.05 to about 20% by weight based on a total weight of the composition. More
preferably, the nanoparticles are present in an amount of about 0.05 to 10.0 wt%. Most preferably,
the nanoparticies are present in an amount of about 0.05 to 5.0 wt %.
[0017] According to yet another embodiment, the eleciroconductive paste composition
further comprises at least one additive selected from the group consisting of A1203, ZnO, Li20,
Ag20, Ag0, Mo03, TiO2, Te02, CoO, Co203, Bi203, Ce02, CeF4, Si02, MgO, PbO, ZrO2,
Hf02, In203, Sn0O2, P205, Ta205, B203, Ag3P04, LiCo02, LiNiO2, Ni3(P04)2, NiO, or lithium

phosphate in an amount of about 0.1 to 3.0 wt %.



DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0023] The el ectroconducti ve paste
conposition according to the invention conprises four essential conponents:
silver particles, glass frit, at |least one netal/netal alloy/nmetal silicide
nanoparti cul ate additive, and an organic vehicle. The netal nanoparticul ate
additive may contain, but is not limted to nickel, chromum titanium
cobalt, or alloys, siljcjdes, or nixtures thereof.. As described.ipn nore

det ai | [HH8bw, su%FPl%lrcfﬁllteIC\‘iTé%dep‘%ﬂ’fH]H‘é tacrend E’Eﬂ'g%%ﬁ‘fe%‘l“ eelg?’%"ctlgﬁé%powl?‘{]bx he
substrate after firing, as well as inproved effjciency. A preferred

enbodi RBPYINE@dfretdexsr ﬁtg ¢ ket cleptrosAndnetizg Pale GoamepiaiPR 1o Bbstratg ppddrying the ni t ed
to such applications, such a paste nay be used to forman el ectrical

cont actasienapplying asiceqndriaie of sexondelaetrasenducgye paskeqompokition tp he it hye endr
device. Specifically, the pastes may be applied to the front side of a

sol ar dieing tlor twiodagehetoHamk thsictbetrode, svhsrdrathe €iedt kleotrocohthartive phiteamposition

sem conduct or device. Silver Particles [0024] The silver particles function
as an ebmgtis@conductive nmetal in the el ectroconductive paste conposition.
The silver may be present as silver netal, one or nore silver derivatives,
or a m xture)tshedreakiclesui t abl e silver derivatives include, for exanple,
silver alloys and/or silver salts, such as silver halides (e.g., silver

chl ori de), gblmggf itrate, silver acetate, silver trifluoroacetate, silver
or t hophosph tgi and’ conbi nations thereof. It is also within the scope of
the inventi bl her sl n Y s .in place of or.in
addi 1 ont oGty b Theo HERT AR Bl st 8] Bl e b A B

pal | adi um and/ or atinum Alternatively, allaoys, of .these netals may al so
e et | sednanopenEleahai Rsctsttiameiss ek S ninH SO AIETERBEr part ol es
may be inclaged in the conposition in powder or flake form such as powder
havi ng an al®ragEEagiehiclss di aneter of about 0.3 to about 10 mi crons.

Unl ess ot herwi se indicated herein, all particle sizes stated herein are d50
par ti claed ghenet the secpadelasteagorductisgpastegnfy betbe pane oralifforent from thertérsidaxer by
those in the art, the d50 dianeter represents the size at which half of

t he i ngasté edahaypar maxhasoltbin ghask diitor cagamicsvehicles butt doatirtsiedecspenididtoe

di aneter. Such dianmeters provide the netallic particle with suitable

Si nt er ipagiclee bad prefersbitgpopie@adihighepéleftiieal ebmbictivioothanthe ifire 1pas paston t he
antireflection layer when formng a solar cell through screen printing or

equi valgom) t echnglcading 8 andBéd endfodARdd 6Phe 8bler ENdictEbdd, Mid MinbpiaBrare at
conductivity of the resulting solar cell electrode. [0026] The netal

conducty j it | : al t4id Qs it ed to,
rono. diEsCerRALLN 0k oGP PRRRRL APRERY, RO ART ool ielichfbnd LSS Loes

of diff -.d] d silver powders with d50 of about 0.3 tolO
nicrongﬁﬁggééggggygg ?%%%ﬁnulti-dispersed powders with various size

concen [ ons peaks of .about 0.3 to, 10 mcrons.. The silver rti.cles are
pref er i@%i pres &P"ﬁ‘ﬂgf’ﬂg’"&‘&w e lrln‘]%eﬁtm&ﬁ agcpling g0 %{B%%{‘mg‘g °&8“’about 95
% by wei ght, based, on the total i ght of the conposition, nore preferably
about TRYCPBODEPIHRISES aPRARE Flayer c\ﬁ‘e@d‘gﬂemrogqr@ggﬂ\ﬁnaste GPEBSIt) fojashRstpte
functions as an inorganic binder in the el ectroconductive paste conposition
and actsd fgng e pasta fstesn thaglentipde.ovitsgin et firstplectreeqiidugtiiegpie SEMPPRIEP™ he
substrate during firing. The glass systemis inportant for controlling the
met al | icomprisest al | i zati on on the silicon interface (which creates direct
contact) and the netallic crystallite size inside the glass (which is the
origin of tke® stlvweepetickg; conductivity of the glass). The glass is al so

i nportant for controlling the depth of the netallic crystallization
penetrati on()Mfs e substrate, which could result in shunting of the p-n
junction if not properly controlled.

(c) electrically conductive metal, metal alloy, and/or metal silicide nanoparticles, wherein the

nanoparticles have a particle diameter of about 5 nm to about 2 microns; and

(d) an organic vehicle.



[ 0028] The specific type of glass is not critical provided that it can give
the desired properties to the paste conposition, and both | eaded and

unl eaded gl asses are appropriate. Preferred gl asses include | ead '
borosilicate and bisnuth borosilicate, but other |ead-free glasses, such as
zinc borosilicate, would al so be appropriate. Lead-based glass flits may

al so include, but are not limted to, salts of |ead. hal]jdes, |ead

chal cod®Rillies, |Assardingtpyrtangthe; gabodimentaf dhe meth gpingesolar edlelefitiofs: o
and organonetal | ic | ead conpounds or conpounds that can form|ead oxides or
sl at s dhaiangparidenat adeesd aprossiacted from thggrqupcongstingpinickel, prrpmainsgobdls| ude,
but are not limted to, oxides or conmpounds of silicon, boron, alum num

bi snut titanfiirg,ind allowsosilicides, aegmedirastherepfic, titani um or zirconium [0029] The
gl ass particles preferably have a particle size of about 0.1 to about 10

m cr ong0022pr e pradeerdaly ty yeesstichanbatimutt, the methicdrfarthardmprises forafieg ablygr
contained in the conposition in an anount of about 0.5 to about 10 wt %
nmor e plogh 8écahl Kleb®scondltane phreidontporitiolfoh asdgydp bf thadirit@leatrodvpighive phsté he
paste conposition. Such anpbunts provide the conposition with appropriate
adhesiggmﬁgﬁﬁmgth and sintering properties. [0030] The glass nmay optionally
i nclude one or nore additives to further nodify its properties. Exenplary
gl ass additives include, without limtation, Al 203, ZnO, Li 20, Ag20, AgO
Mb03, Ti 02, Te02, CoO Co203, Bi203, Ce02, CeE4, Si02, MyO, PbO, Zr02,
1-1102, 16203, Sn02, E205, Ta205, B203, Ag3EO4, LiCo02, LiN 02, N 3(POX) 2,
Ni O, lithium phosphates, etc. The selected glass fit additives content may
be about 0.1 wt%to 10 wt % of the total paste, nore preferably about 0.1
w%to 3 wt% of each ingredient, and total fit additives are preferably
about 0.1 wt%to 10 wt% nore preferably about 0.1 wt%to 5 wt% Oganic
Vehicle [0031] The particular organic vehicle or binder is not critical and
may be one known in the art or to be devel oped for this type of
application. For exanple, a preferred organic vehicle contains resins,
solvents, and nodifiers, such as ethylcellul ose as a binder and terpineol
as a solvent. Qther binders may include, but are not limted to, phenolic
resins. her solvents may include, but are not limted to, carbitol, hexyl
carbitol, texanol, butyl carbitol, butyl carbitol acetate, or

di met hyl adi pate or glycol ethers. The organic vehicle may al so include
surfactants and thixatropic agents known to one skilled in the art.
Surfactants may include, but are not limted to, polyethyl eneoxide,

pol yet hyl enegl ycol , benzotri azol e, poly(ethyleneglycol)acetic acid, lauric
acid, oleic acid, capric acid, nyristic acid, linolic acid, stearic acid,
palmtic acid, stearate salts, palmtate salts, and m xtures thereof

Thi xatropi ¢ agents known to one skilled in the art include gels and

organi cs, such a those derived fromnatural substances |like castor oil.
Commercially avail able thixatropic agents may al so be used. The organic
vehicle is preferably present in the el ectroconductive paste conposition in
an amount of about 5 to about 30 Wt % nore preferably | ess than about 20
wt % based on the total weight of the conposition. Metal Nanoparticul ate
Addi tive [00321The nanoparticul ate additive according to the invention
conprises electrically



conductive nano-sized netal particles such as, but not limted to nickel,

chrom um cobalt, titanium alloys of cobalt, nickel, chromum and

titanium silicides of these elenments, and m xtures thereof. The metal or

al I oy nanoparticles preferably have a dianeter of about 5 nmto about 2

m crons, nore preferably about 20 to about 800 nm nost preferably about 20

to about 500 nm _The nangparticles (nanopowders) may be prepared by known
DESRIZHIGN wSNOBN

t echni SFeAKIRR] Q@F THEIN et al "Colloids and fiIm

di sposiggaap of Nine @ﬁ@@cﬂ&h&ﬁ&ﬂv@§a§t@éon%§%oﬁ%&&:|rdnﬁé 8Fthé fHenERRIhpRkésABE
CD||OIdS and Surfaces A: Physi ochem 'Eng. Aspects, 337:96-101 (2009)), or

H orent e &W@éﬁkﬁyﬂﬁ‘éf’#@@% ﬁfﬁéiﬂ*?aﬁ?m CROR RS G

I nc. [00331 he artl |es_ar erahl ont ai

el oot r BRBRAUISY ST 3&8&% EBhEL Rl “ﬁ‘%"l’é‘ RSl o8 s ammcgmaiioue 20
w % fer 0 05%t 0 abo t 10 referab

0. 05 t esﬁa&e‘"et%btw P Pl < asuBoroacRaltb, sl Bfighe: hbfhds

conposition. The netal nanoparticles my be added for exanple, in the form

of met descpbetisraore é@tﬁwelﬁwheddlrlwov% derreassdd Sontagt 1epistapre Wiswier s, such

as Ni2Si, Cr55i3, and their mxtures. It is within the scope of the

i nvent Fémtrele afterciringeas well agignproxed cfficignswd drprefsrrad enbedimprtindedesinickel-| | qui d

medium In a particular enbodi ment, the netal nanoparticles are suspended

i n a sttanbm alldyatanomartidies. SSihide mot linied ithuwehapplicatiores, swhugpaste upgdeiupedthe

conductive paste. [0034] The sel ected netal nanoparticles are included in

the pasgdirg aRDddal tatact hydieflebREBdCiR Bk célesi @hanilRomsdrhichibc®t Hévdan

substrate through formation of |ower contact resistance netal silicon

CONMPOURHS:iRdalIQ) thé BaEdsirRdY B agBh&i toitRORoR5idIRY @lsolat &dlll S thalbheld sideald Jogd Wi t h
the antireflection coatlng , improving efficiency of the resulting

sol ar SélI or othBtBcof bE TR M FiclPalviar € able to formlow contact resistance

nmet al I con conpounds are used for this application under conditions that
the selected netals wll not be deleterious to the solar cell under normnal
rapid thermal processing (RTP) netallization processing condition. The
selectg tgl , alloy particles, or netal silicides should be chemcally
stabl e mal paste manufacturing processes (shear m xi ng, three rol

mllin etc. Thu after oper firing processes, ntact resistance
metal | 02k, de " ghe sibyer peiicles Sinctign ?sc?pr%%f%owreveﬂ\ﬁgned|iav¥w ofrecenduetivex hi bi t
inproved efficiency (increased fill factor and decreased contact

resi st arriegomposiivon] The silyeranaybepreseniasslaerdaeple o onmere sivas deiieiives of dicl ude
additional additives in the el ectroconductive paste conposition. For

exanpl eixture thetddlt iSoitabile sil tee dgfivativesddelidd, feexdmpler silyedal byo wmd/on silversalthe
desirable to include thickener (tackifier), stabilizer, dispersant, etc.
conpoukth,as dilvendalkides (dg.csitvat ctdodidy), silSeratitrato giloercaetiateasibreveifluokcacatite] silvéhe
art. The anounts of such conponents, if included, may be determ ned by

rout i NgrtReyMBSPhARNARE dodibikkeBRNMERES, ORistald Wik Eelst &% oTithd ii@ention to utilize
el ectroconducti ve paste that are desired. [0036] The el ectroconductive paste

compos b&bPﬂeé&\éo%oﬁ&&B@tﬁ% QM«;@S‘%&EEM%& silRéC ﬂfl‘:ﬁ e %lﬁoﬁ?ﬁlhﬁatfdﬁ”gtﬁa ition
e art or to be d

known 1 nt el oped; the nmethod of preparatlon Is n

critic t r
passedctite 3‘9%993%1%9@31‘?%47%@1@ aerlehEE; Apdr ARl Rl e R
paste. 4%0 : Such .a | aste may then be utilized to forma solar cell by
appl i c&t PEAEETOLAIGEEME@lo { he antireflection layer on a substrate, such
as by screen printing, and then firi to forman, el ectrode f%ﬁ' ctrlcal
cont acl9928h t he Téf S RATGiGISS e PR Inclified Iihg SpRBEs an ip ePEnar

known in the art and described in European Patent Application Publlcatlon
No. 1 zsprvaieghavieg aegerase @article diametpn ofjahowtile3 tocabput rmickas; Rnass pherviss
utilize nmonocrystalline or multicrystalline silicon substrates. Solar cells
usi ng lmeidad e st pattiek: sidea stawd depirega dacdbaviidddibimeteismeasoncd by laser

el ectroconductive paste exhi bit decreased contact resistance and higher
conver difbsactiohf iAsivestiamdercioad by ehose inchepayta dyeliaedidregreepanivdsizesit hich half
conventional silver pastes. It has been found that solar cells with higher
sheet resistance exhibit nore significdt increases in efficiency using the
inventive el ectroconductive paste. It has al so been found that solar cells
with printed finer |ines denonstrate nore significant increases in
efficiency using the inventive el ectroconductive paste, when fine |line
finger contact resistance is significantly affected by contact resistivity.



[0038] It is also within the scope of the invention to produce a sol ar cell
containing two | ayers of el ectroconductive paste using double printing, a
technol ogy that has been adopted by industry. The first layer, applied to
t he substrate, conprises the inventive el ectroconductive paste containing
metal, alloy, and/or silicide nanoparticles. A second |ayer, appl i ed onto
the fir l.a may. pbe the s or if er nt fr first aste.
The secbitd i v@valﬁaﬁvg ekt gream PSS RE e s ﬁaﬂbﬁla es, but
may omt the glass frit and/or, organic vehlcle In a_preferred enbodi nent,
the sedilethymetapigggicewih ﬁlﬂl@hl@rSIIwﬁtmbwvwdﬁa@ﬁ@ng REte elsetroseDeustivg e
paste conprising the first layer. It has been found that the first |ayer
may f uneii¢ emthgangreBectioaasier wher gmie acolir aeli threughsergpreprintingtor e@avaletist r at e,
whereas the second | ayer may be fornulated to increase |ine conductivity.
Such t wehhaygy, asetblas geirdgiatr @ntct foaustionenld ecabsevithe\therehilbng sddatcklll ow
contact resistance and low line resistance. [0039] The invention wll now be
descri Bretréde. conjunction with the followi ng, non-limting exanples.

Exanple 1: Preparation of Solar Cells Using 70 G /o Milticrystalline

Sili po_v[ndéél er [ GR4QeH conRetivasoiichisttthy orfgsitRn (8 Sdoftad), biSis R6tERG@IR DY
conbi ning the conponents (silver powder, glass frit , glass additives, and

or gani I il u 35H,
ooy Sohp RispBrs @IS fivlcky ol Bloch Bhdt B3 (46 ?&?}Qﬁhﬁ%ﬂ%‘%@@f@“@mﬁw

Cons hoﬁ*s er%ed’ S[IF A%‘?—O(‘;@tr%? u\;/1t19d58?f %)DM &% ?%] 10 h ks el%"%s%@%&ﬁ g %?tl-ﬁfsg&?e% pastes

with d €r en ages is ran east ass

additive Iec ed.from AI 203, ZnO, Li 2 A . Ti.02, Te COO,
C0203, PRV %Wl%é’éléc’“séé?ﬁfm"s‘i“ﬁ%t‘o%Ekasﬁgéb‘“%ﬁgzt"1 %“’“i 19 eSS 5
Ta203, B203, Ag3B04, LiC002, LiNi 02, N 3(PX)2 t hi u hat es.
The ni eredsrably p{ﬁsvr}t.nt@a caglpa%@waém ey Rf ahoy=H t%ﬁb% Sﬁn)? E%W%g] t?ﬁ%?ds (%h

wei ght % of the nickel is based on the total ht of the resulting paste.
[ 0041] thedotekepightafyhgrepmnosigion paere referablygboudd t‘ag%ﬁ%% w. %silver
particles, about 4-5 w. %glass fit, about 8 wt. % organi c vehicle, about
2 wt. % gI ass additive, and about O. 5 wt. % ni ckel nanoparticles (referred
to as "Paste 1A"). The other two exenplary pastes constituting Paste 1
conpr i $¥ask Reit sane anount of silver particles, glass fit, organic vehicle
and gl ass additive, but one conprises about 0.2 wt. % ni ckel nanoparticles,

whil e fdua7pt her ThegRkd ﬁﬁ%glﬁd%%itw%s?ﬁ%tmn%aﬁ\hﬁiﬁﬁkgaﬁﬂ;ﬂﬁw111 wtes. [0042] A

solar cell is prepared as follows: On the backside of a ready-to-be
met al i z2pd o XIR%V &srté cdnh fti%hlah Sté ithe ﬁ%s?ﬁﬂ%d%ﬁoh@%dsﬂ%@m%ﬁ&ﬁn ponent
resi stance o , an um num pas RuXi ng 8252X) is printed and

Sﬁheﬁr.%éa*ﬂ%%fg%@éﬁ%ﬂﬁ%f% sgﬁﬂﬁgr?‘s*’eﬂ*P é?ﬁ.h ke jmﬂ ?%ﬂ‘% RIS B BLZﬁ
.. T |
are pr Er?’xa@%%s‘féf% 8 {iggn w&%%% i EECLG ool St ke mgtﬁuecgafaf’aiﬁ%w%ee

threeldentlc contrql solar cells (Contro] Cell epared using the
conmmer éisidelthe gﬁ%ﬁ@éﬁpés ths.erigingile tHeneh 5&%‘?‘{“&@@?&?#\}% g‘ﬁSSQ ie.heggﬁ% RYR of
mul ti-crystalline solar wafer. [0043} The resulting solar cells are tested
usi ng ampartapt fos serrollinerbe stepth pEthe megalligicrystallipatipnieseteation inte fhesibstiste, usi ng
sunlight with a known intensity and the front surface of the solar cell is
i rradi athédh dooldgeswdtrinskaunting of thy penyjunetion$ hotgproperky contredied. a nunber of
paranmeters which provide for electrical performance conparison are

det er m[g28] | ncl Tiehi spgeifibgipe of glasdik hotodtiticalniroddedthbnyit (ahstiye the desitedci r cui t
current (lsc), open circuit voltage (Voc), fill factor (FF), shunt

resi st gRpertiefithe pS&id ERSposBRdhSdndHoth el and 0lefled ol fbdsiabd fpeopliate. Preferred
glasses include lead borosilicate and bismuth borosilicate, but other lead-free glasses, such as zinc
borosilicate, would also be appropriate. Lead-based glass frits may also include, but are not limited

1o, salts of lead halides, lead chalcogenides, lead carbonate, lead sulfate, lead phosphate, lead nitrate
9



[ 0044] The average el ectrical performance data for the three cells prepared
using Paste IA and the three Control Cells |, are conpared. Al
measurenents were normalized to the average Control Cell values and are set
forth in Table 1. It is found that the nickel nanoparticle-containing paste
provi des a notabl e inprovenent in fill factor and inproved efficiency

relative,to the c aste. Table 1. Electr.ic er.f or mapce of ntroI
Cel | | 24 grepapgaliig ea%&ﬂf%trﬂdé@r ?Oni*pqgaé% alj CAN gprm wf SXAgRSH Sptsgtyping Germal

(mA/cnR) 1.000 0.995 Voc (V). 1.
ecomposition. Lead-free glass'frits may also include, but are not limited to, oxides or compounds

of silicon, boron, aluminum, bismuth, lithium, sodium, magnesium, zinc, titanium or zirconium.
[6029] The glass particles preferably have a particle size of about 0.1 to about 10 microns,
more preferably less than about 5 microns, and are preferably contained in the composition in an
amount of about 0.5 to about 10 wt %, more preferably less than about 6 wt % based on the total
weight of the paste composition. Such amounts provide the composition with .appropriate adhesive
strength and sintering properties.

[0030] The glass may optionally include one or more additives to further modify its
properties. Exemplary glass additives include, without limitation, Al,Os, ZnQ, Li;O, Ag:0, AgO,
MoOQs3, TiOs, TeO2, Co0, Co20;, BiyO3, Ce0s, Ceky, Si02, MgO, PbO, ZrO,, HfO,, InyOs, SnO,,
P,0s, TayOs, Bo0Os, AgsPO4, LiCoO,, LiNiO;, Nis(POg)s, NiO, lithium phosphates, etc. The selected
glass frit additives content may be about 0.1 wt% to 10 wi% of the total paste, more preferably about
0.1 wt% to 3 wt% of each ingredient, and total frit additives are preferably about 0.1 wt% to 10

wt%, more preferably about 0.1 wt% to 5 wt%.

Qrganic Vehicle

[0031] The particular organic vehicle or binder is not critical and may be one known in the art
or to be developed for this type of application. For example, a preferred organic vehicle contains
resins, solvents, and modifiers, such as ethylcellulose as a binder and terpineol as a solvent. Other
binders may include, but are not limited to, phenolic resins. Other solvents may include, but are not
limited to, carbitol, hexyl carbitol, texanol, butyl carbitol, butyl carbitol acetate, or dimethyladipate
or glycol ethers. The organic vehicle may also include surfactants and thixatropic agents known to
one skilled in the art. Surfactants may include, but are not limited to, polyethyleneoxide,

polyethyleneglycol, benzotriazole, poly(ethyleneglycol)acetic acid, lauric acid, oleic acid, capric
10



FF (%9 1.000 1.011 Rsh (ml2) 1.000 1.636 Rs (Q 1.000 0.987 Example 2:
Preparation of Solar Cells Using 100 Wb Multicrystalline Silicon Wafer
[ 0045] An el ectroconductive paste (Paste 2) is prepared by conbining the
conponents (silver powder, glass, glass additives, and organics) of a
commercially available silver conductive paste, SO0L9273MA, comrercially

avai | abl.e from Heraeus. Materials Technql.o LLC (W . Conshohocken, PA),
0. 05- 5 PBE e kelicioparia ekt ggmw 0. srghols ol PRI @i o
percentages of Ni_in this range), and at | east one glass additive selected
fr om ArpRres MOf{_ ing,atr(p@(Q pgen oWn to one skilled in the art include gels and organics, such

a those derived from natural substances like castor oil. Commercially available thixatropic agents

may also be used. The organic vehicle is preferably present in the electroconductive paste

composition in an amount of about 5 to about 30 wt %, more preferably less than about 20 wt %,

based on the total weight of the composition.

Metal Nanoparticulate Additive

[0032} The nanoparticulate additive according to the invention comprises electrically
conductive nano-sized metal particles such as, but not limited to nickel, chromium, cobalt, titanium,
alloys of cobalt, nickel, chromium, and titanium, silicides of these elements, and mixtures thereof,
The metal or alloy nanoparticles preferably have a diameter of about 5 nm to about 2 microns, more
preferably about 20 to about 800 nm, most preferably about 20 to about 500 nm. The nanoparticles
(nanopowders) may be prepared by known techniques (see, for example, Kim, Soon-Gil et al
“Colloids and film disposition of Ni nanoparticles for base metal electrode applications,” Colloids
and Surfaces A: Physiochem. Eng. Aspects, 337:96-101 (2009)), or they are commercially available
from a number of sources, such as American Elements, Applied Nanotech Holdings, Inc. and U.S.
Research Nanomaterials, Inc.

[0033] The nanoparticles are preferably contained in the electroconductive paste
composition in an amount of about 0.05% to about 20 wt%, more preferably about 0.05% to about
10 wt%, most preferably about 0.05 to about 5 wt%, all weights based on the total weight of the
paste composition. The metal nanoparticles may be added, for example, in the form of metal
powders, alloy powders, lower valent metal silicide powders, such as Ni;Si, CrsSis, and their

mixtures. It is within the scope of the invention to include the additive in powder form or suspended
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Mb03, Ti 02, Te02, CoO Co203, Bi203, Ce02, CeF4, Si02, MyO, PbO, Zr02,

Hf 02, |1 n203, Sn02, P205, Ta205, B203, Ag3PO4, Li Co02, LiN 02, N 3(PX)2,

Ni O or lithium phosphates. The nickel is utilized as a powder having a d50
of 20 nmto 500 rim The weight % of the nickel is based on the total weight
of the resulting paste. [0046] One exerrpl ary paste of Paste 2 corrpri ses

bout 85 % | t | b i
SDoun oy Mg el oy AR ar ERmoBBRHE i Retdlriandheli it MspeRf ™ o Syt o1

nanoparti cl es (ref erred tqg as " Paste 2A") ot her two exenpl ary pastes
const i i 118° P & IQ‘S‘EBII%YIF@EG pHEend yerd lﬁﬁli‘ﬁﬁ‘?flg ivep#sfer particles, glass
fit, nic vehicle and glass additive, but one conprises_about 0 2 wt. %
ni ckel {'?{E'ﬁbpar t ilhe selectohmetsl nanepartinles aredngivded 4 thetpasie composiifon toglpgrease|
nanoparticles. [0047] A solar cell is prepared as follows: On the backside
of a r eentyctiresistancamiithlthe sidcon-subgseatenthtavigh derystion b lower ¢omjact siatenesanetal havi ng
a sheet resistance of 100 12/0 (nt), an alum num paste (Mnocrystal 1208D)
i s pri siliech eopamiedteareatii&CritPaibiten @metsl rdpikes gfitkr reactibrewith drtansiredlectafn t he
wafer, printed, and dried at 150C. The cell is then co-fired in a Despatch
Utra tbaingiSiNamepradingeffieloney aftthe fesaitin 06lal @ll. Mc3allnfaaNHa.areldbleR form

i denti cal soI ar cells are prepared in this way fromthe three sanpl es of

Paste zfw cérﬂa@qﬂéiiswne@meiamlﬁ@oﬂ &%{Hohﬁ&é ar€ Qé&irf&l thﬁs%bﬁl'icaﬁ@ﬁ Lfdet COMRMitiRs difag! |

1) are prepared using the commercially avail abl e paste with no nickel
ddi t I

resul 1 1P RoREmARTRU REe BcTHit ofhy Sheph et offal M Sl -
Exanpl

Cear! s 5 5 RO S0 AL L G BE
R i e o e o o e Lt g s o

measurenents were normalized to the average Control Cell values and are set
forth fHllmgpte).2Thysy affes propghiripgprocesss: lpvesastachisisigatemerlesiiicodn imvirides

paste provides a notable inprovenent in fill factor and Eta, and | ower
cont actan bssfosmed;iyiejding belat aps thet exhébitiomrevsd effisiensy (inatshsed Fill firterand cal
Performance of Control Cell Il and Paste 2A Control Cell 11 Paste 2A

decreased contact resistance).

[0035] It is also within the scope of the invention to include additional additives in the
electroconductive paste composition. For example, in addition to the glass additives described
above, it may be desirabie to include thickener (tackifier), stabilizer, dispersant, etc. compounds,
alone or in combination. Such components are well known in the art. The amounts of such
components, if included, may be determined by routine experimentation depending on the properties
of the electroconductive paste that are desired.

[0036] The electroconductive paste composition may be prepared by any method for
preparing a paste composition known in the art or to be developed; the method of preparation is not
critical. The paste components may be mixed, such as with a mixer, then passed through a three roll
mill, for example, to make a dispersed uniform paste.

[0037] Such a paste may then be utilized to form a solar cell by application of the paste to the

antireflection layer on a substrate, such as by screen printing, and then firing to form an electrode
12



Eta (%9 1.000 1.118 Jsc (m¥cnR) 1.000 1.005 Voc (V) 1.000 1.002 FT (%
1. 000 1.115 Rsh (rnk2) 1.000 0.987

(electrical contact) on the silicon substrate. Such a method of fabrication is well known in the art
and described in European Patent Application Publication No. 1 713 093, for example. It is within
the scope of the invention to utilize monocrystalline or multicrystalline silicon substrates. Solar
cells using various substrates that are prepared with the inventive electroconductive paste exhibit
decreased contact resistance and higher conversion efficiency relative to comparative cells prepared
using conventional silver pastes. It has been found that solar cells with higher sheet resistance
exhibit more significant increases in efficiency using the inventive electroconductive paste. It has
also been found that solar cells with printed finer lines demonstrate more significant increases in
efficiency using the inventive electroconductive paste, when fine line finger contact resistance is
significantly affected by contact resistivity.

[0038] It is also within the scope of the invention to produce a solar cell containing two layers
of electroconductive paste using double printing, a technology that has been adopted by industry.
The first layer, applied to the substrate, comprises the inventive electroconductive paste containing
metal, alloy, and/or silicide nanoparticles. A second layer, applied onto the first layer, may be the
same or different from the first layer paste. The second layer paste may optionally also contain
metal nanoparticles, but may omit the glass frit and/or organic vehicle. In a preferred embodiment,
the second layer paste is a higher conductivity paste than the inventive paste comprising the first
layer. It has been found that the first layer may function as seed layer to reduce contact resistance
with the substrate, whereas the second layer may be formulated to increase line conductivity. Such
two-layer solar cells are attractive because they exhibit both low contact resistance and low line
resistance.

[0039] The invention will now be described in conjunction with the following, non-limiting

examples.
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Rs (Q 1.000 0.732 p, (QnR2) 1.000 0.327 Exanple 3: Preparation of Sol ar
Cells Using 80 (I/o Monocrystalline Silicon Wafer [0050] An

el ectroconductive paste (Paste 3) is prepared by conbining a comrercially
avai | abl e silver conductive paste, SOL9235H, commercially avail able from
Heraeus Materials Technology LLC (W Conshohocken, PA), nickel

| east one
Si : BRI AT 20 = : Ti 02,

Te02, CoQ 00203 Bi 203, Oe02 OeEt Si 02 I\/gO PbO zr 02 Hf02 19203,

S902, P205, Ta205, B203, Ag3POM, Li C002 Li Ni02, N 3(P002, NNO or lithium

phosphd?9] The An erarocordugtiverpsifiPsie hids prepried by gombining thosampeneris silveast e

3 contains 0.1 % 3.0% nickel (three pastes with different percentages of N

Wi t hi npewder. glassdfel) , Hassadditines. hed ergeeibs)wé h ghmmefcidllysvaidable silvageapdsdtye

[ 0051] An exenplary Paste 3A conprises about 85 w. %silver particles,

about fafe,BOLIZBHH aomnrhértiallabeilibid fivim Hetaeusgdntedaly dacicbbgy ADaufW2 w . %

gl ass additive, and about 0.5 wt. % ni ckel nanoparticles. An exenplary

Past e EBnSNPEKeRERA Y, BBoLs 8105 - 5wk BF nidkel Bbhoparticha(thrdd Rstes GAitRIF kdrk, Or gani c

vehicl e, and glass additive, but conprises about 0.2 w. % nickel

nanopas uceﬂlts of AN} r@hdey, ARa st Ras? Gn@ PRERY dddR Ve sBEctSRITEmaMYNZn0f L30! ver
particles, ass fit, organic vehicle, and glass additive, but conprises

o, B pheg MR R s 008 S g ine e o

InyOs, SnOs, P20s, Ta0s, B203, AgsPO4, LiCoO;, LiNiO,, Niz(PO4),, NiO, or lithium phosphates.

The nickel is utilized as a powder having a dso of 20 nm to 500 nm. The weight % of the nickel is
based on the total weight of the resulting paste.

[0041] One exemplary paste of Paste | comprises about 85 wt. % silver particles, about 4-5
wt. % glass frit, about 8 wt. % organic vehicle, about 2 wt. % glass additive, and about 0.5 wt. %
nickel nanoparticles (referred to as “Paste 1A™). The other two exemplary pastes constituting Paste
1 comprise the same amount of silver particles, glass frit, organic vehicle and glass additive, but one
comprises about 0.2 wt. % nickel nanoparticles, while the other comprises about 0.7 wt. % nickel
nanoparticles.

[0042] A solar cell is prepared as follows: On the backside of a ready-to-be metalized P-type
multi-crystalline (mc) solar wafer having a sheet resistance of 70 £0/0 (mc), an aluminum paste
(RuXing 8252X) is printed and dried at 175°C. Paste 1A is applied to the front side of the wafer,
printed, and dried at 150°C. The cell is then co-fired in a Despatch Ultra Flex oven at a temperature
above 700°C for 3.5 seconds. Three identical 6™ solar cells are prepared in this way from the three
samples of paste. In addition, three identical control solar cells (Control Cell I} are prepared using
the commercially available paste with no nickel additive on the same type of multi-crystalline solar

wafer.
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nono-crystal line solar wafer having a sheet resistance of 80 1-1/0, an

al um num paste (Monocrystal 1208D) is printed and dried at 175C. Pastes
3A-3C are each applied to the front side of a wafer, printed, and dried at
150C. The cells re then co-fired in a Despatch Utra flex furnace at a
tenperature > 700C for 3.5 seconds. Three identical solar cells are

pr epar I ng ch of. Past es 3A-3C. Three L tion ol ar, cell I

D ear SD4IE" 00 iRG festaneniat ccuapic e U Y HteBorthe REra D i e A0 o
paste with no nickel on a nono-crystalline so]ar wafer, [0053] The resulting
sol ar &ster i siipelated a¢ipg sydighywith a kigva idgnsity and @@&@P‘i PEges of thespicell 3 The
average el ectrical performance data for the cells prepared using Pastes

3A- 3C, irsadlintechie gengrale tiednY carveChlsing this purvaranusehep af padametets whidhsmrpede firs wer e
normal i zed to the average Control Cell values and are set forth in Table 3.
It is tleundaltpedbmiase eoBBirishmwienigterthmed, ongdsding sowintircoit coirok densitaifbpashaort| e

as conpared to Paste 3A and Paste 3C, provides notable fill factor
I pr ov ein@iit cuaredt (e, iopen situitemltegs(Vaich Mitkefactod(FE) fshomteeststarice (Rsh) \werig0 t he
control paste. Table 3. Electrical Performance of Control Cells Il and

Past es ra3tadte (KeQtnl Bka @idigncl).! Paste 3A Paste 3B Paste 3C Eta (% 1.000
0.999 1.005 0.993 Jsc (nAc :
[0044] The average electrical performance data for the three cells prepared using Paste 1A,
and the three Control Cells 1, are compared. All measurements were normalized to the average
Control Cell values and are set forth in Table 1. 1t is found that the nickel nanoparticle-containing

paste provides a notable improvement in fill factor and improved efficiency relative to the control

paste.

Table 1. Electrical Performance of Control Cell I and Paste 1A

Control Cell I Paste 1A
Eta (%) 1.000 1.007
Jsc (mA/em’) 1.000 0.995
Voc (V) 1.000 1.002
FF (%) 1.000 1.011
Rsh (m) 1.000 1.636
Rs (£2) 1.000 0.987

Example 2: Preparation of Solar Cells Using 100 /0 Muliicrystalline Silicon Wafer

[0045] An electroconductive paste (Paste 2) is prepared by combining the components (silver
powder, glass, glass additives, and organics) of a commercially available silver conductive paste,
SOL9273MA, commercially available from Heraeus Materials Technology LLC (W.

Conshohocken, PA), 0.05-5.0 wt% of nickel nanoparticles (three pastes with different percentages of
Ni in this range), and at least one glass additive selected from Al,Os, ZnO, Li;0, Ag,O, AgO,
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1. 000 1.000 1.003 0.999 Voc (V) 1.000 1.000 1.000 0.997 FE (% 1.000 0.998
1. 002 0.997 Rsh (nS2)

MoO3, TiO2, TeO,, Co0, Coy03, BiaO3, CeO,, CeFy, SiO2, MgO, PbO, ZrO,, HfO,, Iny05, SnO;,
P20s, TapOs, B20s, AgsPOy4, LiCoO,, LiNiO,, Niz(POa),, NiO, or lithium phosphates. The nickel is
utilized as a powder having a dsg of 20 nm to 500 nm. The weight % of the nickel is based on the
total weight of the resulting paste.

[0046] One exemplary paste of Paste 2 comprises about 85 wt. % silver particles, about 4-5
wt. % glass frit, about 8 wt. % organic vehicle, about 2 wt, % glass additive, and about 0.2 wt. %
nickel nanoparticles (referred to as “Paste 2A”). The other two exemplary pastes constituting Paste
2 comprise the same amount of silver particles, glass frit, organic vehicle and glass additive, but one
comprises about 0.2 wt. % nickel nanoparticles, while the other comprises about 0.7 wt. % nickel
nanoparticles.

[0047] A solar cell is prepared as follows: On the backside of a ready-to-be metalized P-type
multi-crystalline (mc) solar wafer having a sheet resistance of 100 /0 (mc), an aluminum paste
(Monocrystal 1208D) is printed and dried at 175°C. Paste 2A is applied to the front side of the
walfer, printed, and dried at 150°C. The cell is then co-fired in a Despatch Ultra flex furnace at a
temperature > 700°C for a 3.8 seconds. Three identical solar cells are prepared in this way from the
three samples of Paste 2A. In addition, three identical control solar cells (Control Cell II) are
prepared using the commercially available paste with no nickel additive on the same type of multi-
crystalline solar wafer.

[6048] The resulting solar cells are tested using an I-V tester as described in Example 1 and
the same parameters recorded. Additionally, contact resistivity (pc), expressed in Qcm?, is measured
using TLM method.

[0049] The average electrical performance data for the three cells prepared using Paste 2A,
and the three Control Cells II, are compared. All measurements were normalized to the average

Control Cell values and are set forth in Table 2. It is found that the nickel nanoparticle-containing
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1.000 1.422 0.538 0.799 Rs (S2) 1.000 1.006 0.988 1.026 Exanple 4:
Preparation of Two Layer Solar Cells Using 80 W Mnocrystalline Silicon
Waf er [ 0054] An el ectroconductive paste (Paste 4) is prepared by conbining

t he conponents (silver powder, glass, glass additives, and organics) of a
commercially available silver conductive paste, SO0L9273MA, comrercially
available fro Fbraegﬁ.hhterials Fg hnoloaé LLC, (W Conshohocken, PA%

0. 05- 5 PBIHPLY stes A neirbie imayEart i il daqiorang £t and,joaer goniact fisspaipiglative to
percentages in this range) having a particle size d50 of 20 to 500 nm and
0 1-2 HhwpwntrakPasi®ast one glass additive selected from Al 203, zZnO, Li 20,
Ag20, AgO Mb03, Ti 02, Te02, CoO Co0203, Bi 203, Ce02, CeRt, Si02, MO, PDbO,
Zr02, Hf 02, |n203Taldad2 Elenie! PeripomangogfContym ol 11 pndBaste 2 3( PO4) 2, Ni O

or lithium phosphates. Al weight percents are based on the total weight of
the resulting paste. Control Cell IT Paste 2A

Eta (%) 1.000 1.118

Jsc (mA/cm?) 1.000 1.005

Voc (V) 1.000 1.002

FF (%) 1.000 1.115

Rsh (mQ) 1.000 0.987

Rs (Q) 1.000 0.732

pe (Cem2) 1.000 0.327

Example 3: Preparation of Solar Cells Using 80 /0 Monocrystalline Silicon Wafer

[0050] An electroconductive paste (Paste 3) is prepared by combining a commercially
available silver conductive paste, SOL9235H, commercially available from Heracus Materials
Technology LLC (W. Conshohocken, PA), nickel nanoparticles having a particle size dsg of Snm to
300nm, and at least onc glass additives selected from Al;Os, ZnO, Li;0, Ag,O, AgO, MoOs, TiO,,
TeQ;, Co0, Co,03, Biy03, Ce0,, CeF,, Si0,, MgO, PbO, Zr0,, HfO;, In;03, SnO,, P20s, Tay0s,
B203, AgsPOy, LiCo0,, LiNiOy, Ni3(PO4)z, NiQ, or lithium phosphates. The nickel is mixed with
the paste and three roll milled. Paste 3 contains 0.1 %-3.0% nickel (three pastes with different
percentages of Ni within this range) based on the total weight of the resulting paste.

[0051] An exemplary Paste 3A comprises about 85 wt. % silver particleé; about 4-5 wt. %
glass frit, about 8 wt. % organic vehicle, about 2 wt. % glass additive, and about 0.5 wt. % nickel
nanoparticles. An exemplary Paste 3B comprises the same amount of silver particles, glass frit,
organic vehicle, and glass additive, but comprises about 0.2 wt. % nickel nanoparticles. An
exemplary Paste 3C comprises the same amount of silver particles, glass frit, organic vehicle, and

glass additive, but comprises about 0.7 wt. % nickel nanoparticles.
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[ 0055] One exenpl ary paste of Paste 4 conprises about 85 w. %silver
particles, about 4-5 w. %glass fit, about 8 w. % organic vehicle, about
0.1-2 wt. %glass additive, and about 0.5 w. % ni ckel nanoparticles
(referred to as "Paste 4A"). The other two exenplary pastes constituting
Paste 4 conprise the same amount of sil ver parti cles, glass fit, organic

vehi cl gl a t| ve, s abou % n cke
nanopal ¥ oo, Nl Eclses Bierg P veas: e Saroge ofdni e S e
nanoparti cl es. [ 0056] A sol ar, cel] is prepared as follows: On the backside

of a r&%ay- crﬁtaé@erﬁélaama%éamng9&1@%{?@6@6?%&89@.EJnén Hupnugppaste (Memeerypali ng
a sheet resistance of 7012/o0, an alum num paste (RuXing 8252X) is printed
and dr il18eRIyxis WE@M@@@EW%Q@EW?S MC@MW@@PDJWHD@G fot side hea welnt si de
of the wafer, printed, and dried at 150C. A second |ayer of commercially
avai | aptintedj dndeirieqbatstSQ"(SCIEQGEBls (cthomes-Eirel ih p Respittlalite ffexdimnkisr @eus

Mat eri als Technology) is applied on top of the |ayer of Paste 6, printed,
and dr itetbedturkS0M0°0 e 3Bspopdde. Thred ddenticalisblaflcdlle atdyeepisal wingHacinetPastes
S0L9273, and any silver conductive paste may be used as the second | ayer.

The ceBj-3 Thedaddtidral ffari RllfarPpepaled s bdufod (Edrdol ol MBGRINh& t enperature
> 700C for a 3.6 seconds. Three identical solar cells are prepared in this

way. [ Q&ﬁ%ﬂe}cﬁhl@%hﬂdb%as{eml%d e | 'oﬁ almcﬁlgf!:rrj?s(‘?dll11§é)§o‘?f[r v&?érl s (Control Cell

V) are preparéd using two ayers o comercially available silver pastes:

afirs er of t. rcially
avai | amd5§¥ r om h?aggﬁfs%&l%/a@erl %d ﬁﬁ%[n) ?e}l%%gzgém(l&%a 19 EQQIEBE 1°'The
nono-crystal lLine sol ar 0 The res uIt est.ed
Using & er?%e\?lﬁcgé%aiperﬁgma%%ecc{a %@Bg‘f*ﬁ e g R Al W&ﬁ@? gpgtol
record ditionally, contact resistiv i S neasure TLM
met hod SQS @gé‘ﬁfr?%aﬁfq dn ‘Aék‘&ﬁiﬂ“@“?ms["%%g‘]’@ﬁé ‘%E{i'@rt]é"g@’eggégtoPF%]a&ﬁt)@l?‘*eéPﬂ‘énce
data for the three cells prepared using Paste 4A, and the three Control
Cel | s g seforthdnhple 8d It infqundhes Basshilhthavipg tiee lﬁtyﬁﬁ@mozl@fopftwkph@naml@lges
Control Cell values and are set forth in Table 4. The ni ckel
nanopacoinpdred tootastzid ang Batst3€, piovidds netablotidldheior improxesrentindi bettés deties act or
and a notabl e decrease in contact resistivity relative to the control

past e. rekizbinee dnd dHticietayi relativderthocommotpasaf Sol ar Cel | Double Printed with
Paste 4A and SO0L9273 Control Cells IV Exanple 4A

Table 3. Electrical Performance of Control Cells III and Pastes 3A-3C

Control Cells IIT Paste 3A Paste 3B Paste 3C
Eta (%) 1.000 0.999 1.005 0.993
Jsc (mA/em®) 1.000 1.000 1.003 0.999
Voc (V) 1.000 1.000 1.000 0.997
FF (%) 1.000 0.998 1.002 0.997
Rsh (m€2) 1.000 1.422 0.538 0.799
Rs (Q) 1.000 1.006 0.988 1.026

Example 4: Preparation of Two Laver Solar Cells Using 80 /0 Monocrystalline Silicon Wafer

[0054] An electroconductive paste (Paste 4) is prepared by combining the components (silver
powder, glass, glass additives, and organics) of a commercially available silver conductive paste,
SOL9273MA, commercially available from Heracus Materials Technology LLC (W.
Conshohocken, PA), 0.05-5.0 wt% of nickel nanoparticles (three samples with different percentages

in this range) having a particle size dsy of 20 to 500 nm, and 0.1-2.0% of at least one glass additive
18



Eta (% 1.000 1.002 Jsc (mAknR) '1.000 0.997 Voc (V) 1.000 1.000 FF (%
1. 000 1.005 Rsh (me) 1.000 0. 902

selected from ALOs, Zn0, Li»0, Ag,0, Ag0O, MoQs, TiO;, TeO,, CoO, Co,03, Biz 03, CeO,, CeFy,
Si0,, MgO, Pb0O, ZrO,, HfO,, In;03, Sn0s, P20s, Ta,0s, B203, AgiPO4, LiCoO,, LiNiO,,
Ni3(POy)s, NiO, or lithium phosphates. All weight percents are based on the total weight of the
resulting paste.

[0055]) One exemplary paste of Paste 4 comprises about 85 wt, % silver particles, about 4-5
wt. % glass frit, about 8 wt. % organic vehicle, about 0.1-2 wt. % glass additive, and about 0.5 wt. %
nickel nanoparticles (referred to as “Paste 4A”). The other two exemplary pastes constituting Paste
4 comprise the same amount of silver particles, glass frit, organic vehicle and glass additive, but one
comprises about 0.2 wt. % nickel nanoparticles, while the other comprises about 0.7 wt. % nickel
nanoparticles.

[0056] A solar cell is prepared as follows: On the backside of a ready-to-be metalized P-type
mono-crystalline (sc) solar wafer having a sheet resistance of 70€)/n, an aluminum paste (RuXing
8252X) is printed and dried at 175°C. A first layer of Paste 4A is applied onto the front side of the
wafer, printed, and dried at 150°C. A second layer of commercially available silver paste SOL9273
(commercially available from Heraeus Materials Technology) is applied on top of the layer of Paste
6, printed, and dried at 150°C. The Example is not limited to the use of Heraeus SOL9273, and any
silver conductive paste may be used as the second layer. The cell is then co-fired in a Despatch
Ultra flex furnace at a temperature > 700°C for a 3.6 seconds. Three identical solar cells are
prepared in this way.

[0057] In addition, three identical control solar cells (Control Cell 1V) are prepared using two
layers of commercially available silver pastes: a first layer of SOL9411 and a second layer of
SOL9273 (both commercially available from Heraeus Materials Technology) on the same type of

mono-crystalline solar wafer.
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Rs (C2) 1.000 0.961 Exanple 5: Preparation of Solar Cell with and w thout
Ni Alloys in the Silver Paste on 65 (//o Miulticrystalline Silicon Wafer

[ 0060] An el ectroconductive paste (Paste 5) is prepared by conbining the
conponents (silver powder, glass, glass additives, and organics) of a
commercially available silver conductive paste, SO0L9273MA, comrercially

avail a rom Her aeus, Materi gl s Tech ol.o ns oho PA

0. 05 5 003 o6 of D AURISE S t1s ook SLRDAER Y G FEPRRE e@mea}g%é n
this range) havi a particle size d5 ess than 500 nm and 0. 1- O%Of
at | eaditc 9HE P@{ﬂ&@%rwa?ftdﬁdf&%@P@@@d@%i@ﬁeﬂﬁtycg’ (PZH%}“@%%% UsIRgIBM mgthod

Mb03, Ti 02, Te02, CoO Co203, Bi203, Ce02, CeF4, Si02, MyO, PbO, Zr02,

Hf 02, padesribehpoExamps. Ta205, B203, Ag3PO4, Li Co02, N 3(PO42. NiQ or
Iithi um phosphates. Al weight percents are based on the total vvei ght of

t he red)0] ng pddkeverp@Odddivicad pérdormerdd datstopthepbiee delbprémiddownsig Faste g
backsi de of a ready-to-be netalized P-type nulti-crystalline (Sc) solar

waf er laadiheghree Cbaedl Cetls 6] @6 c@mpHred AR hRasuddmentsnrtrd wormlizk@ to thel Xangre8204)
is printed and dried at 175C. Paste 5 is applied onto the front side of the

waf er, (Rntrolt €@l vahitd afld hedeforth B0 abld e TR@hikkd] akdp@RickOedntdififlg hadteyiblasRat ch
CDF furnace at a tenperature > 700C for a 3.6 seconds. Ten identical solar

cells %&bi&ﬁ ggfv%eﬁtrln il ifori¥end ol REBE ddlrcafiGh bRBet r&s‘?ﬂw#g?@&th%% HeQBh&A!

sol ar cel ntrol V) are prepared using the co rcially available
paste iﬂ%@“l Wi th no ni ckel additive on the same type of multi-crystalline
sol ar [0063] The resulting solar cells are tested using an |-V tester
as described in Exanple 1 and the sane paraneters recorded. Additionally,
cont act resi stivity (pc) is nmeasured using TLM net hods as described in

Exanpl e Table 4. Electrical Performance of Solar Cell Double Printed with Paste 4A and SOL9273
Control Cells IV Example 4A
Eta (%) 1.000 1.002
Js¢ (mA/cm®) 1.000 0.997
Voc (V) 1.000 1.000
FF (%) 1.000 1.005
Rsh (mQ) 1.000 0.902
Rs (Q) 1.000 0.961

Example 5: Preparation of Solar Cell with and without Ni Alloys in the Silver Paste on 65 /00
Multicrystalline Silicon Wafer

[0060] An electroconductive paste (Paste 5) is prepared by combining the components (silver
powder, glass, glass additives, and organics) of a commercially available silver conductive paste,
SOL9273MA, commercially available from Heraeus Materials Technology LLC (W.
Conshohocken, PA), 0.05-5.0 wt% of a nickel alloy (ten samples with different percentages in this
range) having a particle size dsq of less than 500 nm, and 0.1-2.0% of at least one glass additive
selected from Al,Os, ZnO, Li;0, Ag,0, AgO, MoQO3, TiO,, TeO3, CoO, Co,03, Bi;03, CeO,, CeF,,

SiOz, MgO, PbO, ZI'O;;, HfOz, In203, SIIOz, PgOs, Ta205, B203, Ag3P04, LiCOOg, LiNiOg,
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[ 0064] The average el ectrical performance data for the ten cells prepared
using Paste 5 and the ten Control Cells V are conpared. The nickel alloy
nanoparti cl e-contai ning paste yields a notable inprovenent in till factor
and efficiency and a notable decrease in contact resistivity relative to
the control paste. Exanple 6: Preparation of Solar Cells with and w thout
Ni and N allqys in.Silver paste 80, Multicrystalline Silicq fer
L0065 NP Dvectioebiiiet Pirshisas: 8l vPaUtREm s AF HpePL i epar ey the
conbi ni ng_t he conponents (silver powder, glass, glass additives, and

or gani éSJItBE rastéomercial |y avail abl e silver conductive paste, SOL9273MA,
comercially avail able from Heraeus Materials Technol ogy LLC (W
Conshol@fidbn, PAy solg gl ispreparedasdbllewsiiQukibe bankeidp otk edadytd-bymataheyddi-tibe | es
m xture contai ning 5% 95% ni ckel, and 5% 95% ni ckel alloy, and 0.1-2.0% of
at | eastulioeysgliasgscadaat wafer safirect sdetfredstane2085Q20 @ alu@ym pasdy (RAGFDg Mo03,
Ti 02, Te02, CoO, Co0203, Bi 203, Ce02, CeF4, Si02, MO, Pb0O, Zr02, Hf 02,

| N203, 83003s pfRdandlizdat 1 B203 Padg 3 Rpplitd &a02he fkdriiside of e MaRprivtedNakd O
| it hium phosphates (ten sanples of each paste with different percentages in

these yaB@&s)50°d. hehd\ictlketheR BELIIRLLIK @ DAbAtEY CDETRRAEL dt Gl1&RpIAUR 27 BC thi<d €
size d50 of 20 nmto 500 nm [0066] A solar cell is prepared as follows: On

t he ba i f = i « Prf. mul ti-crystalline (sc) solar
waf er ﬁg)\s/éleggldg' gﬁnefed?a?béls%@?%ﬁggﬁg?kégéﬁgfﬁ?ﬁ%ﬁ%él um num paste (RuXi ng 8204)

Is pri iﬁot%gba”d qrrl iagagtigr} te%ége(%lgicgla %ﬁlﬁ'(élgsogrr cgigggsnt%%liéell a{r(ia §%P?‘:r@3 83&1? ef ront

side o waf er , rinted, n e ce I eén co®fired in

a Despatch CDE furnace a erature > 700C for, 3.6 seconds. .Ten .

" dent | cammesially SR pth DD AT ekeL A on Be s Snik e line
containing Paste 7 are prepared in this way. [0067]1n addition, ten

i dent i ARTW#SErol solar cells (Control Cell VI) are prepared using
comercially avail able silver paste SO0L9273. The resulting solar cells are
t est ed [¥3hg an Tibﬁ‘Eesllliglgéﬁlaa%elgééﬁttﬁﬁ?tﬁb@ﬁllilgﬁréx‘dﬁ?ﬂt@ ag deparibedia Example 1 and
paranmeters recorded. Additionally, contact resistivity (134) is neasured
usi ng TieMams pdesetarhedonded. Bdditpinel 12 contda88]istvey 4w isageiseied osing TaM methods
performance data for the twenty cells prepared using Paste 6 and Paste 7
and t has taorik®nithBaxhmpkl2. s VI are conpared. The nickel and nickel

al I oy-cont ai ni ng pastes yielded notable inprovenents in fill factor and

not abl @uieafr easephd feRibt LlebBiRsNpertbrridhob Batd forlthd feh CEIVsSirapardd\@ingl PdseGundol ar
Cells ving Silver Paste with N ckel-Titani um Nanoparticle [0069] An

el ectr i ] s Ln the
R b R B e
el ectr ] . i . 0 - S .
par t1 PR ibloV ey B By el AARNRGRYBHY 2GR Wyl hbonsad Ry Rlagve
about 0. % Wt . %) Ni. Ti nanoparticle. Additionally, the paste conprises about
0.1-2 RtheEOYFOIRES-cast one gl ass additive sel ected from Al 203, ZnO, Li 20,
Ag20, AgO M03, Ti 02, Te02, CoO

Example 6: Preparation of Solar Cells with and without Ni and Ni alloys in Silver paste on 80
O/o Multicrystalline Silicon Wafer

[0065] Two electroconductive pastes (Paste 6 and 7) are prepared by combining the
components (silver powder, glass, glass additives, and organics) of a commercially available silver
conductive paste, SOL9273MA, commercially available from Heraeus Materials Technology LLC
(W. Conshohocken, PA), 0.05-5.0 wt% of a nickel and nickel alloy nanoparticles mixture containing

5%-95% nickel, and 5%-95% nickel alloy, and 0.1-2.0% of at least one glass additive selected from
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Co203, Bi 203, Ce02, CeF4, Si02, MyO PbO, Zr02, H 02, 1n203, Sn02, P205,

Ta205, B203, Ag3PM, LiCo02, LiN02, N 3(PX)2, NNO or |ithium phosphates.
The N Ti nanoparticle conponent conprises approxi mately 50% ni ckel and 50%
titanium The N Ti nanoparticle is utilized as a powder having a d50 of 20
nmto 500 nm [0070]A solar cell is prepared as follows: on the backsi de of

a P-type nmu stallin sol a fer (156 Vi a_sSheet

resi st éi?@é %‘Fé 'F%g2 aﬁ‘g§ &Fﬂdiu %ai?&?@@)(&ﬁéj%w éleg)zpﬁ&m %‘g)lgwaodri ed
at 175C. Paste 8 is screen printed on the front side of the wafer to form
fi nger PPPnéx), BfOa InPectnQof PA50R40s,, Bailsi AgPEY1skifen IHBIPR M s HNiPoMi ng
characteristics: nmesh 290, wire thickness 20 m crons, EOM 18 m crons,

f i nger lithiyre phosphitesOemianpdesf eFihepapte ivvithedi Morghteperegmiagesio thegde rapdesat ThSOC. The
cell is then fired at a tenperature above 700C for approximately 3-4
secondsick¢lGid hjckIhneloy aandpattivdpsdalaa pattle sizadg of 28 hedo 380 ny. an 1 -V tester.
The Xe arc lanmp in the |-V tester is sinmulated using sunlight with a known

i nt ensfoog6pnd t Resdlar@ell ispiepacrasabliéhe Cnohabadkeide of §rdadly-atbaineellitad ygper at e
the I-V curve. Using this curve, a nunber of paranmeters whi-ch provi de for

el ectr pfidic afl% '(@'j‘ §aap@mﬁﬁav§%rh sHe& r@ﬁ&tﬁ{c@oﬁ‘ g6ky/d, Bg hiehifen ?&Jt@ql{
efficiency ., "short circuit current (Isc), open circui tage

NCel
( VOC) 85(54 is é@ﬁ%apﬁnd(d: iéh at [ PYE! Phste @Bl('jagté P ;E a@Hflé 0 ﬁhE rfl%Ylgi)»lde %H? aflfel‘,

resi stanc seri es resistance gl’l d resistance

and copLagh Aok} %gsgr e 1008 H0%E Roieaby PR haRIgS tglﬁgearatﬁf-eiour

fi ngerpfll ne’s &te® AR AN aver ag :
o€ 4TI R TS0 P e P RO R, 0
Performance, of Paste 8 Exenplary Paste 8 NCell (% 16.21 FF (% 76.67 Its
(12) containing Paste 7 are prepared in this way.
[0067] In addition, ten identical control solar cells (Control Cell VI) are prepared using
commercially available silver paste SOL9273. The resulting solar cells are tested using an I-V tester
as described in Example 1 and the same parameters recorded. Additionally, contact resistivity (pc) is
measured using TLM as described in Example 2.
[0068] The average electrical performance data for the twenty cells prepared using Paste 6

and Paste 7 and the ten Control Cells VI are compared. The nickel and nickel alloy-containing

pastes yielded notable improvements in fill factor and notable increases in efficiency.

Example 7: Multicrystalline Silicon Solar Cells Having Silver Paste with Nickel-Titanium
Nanoparticle

[0069] An electroconductive paste (Paste 8) was prepared in order to ascertain the effect of
including a nickel-titanium nanoparticle additive in an electroconductive paste. The paste
comprised about 85 wt. % of silver particles, about 4 wt. % glass frit, about 9 wt. % organic vehicle
and about 0.8 wt. % NiTi nanoparticle. Additionally, the paste comprises about 0.1-2 wt. % of at

least one glass additive selected from Al,O3, ZnO, Li,0, Ag>0, AgO, MoO;, TiO,, TeO,, CoO,
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0. 00397 Rsh (ntC2) 49.221 Rfront (12) 0.0295 Re (macn?) 3.38 Isc (mA) 19.431
Irev2 (A) 1.295 Voc (V) 0.609 Exanple 8 Milticrystalline Silicon Sol ar
Cells Having Silver Paste with Lower Anount of Nickel-Titani um Nanoparticle

C0,03, Bi; 03, Ce0s,, CeFy4, Si0,, MgO, PbO, Zr0,, HfO;, In;03, SnO», P20s, Ta;0s5, B20Os3, AgsPOy,
LiCo0,, LiNiQ,, Ni3(PO4),, NiO, or lithium phosphates. The NiTi nanoparticle component
comprises approximately 50% nickel and 50% titanium. The NiTi nanoparticle is utilized as a
powder having a dsp of 20 nm to 500 nm.

[0070] A solar cell is prepared as follows: on the backside of a P-type multi-crystalline (mc)
solar wafer (156 mm?) having a sheet resistance of 70 £/, an aluminum paste (RuXing 8204) is
printed and dried at 175°C. Paste 8 is screen printed on the front side of the wafer to form finger
lines, at a speed of 150mm/s, using a screen having the following characteristics: mesh 290, wire
thickness 20 microns, EOM 18 microns, finger line width 60 microns. The printed wafer was then
dried at 150°C. The cell is then fired at a temperature above 700°C for approximately 3-4 seconds.
[0071] The resulting solar cells are tested using an I-V tester. The Xe arc lamp in the [-V
tester is simulated using sunlight with a known intensity and the front surface of the solar cell is
irradiated to generate the I-V curve. Using this curve, a number of parameters which provide for
electrical performance comparison are determined, including solar cell efficiency (NCell), short
circuit current (Isc), open circuit voltage (Voc), fill factor (FF), reverse saturation current (Irev2),
shunt resistance (Rsh), series resistance (Rs), front grid resistance (Rfront) and contact resistance
(Re).

[0072] The electrical performance data of four finger lines printed from Paste 8 was gathered
and an average was calculated. The results are set forth in Table 5. The paste achieved low series

resistance and acceptable fill factor.
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[ 0073] Two el ectroconductive pastes (Pastes 9 and 10) were prepared in order
to ascertain the effect of including a | ower anount of nickel-titanium
nanoparticle (as conpared to Exanple 7) in an el ectroconductive paste. The
pastes conprised about 85 w. % of silver particles, about 5 wt. % gl ass
frit, about 8 wt. % organic vehicle, and about 0.1-2 wt. % of at |east one
gl ass additive selectgd from Al 20 nO 20, - AgQ, M03, Ti 02, TeO2,
200, 00203, Bi 203, Ceddd ‘feéelfhverg e"zf f’ﬂﬁﬁ%maz?wﬂ’ 0, 1n203, Sn02,
P205, Ta205, B203, Ag3PM, LiCae02, I-l\lI 07 Ni3(POM)2, NiO or lithium
phosphates. Paste 9 al so conpri % N Ti nanoparticle, and
Paste 10 conprised about 0.20 WEH®Y N Ti rdAbpart|cle. The N Ti
nanoparti cl es conponent conprni sedabout 50%wsni cke| and about 50%titani um
The N Ti nanoparticles were utird@ed [as ap@awder having a d50 of 20 nmto
500 nm [0074] A solar cell (WRE &ach of Fashe 9 and 10) was prepared

according to the sane paranetgh%m ) set 'Hhﬁé T anple 7, except that
Paste 9 was printed on a P-typ ul‘oé H-+re{ (nt) solar wafer (156
m®) havi ng a sheet resi stang < gp %9911/n fﬁﬂﬂ?ﬁ The resulting solar cells
were then tested using an |-V fS&§8y | The 196314y ¢ anp in the |-V tester is
si mul ated using sunlight with aekrnawn intenssty and the front surface of
the solar cell .is irradiatedtyg, BHET[Er e td¥e - vV furve. Using this curve, a
nunber of paraneters whi ch previde—for—etectriecat’ perfornmance conparison

are determ ned, including solar cell efficiency (NCell), short circuit

current (lsc), open circuit voltage (Voc), fill factor (FF), reverse
saturation current (lrev2), shunt resistance (Rsh), series resistance (Rs),
front grid resistance (Rfront) and cont act reS|stance (Rc) The electrlcal

; tof10 was

per for ﬁnmlerﬁanl!KlﬁWSm Hng Sm@n olap Cells Haging i hhaghe v
gat her Blicks anepartigle cal cul ated. The results are set forth in Table
6. The pastes achleved excellent efficiency, fill factor and open circuit
vol t agl07Fhbl e @wolletragmdattbetpastea(Paktes § endrbijoecro preParsd esorderdndsck@ainPast e
9 Paste 10 NCell (% 16.41 16.34

effect of including a lower amount of nickel-titanium nanoparticle (as compared to Example 7) in an

electroconductive paste. The pastes comprised about 85 wt. % of silver particles, about 5 wt. %
glass frit, about 8 wt. % organic vehicle, and about 0.1-2 wt. % of at least one glass additive selected
from Al;Os, Zn0, Li;O, Ag,0, AgO, MoQ;, TiO,, TeO,, CoO, Co,0;, Bir03, CeO,, CeF4, Si0s,
MgO, PbO, ZrO,, HfO,, Iny0s, SnOa, P20s, Ta;0s, B203, AgsPOy, LiCoO;, LiNiO;, Niz(PO4),,
NiQ, or lithium phosphates. Paste 9 also comprised about (.24 wt, % NiTi nanoparticle; and Paste
10 comprised about 0.20 wt. % NiTi nanoparticle. The NiTi nanoparticles component comprised
about 50% nickel and about 50% titanium. The NiTi nanoparticles were utilized as a powder having
a dsp of 20 nm to 500 nm.

[0074] A solar cell (with each of Paste 9 and 10) was prepared according to the same
parameters as set forth in Example 7, except that Paste 9 was printed on a P-type multi-crystalline

(mc) solar wafer (156 mm?) having a sheet resistance of 80 Q/o.
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FF (% 75.93 75.77 Rs (0) 0.00429 0.00526 Rsh (nCl) 89.45 61.7 Rfront (Q
0.0253 0.0228 Voc (V) 0.620 0.619

[0075] The resulting solar cells were then tested using an I-V tester. The Xe arc lamp in the
I-V tester is simulated using sunlight with a known intensity and the front surface of the solar cell is
irradiated to generate the I-V curve. Using this curve, a number of parameters which provide for
electrical performance comparison are determined, including solar cell efficiency (NCell), short
circuit current (Isc), open circuit voltage (Voc), fill factor (FF), reverse saturation current (Irev2),
shunt resistance (Rsh), series resistance (Rs), front grid resistance (Rfront) and contact resistance
(Re).

The electrical performance data of four finger lines printed from Paste 9 and Paste 10 was gathered
and an average was calculated. The results are set forth in Table 6. The pastes achieved excellent

efficiency, fill factor and open circuit voltage.

Table 6. Average Electrical Performance of Pastes 9 and 10

Paste 9 | Paste 10
NCell (%) | 16.41 16.34
FF (%) 75.93 75.77
Rs (£2) 0.00429 | 0.00526
Rsh (m€2) { 8945 61.7
Rfront (€2) | 0.0253 | 0.0228
Voc (V) 0.620 0.619

[0076] It will be appreciated by those skilled in the art that changes could be made to the
embodiments described above without departing from the broad inventive concept thereof. It is
understood, therefore, that this invention is not limited to the particular embodiments disclosed, but
it is intended to cover modifications within the spirit and scope of the present invention as defined

by the appended claims,
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[0076] 1t will be appreciated by those skilled in the art that changes could
be made to the enbodi nents descri bed above w thout departing fromthe broad
i nventive concept thereof. It is understood, therefore, that this invention
is not limted to the particul ar enbodi nents disclosed, but it is intended

to cover nodifications within the spirit and scope of the present invention
as def§@§%&3¥_th§ appended clains. Wat is clained: 1. An

el ectr P& paste composition conprising: (a) silver particles; (b)

glass frit; (c) electrically conductive netal, netal alloy, and/or netal

sui ci de nan particles,cﬁperein the nanoparticles have a particle dianeter
of about 5 hmARCIEBEGPIBICHYRASIHLOMBAYHOR SAMMIKING gani ¢ vehi cl e. 2. The
conposition according to claim 1, wherein the nanoparticles conprise at

| east one s&ée,ted fromthe group consisting of nickel, chrom um cobalt,
titani um affdSAYY89&icles; | i ci des, and mixtures thereof. 3. The
conposition according to any of the preceding clains, conprising about 40
to about 95%silver particles, about 0.5 to about 6 %glass fit, about 0.05
to 20 wt @69%@&F5géhoparticles, and about 5 to about 30% organi c vehicle,
al | percentages being by weight based on a total weight of the conposition.
4. The conposition according to any of the preceding.clains, wherein the
nanopar t i cl €3 clestyigally sondvstive anlgl ametakal oy andfng unetal gilicidergnepsgiplesgbergim the

5. The conposition according to any of the preceding clains, wherein the
nanopar t i cl sanopaieleahpigra acticle dipmatetr ef abotit Hpwde abyit dmmiconglwdt 500 nm

6. The conposition according to any of the preceding clains, wherein the
nanoparticles are present in the conposition in an anmount of about 0.05 to
about 20% b{d)waeioganichabislt. on a total wei ght of the conposition

2. The composition according to claim 1, wherein the nanoparticles comprise at least one
selected from the group consisting of nickel, chromium, cobalt, titanium, and alloys, silicides, and

mixtures thereof.

3. The composition according to any of the preceding claims, comprising about 40 to about
95% silver particles, about 0.5 to about 6 % glass frit, about 0.05 to 20 wt % metal nanoparticles,
and about 5 to about 30% organic vehicle, all percentages being by weight based on a total weight of

the composition.

4. The composition according to any of the preceding claims, wherein the nanoparticles

have a particle diameter of about 20 nm to about 800 nm.

5. The composition according to any of the preceding claims, wherein the nanoparticles

have a particle diameter of about 20 nm to about 500 nm.

6. The composition according to any of the preceding claims, wherein the nanoparticles are
present in the composition in an amount of about 0.05 to about 20% by weight based on a total

weight of the composition.

7. The composition according to any of the preceding claims, wherein the nanoparticles are

present in an amount of about 0.05 to 10.0 wt%.

8. The composition according to any of the preceding claims, wherein the nanoparticles are

present in an amount of about 0.05 to 5.0 wt %.
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7. The conposition according to any of the preceding clains, wherein the
nanoparticles are present in an anount of about 0.05 to 10.0 wt % 8.
The conposition according to any of the preceding clains, wherein the
nanoparticles are present in an anount of about 0.05 to 5.0 Wt %
9. The conposition according to any of the preceding clains, further
conprising at J.east one additjve selected fromthe groyp consisting of
Al 203, ZnO, Libt?,“ﬂ@’?ﬁ’}‘,?‘O‘A@‘GP“#Wﬁfﬁ,a“iné‘F 6‘%{1% eises, BCOTHITSg at ,
CeRt, ShlZdditaQeldlRY frodl M8 gr i ALN0Zn0R205, A La2A%0, BRI, Tig3PO4,
Li 0002,%!“% Ni 02, N 3(PX2, i%idgfp(bg?s.%ﬁlt%%?um@ghosoha?gs %n a% amount _of about
0.1 to 180 GRO.9%020s, BiO31 GeOn Gy, £ 0z M5 O.d1b6k: £ 8P Ay, TOaBrPy L fsan
el ectr n h§ : te. A Nyt t it to
For m { BECBI e O4ddEO0H SISREPRRIAPEING B 1RHRRhAAaRT I Il bVBoRAP1 6
conpri Seswt %(a) silver particles; (b) glass frit; (c) electrically
conductive netal, netal alloy, and/or netal silicide nanoparticles, wherein
t he nanopar 0.cA eslahalielwtrpde formbdebyamighean ebctedeonduchvapasteccoatpositio?io a
m crons;. and .an organi ¢ vehicle. 11. The solar . .cell electrode
Rt or RHyTHS 26 36 s P4 B (b e il M oo SRt FRTBRT G e
from t RgmgFigp consisting of nickel, chromum cobalt, titanium and
alloys, silicides, and m xtures thereof. 12. The solar cell electrode
accordi ng t )¢ilwrPertie®si11, wherein the nanoparticles have a particle
di ameter of about 20 nmto about 800 nm 13. The solar cell electrode
according to clains 10-12, wherein the nanoparticles have a particle
di amet er of (BH#ass %0 nm t o about 500 nm 14. The solar cell electrode
according to clainms 10-13, wherein the nanoparticles are present in the
conposition in an anount of about 0.05 to about 20% by wei ght based on a
t ot al wei ghtc)esiectrivelly ernduoetiveimgial, metal alloysandfereneal sdlicidegiapopariécles, vierein the
according to clainms 10-14, wherein the nanoparticles are present in an
amount of abautpaBicRS hawe dfarGclaiBmeter of aboli65 nifite abalt &rmiceink; andect r ode
according to clainms 10-15, wherein the nanoparticles are present in an
anount of about 0.05 to 5.0 wt %

(d) an organic vehicle.

11. The solar cell electrode according to claim 10, wherein the nanoparticles are at least one
selected from the group consisting of nickel, chromium, cobalt, titanium, and alloys, silicides, and

mixtures thereof.

12. The solar cell electrode according to claims 10-11, wherein the nanoparticles have a

particle diameter of about 20 nm to about 800 nm.

13. The solar cell electrode according to claims 10-12, wherein the nanoparticles have a

particle diameter of about 20 nm to about 500 nm.

14. The solar cell electrode according to claims 10-13, wherein the nanoparticles are present
in the composition in an amount of about 0.05 to about 20% by weight based on a total weight of the

composition.
15. The solar cell electrode according to claims 10-14, wherein the nanoparticles are present

in an amount of about 0.05 to 10.0 wi%.

16. The solar cell electrode according to claims 10-15, wherein the nanoparticles are present
in an amount of about 0.05 to 5.0 wt %.
27



17. The solar cell electrode according to clains 10-16, wherein the

el ectroconducti ve paste conposition further conprises at |east one additive
selected fromthe group consisting of Al 203, ZnO Li20, Ag20, AgO Md03,

Ti 02, Te02, CoO Co203, Bi 203, Ce02, CeF4, Si02, MO PbO, Zr02,11102,
1n203, Sn02, P205, Ta205, B203, Ag3PO4, LiCo02, LiN 02, N 3(PX)2, NGO or

| ithium phos te |n amount of about 0.1 to 3,0 w6 % 18. A solar
cell electr dﬁgfhwi?éaglﬂele%tﬁﬁwmgdlag 9 91@@53183)& WHFrei the plggtroconductive paste

el ect r eRRHHESL NethPRShHriEe R Akt dneRddifivessiathalt ficth healSpionbiBthd drAIp@st e,
applying a second | ayer of a second electroconductlveéPaste conposition to

the fi 810, LigkhA22Qnd89i YRy Tifle Telle FeddrasOs.d31fs FrPh &8l &i9n MO, Rhfer ei n

the fir t 0 Cty me t 0 Wi ORR:| - ) ni&h | .

part 1 cier Ef BRGCSAUE U5 1BR0) B ORTROR L LA RIS S b B RS Y B, o,
and/ or phedphhtesn hn emoént pfalgpadilitc Bdsyt %her ei n t he nanoparticles have a
particle dianmeter of about 5 nmto about 2 mcrons; and (d) an organic
vehi cl g; 18. Aaoldr sdtlefleimdd foemse by ablghge a tfiro taedoict firgeel pastendustitdymsteane
as or different fromthe first el ectroconductive st e. 19. The sol ar
cel | elrBEPPYRR AP Eha i asle SARBIEE pocehd RERGBArTBes are at

| east QNRsQINAGLRA phit® BAhHRitHnAY PhedRBShydr] dAd Ring ThCteR layedodBiny the ef2Radd, .
titanium and all OYS’ silicides, and mXxtures t ﬁereof. 20. A net hod
of f or iitheepimthedirgelaspeondpetivengdie comBPRSICs SOEPERYSt yi ng a | ayer of a first

el ectrocondugt.i .conmposition to a substrate and firing the paste to
formthe el g@tsﬁlg%é)%ﬁ\rjc\}]eg’r ein the first electroconductive paste conposition

conprises: (a) silver particles; (b) glass frit; (c) electrically
conducti ve, la?sls et al alloy, and/or netal silicide nanoparticles,
wherein the oparticles have a particle dianmeter of about 5 nmto about 2

m crons; and (d) an organic vehicle.
(¢) electrically conductive metal, metal alloy, and/or metal silicide nanoparticles, wherein the

nanoparticles have a particle diameter of about 5 nm to about 2 microns; and

{d) an organic vehicle;

and wherein the second electroconductive paste is the same as or different from the first

electroconductive paste.

19. The solar cell electrode according to claim 18, wherein the nanoparticles are at least one
selected from the group consisting of nickel, chromium, cobalt, titanium, and alloys, silicides, and

mixtures thereof.

20. A method of forming a solar cell electrode comprising applying a layer of a first
electroconductive paste composition to a substrate and firing the paste to form the electrode,
wherein the first electroconductive paste composition comprises:

(a) silver particles;

(b) glass frit;
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21. The nethod according to claim20, wherein the nanoparticles are at

| east one selected fromthe group consisting of nickel, chromum cobalt,
titanium and alloys, silicides, and m xtures thereof 22. The net hod
according to clainms 20-21, further conprising formng a | ayer of a second
el ectroconductive paste conposition on the |ayer of the first

el ectroconduct j ve. past e .conposi tjon, . .
Ec% electrlcgl?y conductive, metal, metal alloy, and/or metal silicide nanoparticles, wherein

the nanoparticles have a particle diameter of about 5 nm to about 2 microns; and
(d) an organic vehicle.

21. The method according to claim 20, wherein the nanoparticles are at least one selected
from the group consisting of nickel, chromium, cobalt, titanium, and alloys, silicides, and mixtures

thereof.

22, The method according to claims 20-21, further comprising forming a layer of a second

electroconductive paste composition on the layer of the first electroconductive paste composition.
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