TI TLE OF THE | NVENTI ON: OXYGEN CONTAI NI NG PRECURSORS FOR PHOTOVOLTAI C

PASSI VATI ON CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] This application
clainms the benefit of U S. Provisional Application No. 611536, 748 filed
Sept ember 20, 2011 the disclosure of which is incorporated by reference in
its entirety. 5 BACKGROUND OF THE | NVENTI ON [ 0002] The present invention is
directed to the field of silicon-based dielectric materials produced by CVD
met hods. In particular, it is directed to nethods for making filnms of such
materials and their use as passivation or barrier coatings in photovoltaic
devi ces. 10[ 0003] Photovol tai I i ght energy into

el ectrical energy. Many phot O\C/EI? gﬁﬁﬂiﬁf‘é\?gﬁg@f‘gb“ cated using either
monocr yst al | OXYGEN CONTAINING PREGURSQR S iFRR BHOTOMOLIAIS MISSIVBON The
silicon substrates in the cells are commonly nodified with a dopant of

ei ther positive or negative conductivity type, and are on the order of
50-500 microns in thi CROSSSREABRBNGEOD REWASERRIPRIGEATEINS t he surface of
the substrate, such as a 15wafer, intended to face incident light is

desi gnat e0G0d] t fbisfapplication clairoethargnetitef 448 f Rrodsiopgdyiplieationdldi r ont  sur face
is referr . i oped silicon
s commnty/oddA5 et pridhnd o] 256 B sERRNEN ik i RRCH i PR 3
carriers. rélergace netserdioged silicon is designated as "n" where el ectrons are
the majority electrical carrier. The key to the operation of a photovoltaic
cell is8 the creation of a p-n 20junction, usually forned by further doping
a thin layer at the front surface of the silicon substrate (figure 1). Such
a layer is comonly referr &AGEROQUNREOEMHE BNVENNEGN, while the bul k
siliconis referred to as the absorber layer. The emtter may be either

p- doped of0®W2liofbd rerssehiaveniioois direstesdafthelield of glicoptbaspe dgtaicemateides] A
key req“' P&d Egb\lﬁ%bﬂﬁﬁbs pl'ﬁga%%ﬁlatr%{ s d%(‘!tltaﬁ?%ﬁntemo%?d?‘?ﬂaﬁl fihkegtive 25
passi vatid front and r surfaces of the silicon e surtace of
any sol i dsugdpm@wnag% angdpheisegst 25 passkaten o karigitcostingsrio RhetRoliglodaviges.
periodicity of the bulk, and thus generates a higher popul ati on of

sub- s1@i c W3Rt Phetoweltals (5VPeslls eanvgrtilighteaneray into-leciigebenergy F¥any si | i con,
when thesgh%taféﬁécéﬂggwmﬁ t%ﬁélﬁ%éﬁwer%éﬁb@sfahﬁersﬁiegﬁ'oplfnuﬁBﬁsl}éﬁ‘lﬂg gap,
they increase carrier reconbl natio negat’i vel y 1 npact device

ef fi ci encyilicaheshsulistraiss| iThesilisen sulstrales I@m@ﬂs e gerem ey siogidied withiaay er
(PL), thegy crystal
ber odi ci CaP AR boer 2P son Mg RPRricheRG AR, Sid bisihl e SRR 3 56 960

S5non- si | i oderoas vribicknesshd hravgbeytdlie applmab@} tiwp swta@ﬁqbtheu swbstratgceicbid@rege can
pl ay cr f xed
Char g0 e g e o e o s The
under | yi nngti’SltedhﬁlfofAt?elﬁﬂ@ Ismf@q%&as heppan wvigre- aBY:§°”‘@"t'QW:B?P3'“‘FQ§Y a

passi vati Qgpé@é’lﬁg n! IQc&ﬂH\Bﬁ@tde‘éf hbtel atsyB'e w‘ﬁ'eH FEs ar@ the B3 ot?iﬂ?éléé:t?'f@alf | xed
charge is desired in order 8 ecrease carrier I’ECOIT{)I nation. For a
passi vat i Gﬁrrlle@éiegﬁweblcﬂﬂpadtsmﬁm I qs'swp@dﬁa"n'i:whereaelecé'eua;e@ thesajerie fi xed
charge is t vent
paraei 1 o R B by e R o B o B e B o

| ayer 20t hgungtien, elauaiiycformwﬂaw fartheredppingca thindlayeftat thesfrond suiface Cpfrﬂafp@hqqnes in

order to LEAUSE fGlieShl iotkh % 1874 id (UHREME rdie@EY to as the emitter layer, while the

bulk silicon is referred to as the absorber layer. The emitter may be either p-doped or n-

doped depending on the configuration of the device.

[0004] A key requirement for optimal photovoltaic device efficiency is effective
25  passivation of the front and rear surfaces of the silicon. The surface of any solid typicaily
represents a large disruption from the crystal periodicity of the bulk, and thus generates

a higher population of sub-stoichiometric bonding resulting in electrical defects. For



15absorption. [0007] A process for making photovol taic devices

i ncorporating Si NxHy passivaton is described by Leguijt and Wanka, (
W)08043827A; Sol ar Energy Materials and Solar Cells, 40, 297) where the
passivation | ayer is deposited using silane and anmoni a. The process
results in a high positive fixed charge at the interface of typically > +
lel2 /cn?._..20Ther ef.or LS 1.l e i I i,n contact
w th notyped MREB iR e REE s R RN e h Ot cEA Bk bad Tnel, 7Y
p-type si incosmse cBaignwescoPbogties and ne@itiselpwopacidegice &licieAd ) Whio 0@silican

¢ Ki Tt : . : _ |
G T oon osias CBTRg ad=b R icdTsT B BRIV AR Iod RCY Ve
t enper at ucetical. NA@DN, ahe erystial BHRALAYOf Wilapilicaray intersupdted due © tbevpresenesefi ng
ti .=Th ' d fixed interf h th

O:‘gg? 5] 5?9'%5}%@@5%%‘?0#“‘%%@“8090 uce a fixed interface charge on the

I's compatible with passivation of p-type silicon

; . 000 : . _ bt . . ‘i
cher oal | {00Phus v PLNEASRS e GRUMRHR BARAPUE fiichEnb PAS N BRBRRALYS
2009) . Theaguiatiess Fixedoharge g80eratedi during Pl depesitionecan ereste auonduceddieldyin| ong
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Hof mann( Athveomtass with nppesiliat abighgsititd §x@i7ghargssisrigsiseéd iarnsdatiiec Hedgase 02, or

amonjA. ; f ag j [ ik | ow 700
o, DRGERSSEReLA00YS AMEARE RESTTILARAE PEROSILES Bl o 7
gas 5at 4péitifediixetiThaigels desifedsn beientdtesiesse caduian redembiration end bigvent ne
neasurenegglsasggls&%ﬁg cnm's. A thernmal treatnent of approximately 850C for
about 3 seéconds i ncréased the carrier lifetime to <70 cnls. The deposition

of silane i~de f] i i ; ; I position
Ferper at ufDt8hc | 0 dr X rcEihd fe diiBi Py BRI IE U RERE hieRiinal?

pr ecur sor provBleCotirkflektipe propedies or ordeetatredyreacplediyityand ivpregeatighig whi l e

si mul ligne%ggréﬂgnor mng a p-n junction is described by Krygowski (PVSC,
2007) . PrecurSors such as tetraethylorthosilicate (TEOS) are used to coat a

ubst 1 at 4] R drbl SorAG orHRS AR He0REs Iootaka'SHbal oiutRblin 2!

t enper at uFes air en_containingy environnment. 15[0012]
A process degaribed bpil et and Wanken( \W08e4FRI&I wlar damefdyl Matadalpgnd Solar

Ener gy Mot aPs 29 Gefs ibeastato B S5ibel i iane A RMARE The T ed
usi ng TEOBramass f20ltsis adniglorggjieve fixed cherget the intedfaceef typieatycat de1d/cm2l: 1
rati oqn Al | i L ; 105

i 520 i 1 LERe Bk 300KE Buthoafe (GPEATENE KO Bt b HiEN bt

vel oci t i eprogeces bisriaemsulbOghaDDEoOACEwith ditypecsiliopn dPaewe. ditagrgks fror 30

m nut es iF’h{)B(/ma{?& g@szﬂt) 400C. The sanpl es showed degradation over tine
t he anneal treatnent.’ '

[0008] A process for making photovoltaic devices incorporating thermalty grown silicon

oxide is described in US2009151784A. The process requires high temperatures in
25 range of 800-1000 C and may result in slow processing times. The process is known to
produce a fixed interface charge on the order of e11/cm2 which is compatible with

passivation of p-type silicon surfaces.

[0009] A process for making photovoltaic devices incorporating chemically grown
silicon oxide is also described by Naber (34™ IEEE PVSC 2009). The process requires

30 nitric acid treatment with potentially long immersion times.



[ 0013] A process for creating a silicon oxide passivation filmusing TEGCS,
hexanet hyl di si | oxane (HMDSO), or octanethyl cycl otetrasil oxane (OMCTS) as
the 25 PECVD silicon precursor is described by Hoex (JVST A, 2006). Filns
in the study were deposited using an excess of oxygen. SRV val ues after
deposition were > 103 cnfsec. An SRV value of 54 cnsec on n-type FZ

i ' . ' . 600C.
L0014] ThSTIPL; B PR Trtaadig BRI GeAREE RbolpBidith Bvifodiin@lel 100 o,
films or Bmylmdslawasa aepcphetioy Hoﬁmnh(ﬁadvapmwndh)t@ter_éﬂowamaatiﬁé)r taiog
properti e§uénB ﬁ?ﬂ{l Koge V\ﬁlla%mﬂoﬁl)ﬁpﬁfesbﬂo é"s%r}e Q.Fﬁgélrédo &a‘ﬁHﬁ’@éuBEEéseér less

t han 450C, W t hout*t hé eng anneal ste

manuf act “Bé‘leer Q%‘?é‘%PB%?%[&%r Sagk ﬁ’%ft'?u bl (séaué:htlgcgi éu‘ﬂi;é%'i rll%m f8m'ﬂhg§ yde Tilm

may be deposited on t oXl rrgur assiva on | ayer
may beb pr eE@ﬁoCdd)r ‘tﬂmmﬂtasmas:heel& bafughhdovdeihe carrier éfgtimgintkasofemdnds belowce, or

Dot . (R BB MR O T NENTLEN, SLABEBYC TaBol o St a0 gL Pl ©

met hods f Of “pro uc ng a passiv or photovoltalc devices; and the
phot ovol t aamedldfehimem ‘t'matmaa’efThe{ d@pbsition nf giaee aside fitms Mg rexuire highplasteal a

et hod | OpeJEPRSKR I8 Slnck 38 RS oRARl BBl AURL MASIRIBEGARS 21 ¢ cel

rovi ovol't ai ¢ cel |
havi ng a fheosilbns prekaser.and a rear surface; 10providing a f| rst silicon
precursor; depositing a silicon oxide |ayer having a thickness ranging from
5 to T®nnitX11] eAgiroamss dorecraaiing somseivatidnecoakiog ohitd sienudamasiuksly fonnond dierlg a
second sil | r o d 15depositing a
silicon njdtn?ﬂ e'g|d§§éeﬂb%ﬁé’\¥ I@g&oﬂsﬂL@ﬁéggﬁf aﬁglg%&g#%grﬁr?régg]t 0 200 nmon the
si | i con oieatethybytbosilicste (TEOB)td1e used ﬂmtaeu@tm@mﬁ%hqwﬁphmﬁﬂeavi ng a

thi Cknesscﬁ%g hﬂ?ﬁ& vg[%dl?tg%ﬁ?a(ljlggpte e?aCEUR%E' gb\%ﬁ?@(}()i ea%sélr @?fg(%?‘n' F%{tye

conpri si ng |de ayer icon

20[ 0017] Envimmoteher aspect, there is prow ded a photovol taic device
conprising: a photovoltaic cell conprising: a P-doped silicon |ayer
adj actmt EPON2H o pguiocssk ifarameadtimg ersilican foridatpassivdtiwodilranging rear surf ace;

tetraethylorthosilicate (TEOS) is described by Leguijt{ WO08043827A; Solar Energy
Materials and Solar Cells, 40, 297). The PECVD films are deposited using TEOS and
N20 as an oxygen source, with the two chemicals in a 1:1 ratio. All samples showed
surface recombination velocities (SRV) > 10° cm/sec directly after deposition. Measured

20 surface recombination velocities were between 600-5000 cm/sec directly after anneal for
30 minutes in forming gas at 400C. The samples showed degradation over time the

anneal treatment.

[0013] A process for creating a silicon oxide passivation fiim using TEOS,
hexamethyldisiloxane (MMDSQO), or octamethylcyclotetrasiloxane (OMCTS) as the

25  PECVD silicon precursor is described by Hoex (JVST A, 2006). Films in the study were
deposited using an excess of oxygen. SRV values after deposition were > 10° cm/sec.
An SRV value of 54 cm/sec on n-type FZ silicon after 15 minute post-deposition anneai
in forming gas at 600C.

[0014] Therefore, there is a need for depositing a CVD oxide passivation films or layers
30 using precursors that provide excellent interface properties in contact with p-type silicon,

at deposition temperatures less than 450C, without the addition of a length post anneal

step, with manufacturable throughput and cost of ownership. Optionally, a nitride film



and 25at | east one passivation | ayer deposited on at |east one surface of
the photovoltaic cell by the disclosed nethod. [0018] In yet another
aspect, there is provided a photovoltaic device conprising: a photovoltaic
cell conprising a P-doped silicon | ayer adjacent a N-doped silicon |ayer,
a front surface and a rear surface; and at |east one passivation |ayer

havi ng a thi ckness rangi,n Qm. 2 L] t t one of
t he surfa%%(?f&elpﬂ%'{eg]h%t%g(?f {hgioc’:“d(%feﬁrﬁ;(f%gj\?\%gﬁeﬁ%&%ﬁé&%%s@?\/legﬁ%n iayer

havi ng at ptezast attheefrdnit-sideyd thecdrvine), sangidefof thesidvicepor miti.de | ayer having a
t hi ckness ranging from5 to 70 nmand a silicon nitride |layer having a

t hi ckness ranging from20 to 200nm [0019] The silicon oxide layer in the
passivation |ayer is deposited by using at |east one silicon precursor

sel ected fromthe fam |y GFRIEFSOMYARIVOF WHENVENIGXNY = 4, and vy # 4; Rl
i s independently selected fromthe group consisting of C1-C8 linear alkyl,
wher ei & t (@015} gahid inenten waeet roethodster orogteng acesagatipndaxeniéd al kyl ,

therein t BoblRhdLs AL BhabEdER siedigied: CL B evelic el kvl

wherein t _ be saturate unsaturated, or aromatic; 15and R2 is
eyl U 85 Spect HELS R Blatina RG] Mol g R ey "
al kyl , whé&yer on alpbotovejtaimicaldy alsbambeigantdigsingrstenssadt ur at ed;
providing the photovoltaic cell having a front surface and a rear surface;
10 providing a first silicon precursor;

depositing a silicon oxide layer having a thickness ranging from 5 to 70nm at least

on one surface of the photovoltaic cell;
providing a second silicon precursor,;
providing a nifrogen source; and

15 depositing a silicon nitride layer having a thickness ranging from 20 to 200 nm on

the silicon oxide layer;

wherein the at least one passivation layer having a thickness ranging from 25 to 600
nm comprising at least one bi-layer comprising both the silicon oxide layer and the

silicon nitride layer.
20 [0017] In another aspect, there is provided a photovoitaic device comprising:

a photovoltaic cell comprising:
a P-doped silicon layer adjacent a N-doped silicon layer,

a front surface and a rear suriace;

and
25 at least one passivation layer deposited on at least one surface of the photovoltaic

cell by the disclosed method.
[0018] In yet another aspect, there is provided a photovoltaic device comprising:

a photovoltaic cell comprising

a P-doped silicon iayer adjacent a N-doped silicon layer,
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20C1-C8 cyclic al kyl, wherein the ligand may be saturated, unsaturated, or
aromati c; and NR33; wherein R3 canbe independently selected fromthe group
consi sting of hydrogen; and linear, branched, cyclic, saturated, or

unsat urated al kyl . [0020] The silicon nitride layer in the passivation

| ayer is deposited by using at |east 25one silicon precursor selected from
t he group consi amly of SiRxl-ly, and comnbinations

t her eof ; wher ef ﬁ&mpgﬂﬁlﬁ%hh%gsaréﬂﬁgéR i s independently selected fromthe
group con5|§h{ng of Cl1-C8 linear alkyl, wherein the ligand is saturated or
unsat ur at ed,; exanples are nethyl, ethyl, butyl, propyl, hexyl, ethylene,
ally!, 1-but |é‘é%?one2 Q&é?v% @ﬁ‘?ageﬁ?au@ Q{rﬁ&ﬁg&draﬂéz'ﬁé'fmm%{o%ob |1 gand may
be saturate URSabUrat e s are |sopr I, 1 sopropyl ene,

i sobutyl, tedetpomtﬂown atﬁe‘ﬁl_st@aeoﬁ/thmsurfamsydfthmm'eﬂldtai@ cell:,gand may be

saturated, unsaturated, or aromatic; exanples are cycl opentg , _cycl ohexyl,
benzyl$ net hyﬂl&fﬁblthﬁ)wﬁswatloalﬁdeﬂﬁmmﬂsﬁzon%alda!tﬁf conpepeadeasiligomydr ogen;
or |inear, I r r | [ 0021]
The oxi de Iayer |B§éjr(;1€§hi¥. altﬁc{;ﬁ%é 'ﬁgfdror\?'\nst thenqaﬁy%fgl"?r?mgmdeg? en sour ce,

such 10as OZhaVN@(}atthoﬂ?%rahgidgtffgmﬂ%@r@k)nmle NO NO2, N204, or mixtures, to
t he chanber. 510022 The nitrogen source includes but not limted to NH3,
met hyl am E0198i mbe sijicemexide layer inghepassiviahien lager indepesited by Heing 6t lepsioNg]

Exanpl es gficé betRe rpée%dtléosf?érﬁ d Qi BEsi@RM A2, Afinepkih OR1) XxR2y i ncl ude but
not lim te'olct ol!) r?et hgxy5| I'an 3‘ HLgxym(? n)e "tri met hoxysi | ane,

tetrapgt hoxy)$<1r aqean&? gtrapropoxym | ane, et hoxysilane, diethoxysil ane,
trlethoxy5|lane drne ﬁoxydlethoxy5|lane met hoxytri et hoxysi |l ane,

ethoxytrimet @@ﬁ&ég@ﬂ@ﬁﬁ%l&le@f%%@d;@u@cor%ﬁsﬂ}{# gt hoxysi | ane,

et hyl di et hoxysi | an yl'triethoxysil triethoxysil ane,

i met hy | i et Moy 2hliAggaih TR A ks 2 téa! Ffgbeliidioxysi | ane.

met hyl et hoxysi T ane, et hyl’eét hoxysi 't ri met hoxysi I'ane

20t ri met hyl et Y)%'Hré’rﬁ:ﬁed Bﬂ(ﬁlr QRYLe fh@tllggﬁcy ﬁag PBSaturated or unsaturated;
i so-propyl triethoxysilane but tri éthoxysil ane,
tert-butyltri et Nexyshilcame, viitkih %ﬁé Ry It dy B BRruRl! @R8turated, or aromatic;
15 and
R?is independently selected from the group consisting of
hydrogen;
C1-C8 linear alkyl, wherein the ligand is saturated or unsaturated;

C1-C8 branched alkyl, wherein the ligand may be saturated or unsaturated;

20 C1-C8 cyclic alkyl, wherein the ligand may be saturated, unsaturated, or aromatic;

and

NR?;; wherein R®can be independently selected from the group consisting of
hydrogen; and linear, branched, cyclic, saturated, or unsaturated alkyl.

[0020] The silicon nitride layer in the passivation layer is deposited by using at least
25  one silicon precursor selected from the group consisting of silane, the family of SiRH,,

and combinations thereof;
wherein x+y =4, y # 4; and

R is independently selected from the group consisting of

-5-



[ 0024] Exanples of silicon precursors fromthe famly of Si RxHy include but
not limted to nethylsilane, dinethylsilane, trinethylsilane,
tetramet hyl sil ane, ethylsilane, diethylsilane, tetraethylsilane,
propyl sil ane, dipropylsilane, isobutylsilane, tertbutylsilane,

25di butyl sil ane, net hyl et hyl sil ane, di nethyldi ethyl sil ane,

met hyl tri et hyl sj e | trl I 1.Son i ]
di i sopropyl si I(giﬁggrﬁﬁ??riaﬂ%r%%§ﬁ§%!%bh g]%glfjﬂragegyc{rgﬁlggﬁg}sﬁlt%%?m%IFns RoSi | ane,
di am nosi | ane,metbylhgthginbutgls progpie hexa, eyt vderien el | lalgyleod. ex-iytylamd.nosi | ane,

di met hyl am nosi | ane, bis-tertbutylam nosil ane, and

bi s-i sopr opy! d¥-68(metchgd alkyly wbeledhe JigargmaBRe EftuBPESCRI PERORNIEE SEVERAL

VIEWS OF THE A p’l\é(é%ré %gﬁ@tpy,glslg%ﬁy%neﬁgwut Letg&_%?ﬁ,pt ative photovoltaic

device configuratrons I e ‘presence of ‘passivation |layer(s).

[ 0026]5 Fi gur e C1-C8ahdivatiiivt vdferstheiligand may de sahissliedatrisetvratay.ar acomaatisd wit h

optional 5sili ! . LOWr . Joynority carrier
lifetime as a eﬁ(aﬁ\gﬁsoéﬁé’gfclwgﬁ,icy %llgg%r@r’ideébgg’erﬁgtﬁg Iﬁﬂl%ﬁeng{l‘ta{/ﬁge silicon with
a passi vati on NRywhera Bicah &g érdependesitin hpdrogen; er lingarhyreaehedogydit.cat e ( TEOS)

oxi de | ayer a o triethylsilane nitride after a firing.

10DETAI LED m&%&ﬁﬁ?%k@@éq %ﬂl\ﬂ'l ON [0028] In one aspect, the present

i nvent i on[0@1ht dbe oyide layedsppdipnaliyepesiteddethitoe agditeiuel mygen pruses. vaeh on

Lavery@f LLIIN NS, d2BAL YAl eflieCRE, NDORY., Blfiglied ReERb-BRE, COMDrT ses
of : provi drng ovol 't i ¢

st eps t he “phot’ I"taic ce aving a front

surface apgyy 1 39t ntibbASEarcd PRIAKE BLEWb Btk 00, PRABHARAE, depositing a

silicon o ayer at |east on one surface o ovoltaic cell;
wher ei n t Hingihaminat frioethyigreine, o mikgrasithereoh oxi de | ayer. [0030] The
silicon precursor is selected fromthe famly of Si(ORL),<R2y; wherein Xx+y
= 4, and J00R3] 2ERamples iohsiignariesHrsgrs femdoe &mily ¢fiitaRe .Bridupuesobidingt i ng of
C1-C8 lin 845, Rirb ARy Al trinfetAdly e St Ametixpipat ed; CL- C8
branched g’ﬁﬁ?/ﬁ%@?g%n t 'emlt?‘lgg%r?{g may TLe s%r at ’_e% or eunsgétlur ated; and
Cl1- C81%yc ketrapedpeyysilanheetbpxysilare, diefmisitang. tethoxysiaeg.ed, unsaturated, or
25ar ot | GimdiishyRrcRIRREAERB) et AR b BRoRjRRe, consT st ng of

’ methylethoxysilane, ethylethoxysilane, ethyldiethoxysilane, ethyltriethoxysilane,

methyltriethoxysilane, dimethyldiethoxysilane, dimethylethoxysilane,

diethyldiethoxysilane, methylethoxysilane, ethylethoxysilane, methyltrimethoxysilane,

20  trimethylethoxysilane, n-propyliriethoxysilane, iso-propyitriethoxysilane, n-

butyltriethoxysitane, tert-butyltriethoxysilane, and iso-butyltriethoxysilane.

[0024] Examples of silicon precursors from the family of SiRHy include but not limited
to methylsilane, dimethylsilane, trimethyisilane, tetramethylsilane, ethylsilane,
diethylsilane, tetraethylsilane, propylsilane, dipropylsilane, isobutylsitane, tertbutyisilane,
25 dibutylsilane, methylethylsilane, dimethyldiethylsilane, methyitriethylsilane,
ethyltrimethylsilane, isopropylsilane, diisopropylsilane, triisopropylsilane,
disopropylaminosilane, aminosilane, diaminosilane, methylaminosilane,
ethylaminosilane, diethylaminosilane, dimethylaminosilane, bis-tertbutylaminosilane, and

bis-isopropylamino(methylvinyisilane).

30



Cl1-C8 linear alkyl, wherein the ligand is saturated or unsaturated; Cl-C8
branched al kyl, wherein the |igand may be saturated or unsaturated; Cl-C8
cyclic alkyl, wherein the ligand may be saturated, unsaturated, or
aromatic; and 5NR33; wherein R3 can be independently selected fromthe
group consi sting of hydrogen; and |inear, branched, cyclic, saturated, or

unsatrated ol Ky pn kP RCTRR G dgA /@AY L RS5E TREISRARRQSLL ed wi th the

addi ti on of an o ce selecte romthe group consisting of 02, N20,

ozone, ?@ou 2 FUE )f' ggurar'ré]@'ets t'lv %%?‘ovoﬁ&g dghéé chﬁ@uFJﬁSﬁ?ﬁLstra]ﬂ%%a 1

an oxygen 9°° Usé en source Vvo I's”l'ess than
20% of th@ruehce:ofrpqssieauimsleyer(&).l urret ric flow, then the use of a | ess than
stoichionetric or catal ytic oxygen source |level may serve to accel erate
deposi t i 0li0028] e Figune P.e Sshérhatia @lsjicergoxide pagsivation yer gnagedwiioeptiongands t o

formtge lgm‘l:‘g_fg gten%e§|llcon oxide film [0033] The oxide filmis

nore prefera Ited without the addition of oxygen 15source to the

CVD react I@d}?ﬁ %@MS Fglgp&ﬂln%&ggﬁ%r WEGAL 39 aln Sn %Pf'hr}%riglycatnlﬂlﬁ(?fe}ﬂmtyt he

depositio r or no gen source flow na esult 1n rrnproved
filmand d&drantyee silicdrf witha pysswatlop wssai bislgye Gootaing aﬁwtw&ﬁh@p&@aﬁﬁal ly be

deposi t ed (HEOLPRAl bl d LaRR bAe: HaNRkrE S8 3FB! £rurdl |1 Son ni tri de.

silicon c con car nepar ent. conduet rve 200xi de,
al um num oxi de, annrphous silicon. [0036] For exanple, a silicon nitride
film(or layer) can be deposited to cover the silicon oxide film (or

| ayer ygn one or both S'ﬂ)EmeE%;@éﬁﬁ:ﬁéN@ﬂaﬁﬂtzqmvtw@Ndev' ce. [0037]

Anot her net hod conprises steps provi ding the photovoltaic

cell havi Tﬂodz%y iP8he §éHefcﬁ@r?e Gaderdt i \/gﬁﬁorwaﬁ@sct%th@éaﬁ&woqlrﬁ@n@dsfﬂorst silicon

precur sor ositing a silicon oxi | ayer at | east on one surface of the
phot ovol t &regugisg|a pq@‘sueﬁlcm Iﬁber@fél@tfﬂﬁéh%tiovq"i?éﬁ\d%’#(@éursor provi ding a

nitrogen source; and depositing a silicon nitride |ayer on the silicon
oxi de | ay&9029] One of the methods comprises steps of:

providing the photovoltaic cell having a front surface and a rear surface;
15 providing a silicon precursor,
depositing a silicon oxide layer at least on one surface of the photovoltaic cell;
wherein the passivation layer is the silicon oxide layer.
[0030] The silicon precursor is selected from the family of Si{OR"),R?,; wherein
x+y =4, and y = 4,
20 R'is independently selected from the group consisting of
C1-C8 linear alkyl, wherein the ligand is saturated or unsaturated,

C1-C8 branched alkyl, wherein the ligand may be saturated or unsaturated;

and

C1-C8 cyclic alkyl, wherein the ligand may be saturated, unsaturated, or

25 aromatic;
and
R?is independently selected from the group consisting of

hydrogen;



wherein the passivation |ayer conprising a bi-layer conprising further both
the silicon oxide layer and the silicon nitride |ayer . [ 0038] The
first silicon precursor is selected fromthe famly of Si(ORl), RZy; wherein
5x+y = 4, and y # 4; R is independently selected fromthe group consisting
of Cl-C8 linear alkyl, wherein the ligand is saturated or unsaturated;

Cl-C8 b hed al :
and 10C1-G8 cycli E@LP@%%F"@»@% IR oAl S St O et e,
or aromatic: and R2l.2edas %H%‘ﬁ& wheRsth #E18dnd I:n%g*é)%@%tﬂ&gaeree%%u@@dng of

hydr ogen; 15C1-C8 Ti near a sat urat

unsaturai ed: - Cl- G bragafcy @me mﬁmﬁg@@ﬁt@ 4) QA R 3R o

unsaturated; Cl-C8 cycli'¢c a e saturated,
unsat ur at ed, or armmtatlc: andnd NR33 wher ein R3 canbe

i ndependent I y selected fromt he group consi sting 20of hydrogen; and |inear,
brancted, cyclic, NRhLuwheareid R'san basudepeadeniy selepled flopptbe|arqupecassisting

silicon precursor 6f§1g§r%g@ﬁt£1qj n%gmomwgh&? %ga& %ﬁiﬁ}a?éd ggu,qg L?rbieﬂ%gl t he

famly of SiRkly I's i ndepen ently el ected

fromthe ﬂfo@ﬁ'jﬁn ?gl'llé&r{ eoltzlgé;]rré‘fgb Qfed%lh'ythe a\ﬁ'&%ﬁ bf‘aﬁ {)’@ygbh Qau’}ge

saturat ed ur at net hy et hyl, but , hexyl,
et hyl ene, S%{e¢t§f¢l fromtbeugsatl@mnsmmf@zeNeO @H0e. Tegrageamerediea NG IN zwhere t he

ligand na nsat ur at ed; exanpl es are isopropyl,
i sopr opylbélﬁ aﬁatggﬂ e‘gqh%}%rﬁj butyl; C1-C8 cyclic alkyl, where the | i gand

may b fdﬁ gLeqf ?H&@Eﬁ%ﬁﬁég is tﬁgedaénaqﬁé bﬁ;geﬁ%@ﬂﬂ%%@luﬁ’(e@n&m Reatidan

cycl o cyclopentyl; where R*can be independently
hydr ogen 2@% qfutheeahrconmrmmorolumm féow sandhausel of @lese tramsioiehiemetsiciey| .

[0040] | ncétglgﬁﬁ: S%Qn SBQ ﬂ"ﬂ‘é?tsblc&@ t(l) Qé’&ﬁerhl% o%pgéltld)r%é% WY isBOrdARtg

silicon oxi con nitride | ayer.
on the silicon precursor Ilgands to form the bulk of the silicon oxide film.

[0033] The oxide film is more preferably deposited without the addition of oxygen
15  source to the CVD reaction chamber.

[0034] Without wishing to be bound by theory, the deposition with lower or no added

oxygen source flow may result in improved film and chamber uniformity.

[0035] Additional layers may optionally be deposited on top of the silicon oxide layer.
For example, sificon nitride, silicon carbide, silicon carbonitride, fransparent conductive

20 oxide, aluminum oxide, amorphous silicon.

[0036] For example, a silicon nitride film (or layer) can be deposited to cover the

silicon oxide film (or layer)on one or both silicon surfaces of a photovoltaic device.
[0037] Another method comprises steps of:
providing the photovoltaic cell having a front surface and a rear surface;
25 providing a first silicon precursor;
depositing a silicon oxide layer at least on one surface of the photovoltaic cell;
providing a second silicon precursor,
providing a nitrogen source; and

depositing a silicon nitride layer on the silicon oxide layer,;
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[0041] The silicon oxide |layer maybe again deposited with the addition of
an oxygen source selected fromthe group consisting of 02, N20, ozone,

hydr ogen peroxi de, NO, 5NO2, N204, and m xtures thereof. [0042] For
exanpl e, the passivation |ayer can be a bi-layer, wherein the silicon
nitride |layer is deposited by using silane and anmonia. [0043] A

passi vation | ayer can also contain nultiple bi-Ilayers. [ 0044] This
invention also relates to a photovoltaic devi ce conprising 10a photovoltaic

cel | compri sing: WA‘%&BI!‘I gn%p ol shd 4n lgger c%}?\?ha%“a%?%%r?o A5 dofPhe! aYEr

a front surface Jdar oS east one passl vation

| ayer deposited sdmorabmﬂe@ter amkthefsilicbrenivigeflaysss, using at | east 15one
silicon precursor selected fromthe famly of selected fromthe famly of

Si (OR1) " REy38)vh@hefirst siligon-pracuraerds gelgctad frim the faraibis SHOR 1" swhesetred fr om

t he group consisting of C1-C8 linear alkyl, wherein the ligand is saturated
or unsmturated; 20Ci4C8dy adched al kyl , V\/nerei n the |igand may be saturated
or unsaturated; and Cl1-C8 cyclic al kyl, wherein the |igand may be

sat ur at ed, unsat Rliaire@pendently selatted froaritie 26RRI enpiatgpeindent | y sel ected from
the group consisting of Hydrogen; Cl1-C8 linear alkyl, wherein the ligand is
saturated or unsatQf-fisdiheaCikg@swheraindhe tiganidiéy satureted e unsatwsted,gand may be

saturated or unsaturat ed;
C1-C8 branched alkyl, wherein the ligand may be saturated or unsaturated;

and

10 C1-C8 cyclic alkyl, wherein the ligand may be saturated, unsaturated, or

aromatic;
and
R?is independently selected from the group consisting of
hydrogen;
15 C1-C8 linear alkyl, wherein the ligand is saturated or unsaturated;
C1-C8 branched alkyl, wherein the ligand may be saturated or unsaturated,

C1-C8 cyclic alkyl, wherein the ligand may be saturated, unsaturated, or

aromatic; and

NR?;; wherein R®can be independently selected from the group consisting

20 of hydrogen; and linear, branched, cyclic, saturated, or unsaturated alkyl.

[0039] The second silicon precursor is selected from the group consisting of silane,
the family of SiRHy; wherein x+y = 4, y # 4, and Ris independently selected from the
group consisting of C1-C8 linear alkyl, wherein the ligand is saturated or unsaturated;
examples are methyl, ethyl, butyl, propyl, hexyl, ethylene, allyl, 1-butylene, 2-butylene;
25  C1-C8 branched alkyl, where the ligand may be saturated or unsaturated; examples are
isopropyl, isopropylene, isobutyl, tert-butyl; C1-C8 cyclic alkyl, where the ligand may be
saturated, unsaturated, or aromatic; examples are cyclopenty!, cyclohexyl, benzyl,
methylcyclopentyl; and NR’s where R can be independently hydrogen; or linear,

branched, cyclic, saturated, or unsaturated alkyl.
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Cl1-C8 cyclic alkyl, wherein the |ligand may be saturated, unsaturated, or
aromati c; and NR33; wherein R3 canbe independently selected fromthe group
consi sting of hydrogen; and linear, branched, cyclic, saturated, or
unsaturated al kyl; 5wherein the passivation layer is a silicon oxide film
[0045] This invention also relates to a photovoltaic device conprising a

phot ovol t Eiyer feH th ‘%%?é,istﬁé Estn?atnga@B?ﬂ il i%fe?'ﬂawﬂa Bhth gacm{aeagﬁy%# doped

silicon | rear one

passi vat i end Blawnlmldpdfmet.ed on at | east one of the surfaces; wherein the at
| east one passivation |ayer is deposited by using a first silicon precursor
sel ect ed fa0dn] t Ribe Bitienn gxidsf lage] neetbedadairotrpolited with the agitlitish CORLpxEEY;

e e e e e A

consisting © near “a e Tigan turatéd or
unsat ur at B, O.Candbmatighetheaddly| , wherein the |igand may be saturated or
unsaturated; and 20C1-C8 cyclic alkyl, wherein the |ligand may be saturated,
unsat ur at fP42br Far example thexprissRatien [ayeicgaivivien bHayerevberemdhe sitigan mitsidgr oup

consi st ngg‘g.f isldggésqgg%gég;gjsd% J%Il]\’d;%@ﬁlegiakyl wherein the ligand is

sat ur at ed unsat ur at al kyl, wherein the ligand nmay be

satur at ed Qg AL PR 1afSh cR oY Chiirphlitbie ggERI N the 1igand may be

sat ur at ed rat e aronmatic
[0044] This mvenhon also relates {o a photovoltaic device comprising

10 a photovoltaic celt comprising:
a P-doped silicon layer adjacent a N-doped silicon layer,
a front surface and a rear surface;
and

at least one passivation layer deposited on at least cne of the surfaces, using at least
15 one silicon precursor selected from the family of selected from the family of
Si(OR")R?,; wherein

Xty =4 andy =4,
R'is independently selected from the group consisting of
C1-C8 linear alkyl, wherein the ligand is saturated or unsaturated,

20 C1-C8 branched alkyl, wherein the ligand may be saturated or unsaturated;

and

C1-C8 cyclic alkyl, wherein the ligand may be saturated, unsaturated, or

aromatic;
and
25 R?is independently selected from the group consisting of
Hydrogen;
C1-C8 linear alkyl, wherein the ligand is saturated or unsaturated;

C1-C8 branched alkyl, wherein the ligand may be saturated or unsaturated;
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NR33; wherein R3 can be independently selected fromthe group consisting of
hydr ogen; and |inear, branched, cyclic, saturated, or unsaturated al kyl;
and a second silicon precursor selected fromsilane, the famly of
Si R, Hy, and 5conbi nations thereof; wherein xty =4, y # 4, and Ris

i ndependently selected fromthe group consisting of CL-C8 |inear alkyl,

wh [ he i d-J , . ; - l kyl,
whor oi n the 11 gandC s Qe e i oot s BOGRRER, &5 1

wherei n the |igandamegtieangat ur at ed, unsaturated, or aromatic; and NR ;
wherein R can be independently selected fromthe group consisting of
hydr ogen; and | i nedR’; wherpiol¥dan by didependantiysaleetd from thegaouwr caneidting ky| .

15[ 00551 Pref 1o oy i gLl 3508 6 PRy

consi sting of nethyl, ene, a

L DUt Y4 ey BOf s BRIP4 o ShitBoianghed 2 kyl T selected from the
g of 1sopropyl, I

group consistin sopropylene, isobutyl, and tert-butyl ; the
Cl- C8 cycl | kel - ISk of cycl opentyl,
cycl ohexykqﬁggn%'%,'ﬁ\%ﬂﬁ @?ﬁﬁ%‘%ﬁ%éﬁ@?@%ﬁ{%ﬁ%ﬁ%ﬁ. s case, the

passi vati on i S ka .having both silicon oxide |ayer and silicon
nitride | ayeérﬁycﬁé)\ggaﬁc%‘?ﬁgoéﬁ(ﬁgdn oxi de layer or film nmaybe deposited with

an added oxygepgs ; i ) d Fsting of 02, N20,
ozone, hydrogeﬁ P;(g%e?i H@?ﬁﬁ%&%@%wfﬁ‘g}%‘%ﬁ%& t hereof . 25[0049] The

oxide filmis gwog Qﬁ@t:g%ﬁ?wemgé.ed W t hout the added oxygen source to
the CVD reaction cila er. [0050] Deposition of the silicon nitride

Iayer.{{ji | mnpy utilize a nitrogen source includes but not limted to NH3,
met hyl am ne, di net hyl am ne, trinethylam ne, or mxtures thereof [ 0051]

Sil'icon preciisRf snSpadsRBlich hosr pBGitdd dring 1643 o bf heRuANdede |ayer in the
present 30i nvention include but are not limted to nethoxysilane,
di met hoxysi |\ gt@ein titid SBELDVHE bhadMition layer is deposited by using

a first silicon precursor selected from the family of selected from the family of
Si(OR")R?,; wherein

15 x+ty=4,and y = 4;
R'is independently selected from the group consisting of
C1-C8 linear alkyl, wherein the ligand is saturated or unsaturated;

C1-C8 branched alkyl, wherein the ligand may be saturated or unsaturated,

and

20 C1-C8 cyclic alkyl, wherein the ligand may be saturated, unsaturated, or

aromatic;
and
R?is independently selected from the group consisting of
Hydrogen;
25 C1-C8 linear alkyl, wherein the ligand is saturated or unsaturated,
C1-C8 branched alkyl, wherein the ligand may be saturated or unsaturated,;

C1-C8 cyclic alkyl, wherein the ligand may be saturated, unsaturated, or

aromatic; and
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t et ranmet hoxysi | ane, tetra-n-proproxylsilane(or tetrapropoxysilane),

et hoxysi | ane, diethoxysilane, triethoxysilane, tetraethylorthosilicate (or
t et raet hoxysil ane), di nmethoxydi et hoxysil ane, nethoxytriethoxysil ane,

et hoxytri met hoxysi | ane, net hyl et hoxysi | ane, ethyl et hoxysil ane,

et hyl di et hoxysi | ane, ethyltriethoxysilane, 5nethyltriethoxysilane,

di et hyl di et hoxysi |,ghe i ITets 10 ] I j et i ]

met hyl di et hoxysi | a'&llg,s’ %ﬁ?ﬁﬁ%@%@ﬁ%ﬁ@%?ﬁ@'?é@ﬁ?%b\ﬁ'{hﬁgﬁ@ﬁy&ﬂg@%

met hyl t ri met hoxysi ¢fdiydrogen; aretlingae breowhsd, Icacle, safuratesh gt umsagirater yaddyl; ane,

i sopropyltriet hOXyng ane, n-butyltriethoxysilane,
tert-butyltriethoxysilane, isobutyltriethoxysilane. 10[0052] Silicon
precursors sujt - i L i li.C i trLdenl,ay in the present
invention i nac$etf§§& g'tlj%oq{l%r? &P-I&?rﬂl E{eﬁe%qatot)f%ﬁrne? 1'1%/'169 a{%@; E&’?@r@f%?@? | ane,

tri methyl si lcandjnatiots tieetofiydheiréiane, et hyl si | ane, di et hyl sil ane,
triethylsilane, tetraethylsilane, propylsilane, dipropylsilane,

i sobutyl silane, %er+bw yUsahcane, di butyl silane, mnethyl et hyl sil ane,

di met hyl di et hyl si l ane, nmethyltriethylsilane, ethyltrinmethylsilane,

i sopropyl si | ane, RisSiddersndentfyydetickeifegm the greop consjdtiag lone,

di sopropyl am nosi | ane, am nosil ane, diam nosilane, nethyl am nosil ane,

et hyl am nosi | ane, @i-€8Hipkeamnalkyd,siheaein thediigaet by satuiatesisér| unnaturated;

bi st ertbutyl am nosi |l ane, and bi s-i sopropyl am no( et hyl vi nyl silane) . [0053]
It shoul d be underGt-68dramhiedtahyl, siheretvinedigand magpersafurdiad ar gosatwdteds t o
silicon dioxide layer/file. The silicon oxide |ayer may include | ow
concefirati ons of ChOBmyclimalky20vhyadeio denligamdenaydreceattnatedi onsatdratedr @on i s
preferably | ess thgrgmgg%.at om c, and the concentration of hydrogen is
preferably | ess than Joatom c. [0054] It should be understood that the
silicon nitride layey/filmwll contain a nmeasurable concentration of

hydr ogen, consistent w th anorphous filnms known in the art. 25[0055] In one
enbodi ment, a photgyol {al c: Gel : .al ¢ cell
according to the p@%é”e‘&ﬁér?w\cjgﬁ% l|’l 8%%@@%9&12%?%@5@!0@5@gﬁ%%é%‘ﬁgﬂags rate
conpri sing sili coref hygisgealang lingat, heanthedncyslicasatetatad, of unsatyrptedlikyirhe
substrate can conprise nonocrystalline silicon and nulticrystalline
silicth. F@%]seﬂrel*@fﬁblw\the'csﬁi-@g tager ajkybip galestegdioptinparedn sansising plcon and

mul ticrys ! i b I [ I - 3@l s of
i 1 ona oL e g b ol ST SRS S e R P bR P Che

subst r at ebrepehetcakyis seleategisern thaigioHp songiking ghsopeppyl, [sprgeyiepedsobilhough
boron is w Vi e i i : s YR i ts such as,
for exanp e‘?j@éta Wﬂ%‘eg@ F:? Iyglﬁd@gﬁggﬁggéggﬁm%gi?/oedg.daﬁflt ough phor phor ous
i s widel ycypiangniys chglohexyl penzib padtmetyleidtopegiybant s may be used. Thus, the
photovoltaic cell, the silicon substrate or the substrate are exchangeabl e.
[ 005630 Si [0048h kuibistoese dBe apesivalipn AR is adrdayien Baving bathisficar oxipe fayeh | ngot s,
vapor phaggy %ﬁéb‘?ﬁiiﬁih@% el 1 qui d phase epitaxy or other known nethods.
Slicing can be via |nn(¥r- 5 di aneter blade, continuous wire or other known
sawi ng ne;dbaﬁf- TRY &ih&mﬁiqéﬁyé%@m Aa§b& 88pdaRed With AR RdEMxGRAGLAILY fl at
shape, wafers are t%/pl cally circular in shape. Generally, such wafers are
typi cal | yselegied framrihe Beoue co08istingca! Sreble?.0ZoRe.dwdrqaesmeradsiey NG NSt r at es of
t he presen%%i A48 MiktQRs Mfedess than about 200 micrometers thick. [0057]

Before further processing, the substrate is preferably cleaned to renove

any 18lsur faag) deRE baiddfich 8 Wdrk PeréRBRIRpodRl witobY the ldabisd bRffendaarcakéci ng
the substrate in a wet
the CVD reaction chamber.

[0050] Deposition of the silicon nitride layer/film may utilize a nitrogen source includes

but not limited to NH;, methylamine, dimethylamine, trimethylamine, or mixtures thereof.

[0051] Silicon precursors suitable for depositing the silicon oxide layer in the present

30 invention include but are not limited to methoxysilane, dimethoxysilane, trimethoxysilane,
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chem cal bath such as, for exanple, a solution conprising any one of a base
and peroxide m xture, an acid and peroxide m xture, a NaOH sol ution, or
several other solutions known and used in the art. The tenperature and tine
required for cleaning depends on the specific solution enployed. 15[ 0058]
Optionally (especially for nonocrystalline substrates), the substrate is

bl ans.  TosAe RGP B o SR HER G B Mo b R BRI NS P 200 o

proj ect ed diertlwnyslmesmbmbxmimes tetfatglorMbsilidets (phtetmetiiapsilane) t he

i d- bout it
DY & SRSRoN B dfahd AR Ao, hoBthaLbe Bbout Lto
[ 0059] An resthylétboxysiarer eihglefhoxpsiidne, )qﬂnykaéthyxy@yarwopthy@ﬂ&th@(ysm@t rate with a

aceompfi shUEReBEIRe e neSrdatsiRhe S Rb SR o  and t hen heat i ng
t he subst wadtieyidiethbxsilare| nicttgyidiettapaine) nteti"lyierhfmwslmmrethﬂeth@aﬁdm di ffusion

et nods o SiPtateE R ahe BRRBMSTRhe £opR RSB T St o
solid st atpﬁopjvitfﬁéthmyenfaneon -botylteethomysitres tanstady linethowgsilane, is® create an

n- doped Ig’}/jﬂtl n a. shallow p-n junction proxinmal to the substrate surface.
Phosphoru &g ?)’fyé'lja&er ed n- dopant but any suitable n-dopant can be used

I t hi
?:o(r)nr/]gﬂg ol J&)%EH%IHC% B%@ufss%?s sn.@lgble:jﬁ' deghéﬁﬁpe%ﬁﬁssﬂlrﬁﬁﬁg!tﬁrﬁ% I§¥ r uﬁl‘% C;)I'Qgen :‘telr um
em tter finveatioronclude butmoft imited tormétbylsifapat dichellivisignaltimethploitang. of t he

f f. the t
ourfaces kR RBRL @ fiehd AAMaSIEr v MRIche WA BRI, (0,
subsequenhummﬁﬁam n@butyﬂsﬁ]%@]’rer’dﬂu@&lﬂnetrﬂvutﬂalanngmpt’fweﬁwisﬂm create a
I f | h
Lo cal |y resiBORalSls e’ e iRt RSRRS, SHphEuGlont NeoptBh et ! O,
siliced oui;st@rmisnmm, rtmmre;uylsmhn@l@nprdmlanémadpmee amihesifeoe |diamisedilage.i n a

t ch I h, . icgally. a_. 5[0061] |
e gngg“dﬁ“%r}ﬁ%%.pg%gﬁ&' @@L%gﬁggaﬁ‘é’ 88&5%@%50% Iéﬂl{;dlﬁﬁ%ﬁﬂgMHPglgwg dLIIQn 0]r qor o
gener at e mrﬂmsﬂamins&illaae,tandd:}is}'rsbprtoeylamlr[o(()tbem]/lvtnwisdﬂner)o dep05| tion of a
passivation layer or film the substrate may be cl eaned using acidic or
basi ¢ sol {0053hs ltkshowd bierundbestaudtthat[t® iGorTrides |Bv¢féfi|fd@f§@s'ﬁfter33ﬁ¢§ill§ﬁnt he

t d

o pr oducdope: sfies ETHCA Bke ek ol Bl Bt AsY oREBRERERS 10
of maperi aysrogﬁmr‘rmmbetrattoh@fda;boenst wrefera@y Iea@tha@a‘il% atppue, a@dﬁb@u tion
(ovD) or Oggﬁe S BIGADGERA bRk ROL plpRo) Liop, (PECVD)  [0084] In the

bi - ayer sili1’con ayer |styp|cally5to 70 nmin

t hi ckness S lB¥@lhds typically
20 to 200106}’r fer: ag{"i)é b%g@%eé?cof?@&%ﬁ?%“écﬁ] @E% Iég)efflﬁllirﬁﬁn Castglrnvatl on | ayers
can have mda‘surpabb‘ dmnedarﬁseélos of hvcbowssmmtemrwmhawmrphﬁUStfﬂms raweirithe nvent i on
i's deposMgdtoatotaI t hi ckness typically from

25 [0055] In one embodiment, a photovoltaic cell, such as, for example, a photovoltaic cell
according to the present invention is fabricated using a doped substrate comprising
silicon, typically in the form of a wafer or a ribbon. The substrate can comprise
monocrystaliing silicon and multicrystalline silicon. As used herein, "silicon” includes
monocrystalline silicon and multicrystalline silicon unless expressly noted. One or more

30 layers of additional material; for example, germanium, may be disposed over the
substrate surface or incorporated into the substrate if desired. Although boron is widely
used as the p-type dopant, other p-type dopants such as, for example, gallium or indium,
can also be employed. Although phorphorous is widely used as an n-type dopant, other
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about 25 to 600 nm preferably, 40 to about 500 nm The thickness can be
varied as required, one bi-layer(conprising the silicon oxide |ayer and the
silicon nitride layer), and/or multiple bi-layer can be applied. 20[ 0065]
Preferably, the passivation filns according to the present invention have a
refractive index between 1.0 and 4.0 and, nore preferably, between 1.7and

. 3. d fI f ' d wth
Cuo or  montoants ey Beulsei g B elnle e S, Y SR R-4RD, PR RIS 1

coating aaneoemhalggdabiet he present invention, the greater the range of
wavel engt hs over which the reflectivity can be 25m nimzed. Typically with
mul ti pl e [ED56T s Siliear bullsarptms ant hyipidatiy ebtaindd by elicng si@hriagdts, wepomuhege [ 0066]

Liquid pr g%éc?Sé%rr]SIzqiuad-'%lpasgdegmé)\( oo oqhér%ng{aﬁ i ‘?}%ﬁtsorSi:éM? ESM)Q%FG} nunber of

nmeans, surl ze ai nl'ess’ st eef vesse ted W th
t he pr@pemammlt@reﬁac@ndoﬁtmuwm\gse bootabd lowwnheswirg metbpgs. oAlthuthth:b substrate

Chanber pEROPS P MY 9GSO oot R At WERALP reBR? ok Cinkily, v ot

rrm;t e[) ieaLs suctcivalges, are typically msstha;eab;(u%@) mldﬁemetArs thisR., Pﬁira?lgo?gstrgtr?; whi ch
u
r egct i Ve”@t@étpi%s%ﬁgﬁvglﬂ@h aiés leggg"eou%boc‘ﬁf qU| ng%%}géﬁ'fsg subst ances, NH3, and
H2 0068 t t
| 0008 odgF B3 APEL BT 1 FBEFRU R FERPET) Bekfed LB by gaces o

react and orm uch ‘energy c
provi tied byrfdmefebridang catting amags. hoypicalip) thig dntjydes pd;;acmgtthesmtratqalhm
pul sed p' caﬂ;{ S S 0 R Po? %nggl'g% 3&8{1&4 Lo a;PrIs?r@,f fdnﬁ%%tt}a¥85¥d coupl ed

pl asma, a asnﬁ Setohd guency source can be
used to rrpelnoﬁ(gdetnhmtupd asrmudcmmmmei sbxiturs, aaNaOH@Oi:,mpe,tcrr&EEersLmtherce

cepost 1 of e 9L HEE bl RIS PR PR RN 58 G e

on t he depemerdsan tby spemific sbhaioo leampredconf i gurati on may be single or nulti
wafer, and direct or renote plasma. 10[0069] The flow rate for each of the
gaseols r {58ht Oppionily (espegialnfoy e'svr‘rbcltyema[liﬂe subst@ia3(he sebntratenid tentwizeiighl vy

d d f ] I

or sour sor BV okl PRoRbat SErER R cnetifbry B PG, Rd PGS L 2Ve for

t he oxygenomownlydn thedbmn abpyramithgiepes depressadoorprgeded fom theadostiate f | ow rat e
for the n%ﬁr’fé%%ﬁﬂ"h%%é gﬁl?optﬁez)tﬁﬁ%lemlraﬂﬂggﬁ JS%I@QQJHFI Bro]cggglq% 13 15[ 0070]

Met hods fOrf a fer substrate ftor " a talc cel l
are knomtyprcatlh&omrabouﬂ:‘r toraboahd mierametsont Qoe or both sigep lof ﬁ@ aotarphlémgm et r at e
usi ngzd)netegéur I ti pl e known net hods: photolithographic, |aser grooving and
el ecttol ess plating, screen printing, or any other nmethod that provides

d oh t h t hat
alectric BBRL, Aot Taeh  for et W RAN BPdockiy hBSEBIS AR dPatt 21F0 ¢ e
cont act s aieetnpalh/sfmmpsﬂmtoath@temewt ovthe &tike Ndoing carxkaptcemplighaddy fi ngers,

1 nes. et fopodiil 0 nRbafiVHE hyyabgmé bfid feAHealiho (RYSIUL REGrvbIther

applylng e contac he su stra a rap | annea
treat nent p; dopyminfaltlheysmstratet eBgsS0as drffesu;n can bmua@bt@tdemalt the radienant gﬁgc f or

only fgve{h%ﬁgggggﬁﬁ%%?c@thgpmé hi)ga§§|$9@g%e 84 fr%w&&o@ha—%é fércéxtaﬁ\ le

substrate 0SSl evi ce confrgurations are presented in
figure 1. ionhmplantedinn,iswiid skte diffusion, or other methods used in the art to create an n-

doped layer and a shallow p-n junction proximal o the substrate surface. Phosphorus is
a preferred n-dopant, but any suitable n-dopant can be used alone or in combination
such as, for example, arsenic, antimony or lithium. Conversely, boron doping may be
30 applied using similar methods. After emitter formation, a p-n junction is created along all
exposed of the surfaces of the substrate. In some embodiments, it may be necessary to
remove a doped region from one side or from the edges of the wafer during subsequent

processing.
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conpatible wth devices where the p-n junction is formed at the front of
the device (figure la, Ib, Ic). [0072] The invention is also conpatible

wi th device configurations such as netal -wap through contacts,
interdigitated rear contacts (figure 1d), or interdigitated front contacts.
30In these devices, the p-n junction is not fornmed hoaneneoust at the

front of an effe I mai ns
ot o g e S BB o S Sl R A A BRI bl

usi ng t hesyrfaEsef therwadat wtmhnsagyppauyvnedmvedmendudnabplﬁcabtbn o passdation nt er nal
refl ectance when used on .th | v f.| uence
of the fi PG Zfth ﬁ'{:?n 8’“??1%%“ E%He"i%vgeraé@mgsh ggeésx%e pie gﬁ T"é@? l| é&%ﬁosé/@ral t he

ful | angulvet chiemmiga batt gypeated lowt@rcealratioafHifeselutim. gener al | y provi des hi gher
device efficiency. [0074] Passivation layer/filmgenerated using the
presend i {0081] i tmomegmpadimentelcaal ghddensgndbpibeg melyitherolbe perfdrmeefin efger ion when
used on the front si th ice. 5Optim zation of |ayer/filmthickness
to ref racp?geéafn%%% %gsr?%r?ltwe %%gyst he anount of light that is reflected away

| cads to IR Bufadlphifon G4 fEsoRS] GR3F i dA siaRirayBe ppERes = Y

gener at edusisg agidichoe bpsie seltionsknemniinthedwt.not substantial |y degrade during
firing at 800C for 4 seconds. Preferably, |less than 20% reduction in
10sur f ace [0G68%t iThe filbrcdapssitivis of the pfeseatinyentioh @reccdnspatiftiel Withrthe ¥aiiaits | n

ST BFE  BREhEh ArblbbdBecd BB RABOYBIAI Bl RUCHT RSOV adaringY of
pr ef er abl o a @ty of seterialantbrrexsmple: HecdepobijiorBEhemicabvapot SPREHIN (ENO)

inventi Onoﬁéllagmpgghé%c%?%?%ﬁ%hif é&’&ﬂﬁ’e%k \gg h reference to th_e

foll ow ng rstood’that the present invention
[ t d Ed&q BPSIngh

Icail 23| at:a ns ;I/veqn% bi etr%& uts]éﬁ{neg]rt ?ﬂe éen3| ty I?{uenrésf I;@ ﬁ]%asedn@ggwg%lis
nmodul e of thickmees, mr%fenajvlyaﬁ/tautl%bn@themﬂ@pn altddegiayei 1o typicelage to 080 poferably
Deposj{ i 08§ i PsEXAMPlfHnesd ] yﬁas?ﬁ%g%lgg%sgggﬂa{lé’ R |t|§|e oy EANGHe! | i con

substrates having a resistivi cm a a three step RCA
cl eani ng pesw\attpv@yer ofthé oreseut imeandibn suednesited fopputotal thicknasrtypiFalyifraace

treatment pg &%WB%@O Rt Eye%r%lb/d t@éﬁo@]ﬁ% nrﬁofhé;t’ﬁﬁm?éﬁschaﬁ bevaiegasi tions
wer e perforrre one silicon substrate avi ng a I‘ESIStIVIty
of 1-5 O- cequw[eomcte]bt Tatver(eorspmslmg)thaeajmgm eite ayreard We|silison nitiaerlayash er s.

and/or multiple bi-layer can be applied.

20 [0065] Preferably, the passivation films according to the present invention have a
refractive index between 1.0 and 4.0 and, more preferably, between 1.7and 2.3.
Improved reflectivity over a range of wavelengths can be achieved with two or more
films. For example, the more layers of the antireflective coating according to the present
invention, the greater the range of wavelengths over which the reflectivity can be

25  minimized. Typically with multiple layers, each layer will have a different refractive index.

[0066] Liguid precursors can be delivered to the reactor system by any number of
means, preferably using a pressurized stainless steel vessei fitted with the proper valves

and fittings to allow the delivery of liquid to the process reactor.

[0067] Additional materials can be charged into the vacuum chamber prior to, during
30 and/or after the deposition reaction. Such materials include, e.g., inert gas (e.g., He, Ar,
N,, Kr, Xe, etc., which may be employed as a carrier gas for lesser volatile precursors)

and reactive substances, such as gaseous or liquid organic substances, NH;, and H;
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[ 0082] Depositions were performed on both sides of the silicon substrate in
order to allow neasurenent of surface reconbination lifetime using a Sinton
lifetime tester. [0083] Depositions were performed on a 200 mm singl e
waf er PECVD pl atformat 13.56 MHz. Deposition tenperature ranged from
200- 450C. Chanber pressure ranged from 2-10 torr. El ectrode spacing ranged

f 200- 1. . 084] .. F | | |l es, ;15 f sili id
| yor - was (REBbs Fieay i PRRCET §7 1R SPREC SeRR i FonsdR BF B8%esth 0 BPEl wi th s
nm of si | faz@rtheilayeritn bayer subkkatapiSeici engrd985h bBprulidederygtesenddgeon the
col 1 o e oty SR L e O e R

contrast {6
t her nody nplseabiaddctiealgrcgigsd pHemanarshiengpté plabmaleethodsh\A sdeadgry it i s

hypot hesi zed 10t hat the |ower bond.. rgies. (i.e..0-C) allowformation of a
o Preoh’ ofFateriy SPisse Ao pa RER BIRBIFIER B eShafbnaaibalinert e RARer v o

whi ch pr owintles. dhéfarabid theasstingisi fomgaetsy pissraaeshariced ichethicpbidpesi zed t hat

t he high Qond.str th of Si-0 in the conpou I, etenti.on of this
Spect es | HERGRED) dbBRstin Tri-5ns ab G B 0f ReBie ML EIRhHBR ofind

Separ at e dapy@stionsysteae . THeChaaibkee configUadtion ralyded diyiel oemeltigvader, and dissdt ane and
al kyl silane r@l ecul es Mol ecule Si-H bond energy 0-C bond energy Si-0 bond
energy Si PRIFEVEPRERP nol e NN A N A Tri met hoxysi | ane

10 [0069] The flow rate for each of the gaseous reagents preferably ranges from 10 to
10,000 sccm, and are highly dependent on the volume of the chamber. The flow rate for
the silicon precursors preferably ranges from 10 sccm to 1700 sccm; the flow rate for the
oxygen source preferably ranges from 2 to 17000 scem; and the flow rate for the
nitrogen source preferably ranges from 200 to 17000 scem.

15 [0070] Methods for adding contacts to a wafer substrate for a photovoltaic cell are
known in the art. Front and rear contacts are applied to the substrate using one of
multipte known methods: photolithographic, laser grooving and electroless plating,
screen printing, or any other method that provides good ohmic contact with the front and
rear surfaces respectively such that electric current can be drawn from the photovoltaic

20  cell. Typically, the contacts are present in a design or pattern, for example a grid,
fingers, lines, etc., and do not cover the entire front or rear surface. After applying the
contacts, the substrate may be fired (a rapid anneal or heat treatment), typically at a
temperature of from about 700 to about 950°C for only several seconds, such as 1-10
seconds, to form contacts to the substrate.

25 [0071] Four possible device configurations are presented in figure 1. The invention is
compatible with devices where the p-n junction is formed at the front of the device (figure
1a, 1b, 1¢).

[0072] The invention is also compatible with device configurations such as metal-wrap
through contacts, interdigitated rear contacts (figure 1d), or interdigitated front contacts.
30 Inthese devices, the p-n junction is not formed homogeneously at the front of the device.

However, an effective passivation layer/film remains critical to device performance.

[0073] Passivation layer/film generated using the present invention may provide the

benefit of increased internal reflectance when used on the rear side of a device, due to
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97 kcal /nol e 86 kcal /nole 100 kcal /nol e Tetranet hoxysilane NNV A 87 kcal / nol e
112 kcal /nol e Tetra-n-proproxylsilane NV A 84 kcal /nole 111 kcal /nol e
Tetraethylorthosilicate NNA 86 kcal/nole 108 kcal/nole Exanple 2 [ 0086]
Depositions were perfornmed using tetraethylorthosilicate, or

tetraet hoxysil ane, 20or TECS to deposit a 15 nmsilicon oxide layer/filmon

h f , iLi ate.. No :
e =0T 26 Bl o b5 3 0RAs0) gl LSRR PR IINE RO s,
tri et hyl sahguier ange. ancressea imverral uslectiongedefady ptovidee highpedewice ¢ffidetayp of t he

silicon oxide film [0088] Flow rates for silicon oxide deposition were :
500nmg/ m n[0074% 3 Pa8ssiation fayer/MEQE:neta84 usiog thef weseatd invEnorchayrpervidgrassur e was

8 torn pougki;dRs nddbr e ASHOR WHeRlsh & BREASH: SRie WS @ikt 400C

5  Optimization of layer/fiim thickness to refractive index can minimize the amount of light
that is reflected away from the front side of the device. Decreased front reflectance

generally leads to increased device efficiency.

[0075] Passivation layer/film generated using the present invention do not substantially
degrade during firing at 800°C for 4 seconds. Preferably, less than 20% reduction in

10  surface lifetime occurs. More preferably, there is an improvement in surface carrier
lifetime.
[0076] Passivation layers having one bi-layer stack, has a surface recombination
lifetime values of < 200 cm/sec, preferably <100 cm/sec, and most preferably <30

cm/sec.

15 [0077] The invention will be illustrated in more detail with reference to the following
Examples, but it should be understood that the present invention is not deemed to be

limited thereto.

EXAMPLES

[0078] Bond energy calculations were performed using the density functional based

20 Dmol3 modute of commercially available Materials Studio package.

[0079] Depositions in Examples 2-4 were performed on p-type Float Zone silicon
substrates having a resistivity of 1000-2000 Q-cm after a three step RCA cleaning to
remove organic and metal surface impurities and HF surface treatment to remove native

oxide.

25 [0080] For Examples 5-7, depositions were performed on p-type Float Zone silicon

substrates having a resistivity of 1-5 Q-cm.
[0081] There silicon substrates were all 500 micrometers.

[0082] Depositions were performed on both sides of the silicon substrate in order to

allow measurement of surface recombination lifetime using a Sinton lifetime tester.
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[0089] Flow rates for silicon nitride deposition were 125 ng/mn or 24 sccm
for 5triethylsilane; 225 sccmfor NH3; 400 sccmfor He. The chanber
pressure was 3 tom power was 400W The deposition tenperatures were set at
350C. [0090] TECS filmA and TECS film B were deposited at the sane
deposition condition on two substrates. [0091] Lifetine data were

posLan < 0 sul N
For. m nor APEaPEpen it pé ARG ES oo o g el oty ol 8L T ace
Ir _efcgtn‘;)irrgaﬂ'ﬁfgﬁ Mle:k.gligépqrsitimgrtenﬁé?m 'ramg[tafr_bﬂ& 2(]0.-450&%@h?|_m|ben\praﬁl.ire yalglgg\d/ E) i er

I I Lon Vv | ;
deposi ti off °ll 28I G RR R Ipadht et ifr%ﬁ‘ %qb%@rﬁwwco .L: feti me :: lel5 MCD
SRV at - SeghdfDrgRY) @lamfet 15HR JFisiftof bkiBk fy8r #4s BEdshEf GirdufBnthd | 1 sec 113

cm sec
5  silicon substrate, and covered with 85 nm of silicon nitride layer.

Example 1.

[0085] Bond energies were calculated for silane, and several alkoxy silanes as shown
in Table |. In contrast to silane, the alkoxy substituted versions have ligands with lower
thermodynamic bond energies. Not wishing to be bound by theory, it is hypothesized
10  that the lower bond energies (i.e. O-C) allow formation of a silicon oxide at lower plasma
power densities and deposition temperature which provides enhanced passivation
performance. It is hypothesized that the high bond strength of Si-O in the compounds
allows retention of this species in the plasma and aliows deposition without the addition

of a separate oxygen source.

15
Table I. Calculated bond energies for silane and alkyl silane molecules

Molecule Si-H bond energy O-C bond energy Si-O bond energy
Silane 95 keal/mole N/A N/A
Trimethoxysitane 97 kcal/mole 86 kcal/mole 100 kcal/mole
Tetramethoxysilane N/A 87 kcal/mole 112 kcal/mole
Tetra-n-proproxylisilane | N/A 84 kcalfmole 111 kcal/mole
Tetraethylorthosilicate | N/A 86 kcal/mole 108 kcal/mole

Example 2

[0086] Depositions were performed using tetraethylorthosilicate, or tetraethoxysitane,
20 or TEOS to deposit a 15 nm silicon oxide layer/film on the surface of a silicon substrate.

No added, separate oxygen source was used in the deposition process.

[0087] For the 85 nm silicon nitride layer, triethylsilane and ammonia were used to

deposit the layer on the top of the silicon oxide film.
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156 cnmisec TECS filmB 0.29 mllisec 0.23 mllisec 86 cm sec 108 cni sec
Surface reconbination velocity was determ ned using the equation

15[ 0092]
SRV =t/2
lifetine
cni sec,
who repor
both sili

(r) where t
i n seconds.

in contrast to Hof man et al

e P aiE T oo R RPadty

Sl hetinanhl
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is the silicon thickness in cmand T is the neasured
Each of the filmresulted in SRV values | ess than 160
(Advances in Optoel ectronics,

I oy 8584 RAgST L ane f or

treatnents,

485467) ,

such as,

firing or/Taus;dnoeatdmipr HeEX Angtieaniber [pBB881e WasCBtdr; powef wan® EWdniee 2 were

heat ed us
seconds.

Table |11
reconbi na

ace

dBfetionther this s

Iods31

obdlBETaf oy 006 Lo
b o e BB Bl 534

tenperature of 800C for
reconbi nation velocity were shown in

| ess than 10

lrﬁiﬂ%r 24 rs[:@rﬁ ®or

rapi d anneal

(R A) heat

t r eat nent tridtiedsikser22bistemni for Nik; S@1stcm@d He fete dhander pretsSuré/Bs 3 torr,
power was 400W. The deposition temperatures were set at 350°C.

10

[0090] TEOS fiim A and TEOS film B were deposited at the same deposition condition

on two subsirates.

[0091] Lifetime data were collected using a Sinton lifetime tester in transient mode and

recorded for minority carrier lifetime values of 1e15 and 5e14. Lifetime and surface

recombination velocity were shown in Table il.

Table I1. Minority carrier lifetime and surface recombination velocity for TEOS films after
PECVD deposition without O,

Precursor

Lifetime at
5e14 MCD

Lifetime at
115 MCD

SRV at
5e14 MCD

SRV at

1e15 MCD

TEOS film A

0.22 millisec

0.16 millisec

113 cmisec

156 cmisec

TEOS film B

0.29 millisec

0.23 millisec

86 cm/sec

108 cm/sec

15

20

25

[0092] Surface recombination velocity was determined using the equation SRV = t/2(1)
where t is the silicon thickness in cm and 1 is the measured lifetime in seconds. Each of
the fitm resulted in SRV values less than 160 cm/sec, in contrast to Hofman et al
{(Advances in Optoelectronics, 485467), who reported 700 cm/sec for bi-layer after
deposition using monosilane for both silicon oxide and silicon nitride without heat

treatments, such as, firing orfand annealing.

Example 3.

[0093] TEOS films from example 2 were heated using a belt furnace at a peak

temperature of 800°C for less than 10 seconds.

[0094] Lifetime and surface recombination velocity were shown in Table lil.

Table lll. Minority carrier lifetime and surface recombination velocity
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SRV at 5el4 MCD SRV at 1el5 MCD % i nprovenent TECS film A after RA 2.4
mllisec 1.9 mllisec 10.4 cmsec 13.2 cmsec - 160% TECS filmB after R A
2.1 mllisec 1.7 mllisec 11.9 cmsec 14.7 cnm sec - 150% [0095] After the
heat treatnment at about 800C for only several seconds, the surface

reconbi nation lifetine value is inproved nore than 150% 5[0096] The heat
treatnent, which is t t een rint

metal |i zat i on, resul tféﬁﬁéé fiﬂ;s 51]?% rggﬁt%%éﬁ oV cej)n@%ﬁt rBQtnﬁa(ﬁ eti rrg I n
contrast | Peaurserpri or alifetimdet pasfetimatat on SPaTrdtor muSEd atnpr 9¥enment ocdurs

cont e i dur
the over bl 1 process seqiBiLEC e D] )Féﬂ‘gv?%iﬁgiigt“‘%ﬁ]i S

ust ng th. iR A é‘f‘té “2 AililsBe "ﬁgﬁglﬁsé"c Pt a g -addgd pygen
sour ce. was "us t 0" deposr't nm si'i'con o i'dé layer/filmon the
surface )R.Aa sili con substrate Wi th an addemt/sesepar atndsegxygen source
TEOS film B after | 2.1 millisec | 1.7 millisec | 11.9 147 ~150%
RA cm/sec cmisec

[0095] After the heat treatment at about 800°C for only several seconds, the surface

recombination lifetime value is improved more than 150%.

5 [0096] The heat freatment, which is typical of that experienced during screen print
metallization, results in a significant improvement in lifetime. In contrast to the prior art,
the passivation performance improvement occurs during the existing metallization

process, and no anneal steps are added to the overall process sequence.
Example 4

10  [0097] Depositions were performed using the same condition as in Example 2 except
with an added oxygen source. TEOS was used to deposit a 15 nm silicon oxide
layer/film on the surface of a silicon substrate with an added, separate oxygen source
0,.

[0098] For the 85 nm silicon nitride layer, triethylsilane and ammonia were used to

15  deposit the layer on the top of the silicon oxide fiim.

[0099] Flow rates for silicon oxide deposition were : 500mg/min or 53.8 sccm for
TEOS; 1000scem for O, and 1000 scem for He. The chamber pressure was 8 torr;
power was 910W. The deposition temperatures was set at 400°C.

[00100] Flow rates for silicon nitride deposition were 125 mg/min or 24 sccm for
20  triethylsilane; 225 sccm for NH,; 400 scem for He. The chamber pressure was 3 torr;
power was 400W. The deposition temperatures were set at 350°C.

[00101] TEOS film C and TEOS film D were deposited at the same deposition

conditions on two substrates.

[00102] Lifetime and surface recombination velocity were shown in Table IV,
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02.

53.8 sccm for TEGCS; 1000sccm for 02, and 1000 sccm for He. The chanber

[0098] For the 85 nmsilicon nitride layer, triethylsilane and
ammoni a were used to 15deposit the layer on the top of the silicon oxide
film [0099] Flow rates for silicon oxide deposition were : 500ng/ mn

or

pressure was 8 tom power was 910W The deposition tenperatures was set at

400C. [00100] F t r I L Er%m n or
24 sccm for 20 tl‘ rQi}ng [ﬁ Ifﬁﬁoﬁtgcaﬁieégi‘éf?sgcré'%& mgﬁ\e]ﬁ%?&iggbscc\yﬁ&}l%

chanber pfllwsaﬁeéPE@é/Dademmtip@Mh Qwas 400W The deposition tenperatures were
0C. [00101] TEGS filmC and TEQS film D were deposited at the sane

set at 3
deposi ti
reconbi n
carrier

PECVD de
MCD SRV

10

15

20

25

bn condiRrieowsoon two gubietinag als.| [Loetiroept Lj f &iRViet and SRV ake

at i on vel ocity were sho Fahl I n
tion econ4m ch ‘%e'lé/[m DL 14M1CE%E 915 MAA

firinms aft

ifetime and surface r

on ve

o 5e14 NODTGRY at 1o15 WEDTFECS T07 MEE. 40 e TTiE gD S0 )

TEOS fim D 1.86 millisec | 1.25 millisec | 13.4dcmisec | 20.0 cmfsec

[00103] The surface recombination lifetime values were < 30 cm/sec without performing
the firing or rapid annealing.

Example 5

[00104] A passivation stack consisting of 15 nm silicon oxide capped with 85 nm silicon
nitride using TEOS for oxide deposition and triethylsilane for nitride deposition exactly
the same as Example 4 above but formed on Float Zone silicon having a resistivity of 1-5
Q-cm.

[00105] For the 15 nm silicon oxide layer, deposition was performed using
tetraethylorthosilicate (TEQOS) to deposit the oxide film on the surface of a silicon
substrate. A separate oxygen source was used with TEOS in the deposition process.

[00106] For the 85 nm silicon nitride layer, triethylsilane and ammeonia were used to

deposit the layer on the top of the silicon oxide film.

[00107] Flow rates for silicon oxide deposition were ; 500mg/min or 53.8 scem for
TEQS; 1000 scem for Os; 1000 scem for He. The chamber pressure was 8 torr; power

was 800W. The deposition temperatures was set at 350°C.

[00108] Flow rates for silicon nitride deposition were 125 mg/min or 24 sccm for
triethylsilane; 225 scem for NH;. The chamber pressure was 3 forr; power was 400W.
The deposition temperatures were set at 350°C.

[00109] The deposited passivation layer yielded a silicon device having a minority
carrier lifetime of 373 ysec and/or an SRV cof 134 cm/sec.

[00110] Since there was no measurable difference of carrier lifetime at 5e14 or 1e15,

thus the minority carrier lifetime and the SRV were averaged values at 5e14 or 1e15.

Example 6
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17.9 cmsec 26.3 cmsec TECS filmD 1.86 mllisec 1.25 mllisec 13.4cm sec
20.0 cnl sec [ 00103] The surface reconbination lifetinme val ues were <30
cnmisec without perform ng 5the firing or rapid annealing. Exanple 5 [00104]
A passivation stack consisting of 15 nmsilicon oxide capped with 85 nm
silicon nitride using TECS for oxide deposition and triethylsilane for

nitride dg LI Lon exactly the sane. as. , d on Fl oat
Zone silik ﬁlrliaﬁ%pg%r%%%y%? RVik ug?gflrgﬁ%gﬁéﬁ%ﬁsacg%%%% Efgﬁ{tgﬁe 15 nm

si | i con o¥iette/dilayenitriddefepssitiorowaswdsnepesiigBiidoananetgrd fot optanibgd detiresi | i cat e
(TECS) to deposit the oxide filmon the surface of a silicon substrate. A
[separ ait e [0ofd2h Fenthe d8 nvasiliccekids layer TEPBsition tMae pedprosict Uso1g pr ocess.

00106] Fpr, .the m_si J- i3 r ] L . ' ' - anmmoni a

wer e usedae 1aisdRediiatt HETEpbad e BYGE g} b) i Mirple SnFuid 2T

[ 001074 Fhuhstmas e sémarateioxigsmscxdedeasliegrpoisiitn TrOBeT the:depodiiy) propessr  53. 8
sccm for TEGCS; 1000 sccmfor 02; 1000 sccmfor He. The chanber pressure was
8 torn poja18hE0HeAs nithsilichepuiside layar, triatidsiane aeg ammoniewvergtusggdC. [ 00108]

Flow rateg_far .sili Ltr] | g on-were 125 ng/ mn or 24 sccmfor 20
triethyl s? %onsét;tﬁéz%g&g%ctﬁe?%drgfﬁlpggm‘?%{e&é%;%r pressure was 3 torn power was
400W Th?gfb%ﬁ hFohPerﬁtsggPdﬁﬁc%Hq&%ﬁ d@Bé&temer@t: 508MG/mih 8P 68 Blsclfigodeposi ted
passi vati bn l'ayer yiel'ded a silicon device having a mnority carrier
lifetime DECSTI0pGsacnafodOor 10900 sSRY fafHe. Iheohprper pressure was 8 torr, power

10  was 800W. The deposition temperatures was set at 350°C.

[00115] Flow rates for silicon nitride deposition were 100 mg/min or 19.3 sccm for
triethylsilane; 800 sccm for NH,. The chamber pressure was 3 torr; power was 400W.

The deposition temperatures were set at 400°C.

[00116] The deposited passivation layer yielded a silicon device having a minority
15 carrier lifetime of 433 psec or an SRV of 115 cm/sec.

Example 7

[00117] Example 7 was performed under similar conditions as Exampie 6 but the TEOS
oxide deposition and triethylsilane nitride deposition were both done using BKM

parameters for optimized lifetime.

20  [00118] For the 15 nm silicon oxide layer, deposition was performed using
tetraethylorthosilicate (TEOS) o deposit the oxide film on the surface of a silicon

substrate. A separate oxygen source was used with TEOS in the deposition process.

[00119] For the 85 nm silicon nitride {ayer, triethylsilane and ammonia were used to

deposit the layer on the top of the silicon oxide film.

25 [00120] Flow rates for silicon oxide deposition were : 165mg/min or 53.8 sccm for
TEOS; 1365 sccm for O,; 850 scem for He. The chamber pressure was 8 torr; power
was 200W. The deposition temperatures was set at 375°C.

[00121] Flow rates for silicon nitride deposition were 100 mg/min or 19.3 sccm for
triethylsilane; 800 sccm for NH;. The chamber pressure was 3 torr; power was 400W.

30 The deposition temperatures were set at 400°C.
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[ 00110] Since there was no neasurable difference of carrier lifetine at
5el14 or 1el5, 25thus the mnority carrier lifetinme and the SRV were
averaged val ues at 5el4 or l1lel5. Exanple 6 [00111] Exanple 6 was perfornmed
under simlar conditions as Exanple 5 but the triethylsilane nitride
depositi on was done using BKM paraneters for optimzed lifetinme. [00112]

For the 1 ilicon oxide |.ayer, de o] . I

tetraet hyl?%%f)jihﬁ idgg?séteE?ﬁf%‘fé{'f’B I%’SE@%@F : £ hsg":}é@?%‘@&{ {1&%@% ”{ﬁlderagur face of

a sili conchsigbtfetimt of 528 pepar aheaRX g7 smisece was used with TECS in the

deposition process. [00113] For the 85 nmsilicon nitride |ayer,

triethylsilane and anmonia were used to deposit the |ayer on the top of the

silicon oxide film [00114] Flow rates for silicon oxide deposition were
500ny/ mife0i@s] FBe Sorsgaing ExamAIEOSoukDDtaker as fllostraidg, rAUED thawms liwitingde. The

chanb { 0 - LLi t
vag seb nEaERen fgatl SLiRNE) 1ol HEW ol Wadip BEELLER, hERBELE. L 750
mg/ m n or vafat®ns aodredrobingiiorstdiyHesiehtanes; se@ G0thsabone £an bélbBized méthettanber

pressure LI qgﬂfr LU re set at
400C. %gﬁﬁﬁTQ@ﬁ%Qﬁ%gﬁéggiW#%gmi%%gﬁJgﬁfﬁﬁh%%@Eﬁéyue d%@ggﬁgf¥?con devi ce
havi ng a interwedtty bé fehuded avithin the scope dthel®@8owisgclaims.an SRV of 115 cni sec.
Exanple 7 [00117] Exanple 7 was performed under simlar conditions as
Exanpl e 6 but the TECS oxi de deposition and triethylsilane nitride
deposition were both done using BKM paraneters for optimzed lifetine.
20[00118] For the 15 nmsilicon oxide |ayer, deposition was performnmed using
tetraethylorthosilicate (TECS) to deposit the oxide filmon the surface of
a silicon substrate. A separate oxygen source was used with TECS in the
deposition process. [00119] For the 85 nmsilicon nitride |ayer,
triethylsilane and anmonia were used to deposit the |ayer on the top of the
silicon oxide film 25[00120] Flow rates for silicon oxide deposition were
165nmg/ mn or 53.8 sccmfor TECS; 1365 sccmfor 02; 650 sccmfor He. The
chanber pressure was 8 torn power was 200W The deposition tenperatures was
set at 375C. [00121] Flow rates for silicon nitride deposition were 100
ng/ mn or 19.3 sccmfor triethylsilane; 800 sccmfor NH3. The chanber
pressure was 3 tom power was 400W 30The deposition tenperatures were set
at 400C. [00122] The deposited passivation |ayer yielded a silicon device
having a mnority carrier lifetinme of 528 psec or an SRV of 97.7 cnisec.
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[ 00123] The foregoi ng exanpl es should be taken as illustrating, rather than
as limting 5the present invention as defined by the clains. As wll be
readi |y appreciated, numerous variations and conbi nati ons of the features
set forth above can be utilized w thout departing fromthe present
invention as set forth in the clainms. Such variations are intended to be

i ncluded within the scope of the follqu claims. CLAIMS 1. A nethod for
depositing at | east one passivation layer ‘on a photovoltaic cell in a

chanber conpyisi e i di 3 i : i a
front surfac{e' z‘nfﬁg%?gé gdi?iegésf'tfr?{géet?gpsgg&g%%é’aggﬂa%f&i?Ipiﬁ%tgg&%}cg%mr"ggr;
deposi ting a sichamber axipdeingaieps ditavi ng a t hi ckness ranging from5 to 70nm
at | east on one surface of the photovoltaic cell; provi ding a
second5si | i con ppovisting the ichotb@pltaiw cali eying anfrent sgdacesur xwar audacdepositing a
silicon nitride |ayer having a thickness ranging from20 to 200 nmon the
si licon oxide Ipsouiting a first silisdnepre¢uiserhe at | east one passivation | ayer
having a thickness ranging from25 to 600 nm conprising at | east one

bi -1 ayer conpr idsperifingat $iliqonexisde layashavirg ddhickiase rasingdrené tei7Ph@h nitri de

| ayer. 2. The | ' first silicon precursor is
sel ected from %h%%ﬁ) ?/ Oa?b%}‘%wgﬁ@%@lt%tgggi n xty =4, and y # 4; 20Rl is
i ndependent |y g?dvgﬁﬁgeélsécfo(ﬁﬁ‘sfli%n g;&ugogonsi sting of Cl1-C8 linear alkyl,

and | r

wherein the |i S saturated unsat urated; Cl-C8 branched al kyl,

wher eim the 'igﬁ&/ﬁhi%nm‘é?éﬁéﬂh@%%dor unsaturated; and
yl, n the

Cl-C8 cyclic al ere i gand may be saturated, unsaturated, or

Ef;g; g”gtn i) andeRadithg SIRRAMRRE layesRAVRT £thidkhess fal§ing HRHP2ERM0SH B Of
gt the silicon oxide layer;

wherein the at least one passivation layer having a thickness ranging from 25 to
600 nm comprising at least one bi-layer comprising both the silicon oxide layer

15 and the silicon nitride layer.

2. The method of Claim 1, wherein
the first silicon precursor is selected from the family of Si(OR"),R?; wherein

Xty =4, andy =4,
20 R'is independently selected from the group consisting of
C1-C8 linear alkyl, wherein the ligand is saturated or unsaturated,

C1-C8 branched alkyl, wherein the ligand may be saturated or unsaturated;

and

C1-C8 cyclic alkyl, wherein the ligand may be saturated, unsaturated, or

25 aromatic;
and
R?is independently selected from the group consisting of
Hydrogen;

C1-C8 linear alkyl, wherein the ligand is saturated or unsaturated;
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Cl1-C8 linear alkyl, wherein the ligand is saturated or unsaturated; C1-C8
branched al kyl, wherein the |igand may be saturated or unsaturated; Cl-C8
cyclic alkyl, wherein the ligand may be saturated, unsaturated, or
aromatic; and N R33; wherein R3can be independently
selected fromthe group consisting 50f hydrogen; and |linear, branched,

cyclic, saturated, Cq[CéJl@r%ﬁ%Hgo%A&ﬂlv@%%{ih&%@%_nﬁ&?ay:%ﬁ%ﬁﬁdlJr%ﬂgatwa? rsor

is selected from sil ane; e nat’i ons thereof;
wherein x+y = 4, y.-4, . I Sl fr oup
consi sting of Cl-CgﬁﬁF%§g$&§Hlyﬁré@ﬂgﬁgmﬁﬁﬁﬁé¥¥?ggﬁﬁhﬁ%iéggﬁpg edgér
unsat ur at ed; Cl- C3atmnzatichad! al kyl , wherein the |igand may be saturated or
unsaturated; Cl1-C8 cyclic alkyl, wherein the ligand may be saturated,

unsat urat ed, or ar bat wbereirGRehnNR iBgenandertiyreeieciathirdye thengrepe pehsiating
selectgd fromthe nsgt $.d r ; i &p% d,
cycli c;g sat ur at ed, gf)ﬂﬁﬁ?%%g't ﬁﬁgédggﬁaﬁé@{&éggﬂﬁﬂgarﬁrug%ﬁ%ﬁgféa&;% m &Mer ein
20the C1-C8 lingar alkyl is selected fromthe group consisting of nethyl,
et hyl, butyl, propyl, hexyl, ethylene, allyl, 1-butylene, and 2-butyl ene;

the C1-C8 bran i I : : | St

i sopropyl, i soglﬁ%%ey gﬁ‘yéi,lIC‘?@%{%S%@?{IQgﬁ%at%gﬁohﬁﬂtg@?’qge Fahiy d:fts'@’gmyp%nﬁe Cl-C8
cyclic al kyl i sogelnedersdheiegfnwigeeiogr oup consi sting of cycl opentyl,

25cycl ohexyl, benzyl, and net hyl cycl opentyl. 4. The nethod of claim 2,
wher ei n xty=4,y=+4, and

10 Ris independently selected from the group consisting of
C1-C8 linear alkyl, wherein the ligand is saturated or unsaturated,
C1-C8 branched alkyl, wherein the ligand may be saturated or unsaturated;

C1-C8 cyclic alkyl, wherein the ligand may be saturated, unsaturated, or

aromatic;
15 and

NR’';; wherein R can be independently selected from the group consisting
of hydrogen; and linear, branched, cyclic, saturated, or unsaturated alkyl.

3. The method of Claim 2, wherein
20 the C1-C8 linear alky! is seiected from the group consisting of methyl, ethyl, butyl,
propyl, hexyl, ethylene, allyl, 1-butylene, and 2-butylene;
the C1-C8 branched alkyl is selected from the group consisting of isopropyl,
isopropylene, isobutyl, and tert-butyl ;
the C1-C8 cyclic alkyl is selected from the group consisting of cyclopentyl,

25 cyclohexyl, benzyl, and methyicyclopentyl.

4. The method of claim 2, wherein
the first silicon precursor is selected from the group consisting of:
methoxysilane, dimethoxysilane, trimethoxysilane, tetramethoxysilane,
30 tetrapropoxysilane, ethoxysilane, diethoxysilane, triethoxysilane,
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the first silicon precursor is selected fromthe group consisting of:
nmet hoxysi | ane, di nmet hoxysil ane, trinethoxysilane, tetranethoxysilane,
30t et r apr opoxysi | ane, et hoxysil ane, diethoxysilane, triethoxysilane,

di met hoxydi et hoxysi | ane, net hoxytri et hoxysil ane, ethoxytrimethoxysil ane,
met hyl et hoxysi | ane, et hyl et hoxysil ane, ethyl di et hoxysil ane,

hyl h AL ' .
di ot hyl ot hoxy SRy ERIphr AR RS Gs e B PhbtaEh BRSAEe =
et hyl et hoxysi | mmﬁ*;yl%hmdykijdneréthwlethmoxwameam@)yldiethaaﬂsﬁmeeeﬂw&ly@hdeamne,
n-propyltriet h%I/ t lgtI:ISXysIlfr[% 8%6?&& tL.tI’hoﬁIsIIQﬁ(é' %IrIléII:Iﬁethowlla

n- butyl tri et hoxysi’l'ane si'l'ané T%ri et hoxysi | ane
and conbi nati od@thylumtb@wsllmdmﬂﬁlatmg@nsj dathyiemopysoemﬁ,sor is selected from

th.e griup .ConsIn%IIIyIIﬁmQIho%qﬁéllrI-xr%q?ﬂm&%&lgg\e?#llgﬂg Sﬂoﬂﬁg IéI'Io% .I[II%II lso-

trimethyl sil ane rane I"ané 871'5Re
tetraet hyl sil ap@pylpretﬂmdysIdnanmbuhjltmathqogylsmrieateet butysltmbtltoy]ﬁslah@nm-

tertbutylsil ang, HyItIIeII’H&xé% ad?](a co rPaYIn%II% e%'fIa%EIe di et hyl di et hyl si | ane,

nethyltrlethyIS| ane I"ane, 1'sopr opyl si | ane,

di I I il
e 1 e B € OB P AR, 2 7o an.

di am nosi | ane, m nosi | am nosi | ane,
15di net hyl am nsigneamethylsilane, dintdioyisilaaei tosihyisiiane, defrhngtiyisilane,

i I ' 5. Th t hod
of 61 B 1 une LR Hel U B aashUIERE A BMBRE S0 RTape s ThE Foup
consi sting of isebulgletdng, tﬁrltbhtyiatlame:ailwtyisllene apetbyiebhygllamne

20di et hoxymet hXIn?étIIﬂcﬂé‘tp?lgﬁjan@ IIIeIIIryﬁﬁetI] gIaﬂgf?thﬂgﬁ%%tw n%ﬁ LS SI Jiéul‘éﬂé‘

precursor is select oup OI’ISI 5 ane,
trinmethyl sil adiésoptapylsars, momnyiaﬁene Mpmlannmallm antirgsdarfe,
6. The met hod 8|ap A&Iumé%e\fﬁr}g ngahB%%QOeﬁ I)Iblﬂﬁog?EInI%OgleIh?laﬁIIﬁoEygﬁérhvapor

deposi tion 250r asm e em ca vapor deposition e met hod of
C ai M4 wherei dlmdh!eﬁaierposlan&nigs{mtquwﬂafrmmmlanwarhidm added oxygen source. 30

8. The met hod foHr%IP?I'amnIo ISchI% dﬁ%oc?dnlithﬁ%oﬂét H&¢Si I icon oxide | ayer

is performed wt ovmn Xygen source se Cected fromthe group
consi sting of 02, N20, ozone hydrogen peroxi de, NO NO2, N204, and

m xtures thereof to the chanber. 9. The nethod of claim1, wherein the

ni t rogen sour céhé reitadpfatain Trwheseif thniirs0glicod precuosD issalestéhtrontthee chanber ;

the first sili 8%;)%%&&&@%‘ t&%tﬂﬁb‘?‘th%%ﬁémg, téIré;IrSB&ysiiane,
20 diethoxymethylsilane and mixtures thereof; and the second silicon precursor is
selected from the group consisting of triethylsilane, trimethyl silane, tetramethyl
silane, and combinations thereof,

6. The method of claim 1, wherein depositing method is chemical vapor deposition

25 or plasma enhanced chemical vapor deposition.

7. The method of Claim 1 wherein the depositing is performed without added
oxygen source.
30
8. The method of Claim 1 wherein the depositing of the silicon oxide layer is
performed with flowing an added oxygen source selected from the group
consisting of O,, N.O, ozone, hydrogen peroxide, NO, NO,, N.O,4, and mixtures
thereof to the chamber.
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precursor flowng at a rate independently from10 sccmto 1700 sccminto

t he 5chanber. 10. The nethod of claim1l, wherein the silicon oxide |ayer is
deposited at a tenperature between 200 C and 400C, and the silicon nitride
| ayer is deposited at a tenperature between 300C and 450C. 10 11. The

met hod of claim 1, wherein the passivation |ayer has a surface

reconbi nati on velocity < 200 cnis. 12. The method of claiml,
wherein the passivation J r r r j i | ogi < 100
s, 13 THE apHachar o, WS irsRn SOlEE AR LA Ep 500

sur face reconbilAAODenc dito thet ghambaf thafirst siRObpreclingor @pd uedsegbnd kidicon 1,
wherein the silic j I I | r } to 45 nm
and the sii co it Hemia st Fis ROk BB B0 Becsh M e, " 50 i
15. A phot ovol whambelevi ce conpri si ng: 25a photovoltaic cell conprising: a
P-doped silicon | ayer adjacent a N-doped silicon layer, a front surface and
a rear surface; and at | east one passivation | ayer deposited on
t he phot ovol tGiTee cathodoyf ddine Thehbreih the sEO@ akide lRyenis depogitedtadbaol t ai ¢ devi ce
conprising: a t Al € L 8 h\G- = S | ayer

adj acent a I\I—dg%g%eqét?'h @égﬁeﬁgrggﬂéor,@ggﬁﬁ rﬁgdr? %@rtﬁgggeﬁrgﬁggrl a? ISsurface; and
at | east one paspositat iaba terayeratutkepaeeered0BE 2rieddNét ovol tai c cel |l by the
nmet hod of Caim8. 5 17. A photovoltaic device conprising:

10
11. The method of claim 1, wherein the passivation layer has a surface
recombination velocity < 200 cm/s.
12. The method of claim 1, wherein the passivation layer has a surface

15 recombination velocity < 100 cm/s.

13. The method of claim 1, wherein the passivation layer has a surface
recombination velocity < 30 cm/s.

20 14. The method of claim 1, wherein the silicon oxide layer having a thickness ranging
from 5 to 45 nm; and the silicon nitride layer having a thickness ranging from 30
to 150 nm.

15. A photovoltaic device comprising:
25 a photovoltaic cell comprising:
a P-doped silicon layer adjacent a N-doped silicon layer,
a front surface and a rear surface;
and
at least one passivation layer deposited on the photovoltaic cell by the method of
30 Claim 7.

16. A photovoltaic device comprising:
a photovoltaic cell comprising:
a P-doped silicon layer adjacent a N-doped silicon layer,
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a photovoltaic cell conprising a P-doped silicon |ayer adjacent a N doped
silicon layer, a front surface and a rear surface; 10and at |east one
passivation | ayer having a thickness ranging from25 to 600 nm deposited on
at | east one of the surfaces of the photovoltaic cell; wherein the
passivation | ayer having at |east one bi-layer conprising a silicon oxide

| ayer having a tqﬁ:ﬁﬂ%ﬁﬁaéeaﬁ% Qﬂ-:-afrrs r[f%c%; to 70 nmand a silicon nitride

| ayer 15havi ng a thi ckneSs ranging from 20 to 200nm 18. The photovoltaic
device of claig 17, wherein the passivation |ayer has a surface

reconbi nation velocity < 200 cnls. 2019. The photovol taic device of claim
17, wher ei n t het lpasizine pasgvatioayayer Hagosied onfthe phateiialsiasl by dre wethediof y < 30
cms. 20. TE%WH tovol taic device of claim17, wherein the silicon oxide
| ayer having a thickness ranging fromb5 to 45 nm and the silicon nitride

| ayer Hdaving a thickness 25ranging from30 to 150 nm

17. A photovoltaic device comprising:
a photovoltaic cell comprising
a P-doped silicon layer adjacent a N-doped silicon layer,

a front surface and a rear surface;

10 and
at least one passivation layer having a thickness ranging from 25 to 600 nm
deposited on at least one of the surfaces of the photovoltaic cell;
wherein the passivation layer having at least one bi-layer comprising a silicon
oxide layer having a thickness ranging from 5 to 70 nm and a silicon nitride layer

15 having a thickness ranging from 20 to 200nm.

18. The photovoltaic device of claim 17, wherein the passivation layer has a surface

recombination velocity < 200 cm/s.

20 19. The photovoltaic device of claim 17, wherein the passivation layer has a surface

recombination velocity < 30 cm/s.
20. The photovoltaic device of claim 17, wherein the silicon oxide layer having a

thickness ranging from 5 to 45 nm; and the silicon nitride layer having a thickness
25 ranging from 30 to 150 nm.
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