TI TLE OF THE | NVENTI ON: 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. 61/5311749 fil ed Septenber 7
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 nethods. In
particular, it is directed to nmethods for nmaking films of such materials
and their use as passivation or barrier coatings in photovoltaic devices.
10[ 0003] Photovoltaic ("PV') cehl g &0y grthFNgngener gy into electrical
energy. Many photovoltaic cells are fa ricated using either nonocrystalline
silicon or nulticrystRRECHBSEIRG COR RHOSONOLT AIGBASTAMATONI con substrat es
inthe cells are commonly nodified with a dopant of either positive or
negative conductivity type, and are on the order of 50-500 microns in

thi ckness. Thr oughout CRRISS-BBPERENGECR) REAATE ARBRHCATIONS substrate, such
as a l5wafer, intended to face incident light is designated as the front
surface afePGfhe Toisr drpbieatioppiaiins thet banefit &t Ssiioivisiveal Appliedtenda t o as t he
back surf Ve i4t

desi gnat e %31 %qu %éﬂﬂ?reﬁﬂglﬂ é{h\[éﬁdééfcr[]%%gef?ftv% tig(?r%drﬁorﬁt%m?gféegce
Negati vel Wﬁﬁ)%tﬂe@l licon is designated as "n" vvhere el ectrons are the
majority electrical carrier. The key to the operation of a photovoltaic
cell i® the creation of a p-n 20junction, usually formed by further doping
a thin layer at the front surface of the silicon substrate (figure 1). Such
a layer is comonly referr@AGHRGBROUNROEMNHE BNVENNON, whil e the bul k
siliconis referred to as the absorber layer. The emtter nay be either

p- doped o020 Jbe rERSSERAVERicHS ﬂlr@t%ﬁ@fthgmidpf@hmfbasné digdedtricomatedaigd] A
key I equi pRitRikd b CvetheMBls PRARON: B & di8¥ed o RblHOES Rl takiny RlHEREL L Ve
25passi vation of front and surfaces of the silicon he surface of
any sol i dStgipimearialp andibeicush as passivelien o karigrtdostingsria phetewoltaig devides.

peri od| CI of the bulk, and thus generates a higher population of

sub- s rﬁth Fhetayeliais 115VDesiis eervgriliahieanesay intoslectdgabepergy Flany si | i con,
when thesghd@t,@maﬁcsca@%fa%ﬂ@étg@hé.ﬁabltwer%gﬁabwsfah{ﬁyrsﬁe&%% ﬁ.la&smﬂg gap,

they increase carrier reconbi nati on and negati ve i eV|
ef fi ci encyilictmansyhedates| Thesilisen sukstrafes %Hﬁt@ﬂs Wet%nanwxmoﬁ&lﬁiﬂd\rﬂhlaayer

(PL), thedagsm%ﬂenm peém\veh@r ifldatiteOfsriRbciAg YR, gﬁa éeeca{ the DR ¥f 56- gswyst al

periodicity of bulk l'icon is interrupted due t presence o
5non-si | | GBFORS Mﬁlcmeszshé’ hravgbpytibis appkyate). te wrtat@ﬁqbtha wbéwtac@cbrﬁrage can

pl ay &5 cCridtdraintenab@td ok mcldéﬁnus‘dh@& c%%fg%ﬁfeh‘é%riﬁéﬁoﬂfsuﬁgéiéw akd xed

char ge generat ed during deposition Can create an iIn In the
under | yi nQPB?SI“iedB%fr?r}i@é’Ffﬁ%e is pefgtpd sxas themiask émqealﬁyéiO”Benf@VlBI)’OSltWQW a

passi vati @Bpéd¥ifidon i§ c&ﬁﬁ:bﬁ@tde‘éfghgteﬂ 25 Y PE whld KM, ard the B PRRaibéMEa 1 xed
charge is desired in order 'to decrease
carriers. Negatively doped silicon is designated as "n" where electrons are the majority
electrical carrier. The key to the operation of a photovoltaic cell is the creation of a p-n
20 junction, usually formed by further doping a thin layer at the front surface of the silicon
substrate (figure 1). Such a layer is commonly referred 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 back surfaces of the silicon. The surface of any solid typically
represents a large disruption from the crystal periodicity of the bulk, and thus generates
a higher poputation of sub-stoichiometric bonding resulting in electrical defects. For
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10 carrier reconbination. For a passivation |layer in contact with p-type
silicon, a reduced positive fixed charge is desired in order to decrease
carrier reconbination and prevent parasitic shunting. [0006] In addition to
functioning as a passivation layer, the dielectric material may provide
anti-reflective properties in order to reduce reflectivity and increase
l'ight 15a 0 ] | t.al ¢ devj ces

i ncor por at T e salieheReh SFEalelly MR s PrgbaY e B difndy
V‘00804382meeﬁel cmrrreEmemg}birhﬂrbe randlnsgatwelywlpact deégick ffickbhpey. 2%)emhlmf salrddme
passivati er | ocess
acul o 1 AUeElconBa WiR S 4B el AR EL R ABCRRTRNLE sticom P sBRARE°
lel2 / cn? crid@ThAgahahe ctyistal peraisty of bulk eiipart isbihterrfigted pas & thatpre)&rencer otont act

with ngty b s inferior results when in contact with
p- type Si P’?@%H‘C%%a{%ms ﬁ@?%@feﬁgg. n Photovol taics, 10, 271). [0008] A

f k
procese | GhoglR iRt AL K R ICRERRIE MR URRTR LK ALRY,
: eggr at urpessiVaiiOZSrFaqege:hetfge&egemwﬁdtmnaer. deppsities tpam cr?atesammdme@dmlnng
| |
order of g?eorirfo%ﬁgrﬁaﬁﬁrcﬁﬁﬁi’ﬂérle D @P%P?r?Pﬁ?thb&tggss i E?/ Aﬁr?’})n!;%fa %%Sﬂ’%ggrglra&r con
sur f aces. in corft@@@Yh nAype sifexs afrngh MNraglxedhomamelstcmsu'edimrderstordecreap@r ating

chem q@l ! \éaerPYg?;oﬁrbHa%é?H P&S’Szgﬁa%sﬁlaﬁprz %.Iy%re ﬁ %Eh@% F’V %\A%&%%HIIC?IQ 34Ee|a {:A%EE PVSC

2009. process requrres rea Yy | ong

i mrer si on ppsrtrmfrxe[domafge ig\dpsickds srdenfo deeang @mrme@nnlamatzod@ndcpe@:ent

i ncor por a de/nitride stacked | ayers is described by

Hof mann( A h\%%%g%%ﬁﬁﬂ pt oel ectroni cs, 485467). , using silane with N20, 02,

or ammoni I rf i f 200
cni sec af er Eeprgérg fr’%ﬁto ﬁ?@ﬁ)%ﬁg%ﬁ e&,%@. t%%q rr{][ﬁ[ga d@e‘%ﬁ%@g t”b econds.
The deposiptavisis atti-refiécline popediesfin breer tmryeduwwﬂeelvny gihd prlcmﬁallgintwer density

and deposi, Bg&gnérerrper ature due to the bond strength of Si-H present in the
si | ane precur 5[ 0011] Therefore, there is a need for depositing

t |
7t orf acetmoehoru Beess YR PR RIERUSES iicbior B NG FEERNE
t enper at udescribed by teawit 480 ¥yankear (ViQUE0H 3A7vy disllar Hriergyightstalsand SDdiﬂ't of

hi t Qﬁp d
il m (11 g 2 erenBbataiiioh 1o B} FepBRASRR 1B ARy pBdle } Theds of
t he devi cerocese I@Ut’d@mcﬁ high goditideikedeharge etodtehinteB‘RtEEf ISRRAIRY+ OB 1T HEN2.

st 28 CTRARIGL s Bcl e BLEARICIR eSO iR LAh U BOLRT0R |

passrvatron Ia er al c VI Ces
t her eof 15[@@@35} lnfarrooreeuaspeem (n qongactwitls ppyesy$itiad ( @ame Herdgfess irdeposi ti ng

at least efgRaR7Yab! £A).

[0008] A process for making photovoltaic devices incorporating thermally 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.

[0010] A process for making photovoltaic devices incorporating CVD oxide/nitride
stacked layers is described by Hofmann(Advances in Optoelectronics, 485467). , using
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| ayer on a photovoltaic cell in a chanber conprising steps of: providing
the photovoltaic cell having a rear surface and a front surface; providing
a first silicon precursor; providing an oxygen source; 20depositing a
silicon oxide |layer having a thickness ranging from5 to 70nm at | east on
one surface of the photovoltaic cell; providing a second silicon precursor;

rovidin itro 0 : d it n nitri
ryer - haoe R RER, G28F SRmaRRe The pracsts hOAD SRR Srtr R BB PR B, e
| ayer; whé&p0eicm/sduafieadsposition and|68ycen/sdraaften frivg atB0ORG Ex'S semnpdangitfer om 25 t o

600 nm conpl.L S e | - er, . LS il caon . de | ayer
and the SEPPEOtr ) eEBHds AR by ielfhn SR BRa et Rendl b 9epiR G,
provi ded emppettvestitaicche bond strengiipof Sithhpres8itan piectilen® ptegisocel |
conprising: a P-doped silicon |ayer adjacent a N-doped silicon |ayer, a

rear sbrf §o1jithemfdredheress afreed foralegositing passivation astor tayerspeesg vat i on

| d ' ; aj _the di t hod, , [ 0015
10 vet CandribfEorglhal 8BRS RIBM BleFaEE iontlch B ot WARTRVBIEICR A L V0L
a phot ovoldepositianekempemtpes ksa than 45000,peth mahifectorabigytbrougtipateadtcost ¢f doped

silicon | r . : f - ' al one
assi vati SAnPispl; ‘Galsndi, adadith fial bR Sbpdiish 8ifor {1ARTEL s i
phot ovol t Jhe passivation layer wiagbei presant ajthe fionbsideof thagevice dackeideof theast one
bi-Iaﬁgr %g@§é§£%gg‘of a silicon oxide |ayer having a thickness ranging
from5to nMm and a silicon nitride |ayer having a 15thi ckness rangi ng
from20 to 200 nm [0016] The silicon oxide |layer and the silicon nitride
| ayer in the passivation |layer are deposited by using silicon precursors

i ndependent|y sel ected frqipEp .LlJMMﬁhY%B’TH\E II\R/EI\fTh‘GNSi | i con oxide |ayer;
Sl am

and fromthe group consisting o ane, the y of Si RxHy, and

combi nat i ¢ 2§ NGHRYvenflbn Fdistes td MERMBAL dr prdlficng%ESassivation layer for

photovoltaic devices; and the photovoltaic devices thereof.

15 [0013] In one aspect, there is provided a method for depositing at least one passivation

layer on a photovoltaic cell in a chamber comprising steps of:
providing the photovoltaic cell having a rear surface and a front surface;
providing a first silicon precursor;
providing an oxygen source;

20 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 nitrogen source; and

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

25 silicon oxide layer;

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

nitride layer.
[0014] In another aspect, there is provided a photovoltaic device comprising:

30 a photovoltaic cell comprising:



20wherein x+y = 4, y # 4, and R is independently selected fromthe group
consisting of Cl1-C8 linear alkyl, wherein the ligand is saturated or
unsat urated; Cl-C8 branched al kyl, wherein the |ligand may be saturated or
unsaturated; Cl1-C8 cyclic alkyl, wherein the |igand may be saturated,
unsaturated, or aromatic; and 25wherein R* can be independently sel ected

fromthe group Si Sti.n f hydrogen;. an i.pear ranched, cyclic,
saturated, or L?ﬁss)'g?%?%?dé%n El“ﬁgl'yag’%%%ﬂ N'@Q%%%'E%O%d?yegi | i con precursors from
the fam |y of SirRatyurianebnde fimot surfzsice] i mted to net hyl sil ane,

di met hyl sil ane, trinethylsilane, tetranethylsilane, ethylsilane,
di ethyl silanand t et raet hyl sil ane, propyl sil ane, dipropylsilane,

i ot yl i ot AP Pan TRy PR teiatd ¥ e ARFclfal B Bl e frafge

i sopropyl si | methoddi i sopropyl silane, triisopropylsilane,

di sopropyl.amnosi | ane, ..am nosi | ane. . di am nao ) ] Ll ane,
ct hyl ant PO a8 e ahrboftF B i e b 8 o S0 BEBRS ke
bis-tertbuty ] ' : Dbhi s-i sopropyl am no( et hyl vi nyl sil ane). BRI EF
DESCRI PTI ON @H@WPE&%H%EQTHE DRAW NGS [0018] Figure 1. Four
representative, gt 1 al Vi fi | Ll lustrating the presence
of passivati on” PQ&@%E@'E%‘%Y%%%E%&%&%E%E!Eﬁ@%‘ﬁ%'fc of silicon oxide

passi vation | aﬁ@ar%@ﬁéc%dﬂn‘ﬁié#orﬂgbk?&al silicon nitride layer. [0020] Figure
3. Mnority carrier Iifetine as a function of mnority carrier density for
silicep passiypted with triethylsilane oxide and a second |ayer of
triethylsilane nitride. 15DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0021] The
present inveptLanohe tibR 1dyBEIEISRASE bh AieFBRIRD ithg a

passi vati on ?a%léegr?oo_r Ip?’ftsﬁ\% !%oréy%ﬁgt ovg ta?c gevi ces.fiﬁso%egéjr et ?fet hod
conpri ses st efpgovsitaic cel; provi ding the photovoltaic cell having a
rear surface and a front surface; 20providing a silicon precursor;

provi di ng anwbstgifehe sasaivation layer havigiepldeastiong bhlayen sansistink Picresiliepperxidgt

| east on_ one,sifA68 HhidkesshBRLAY b © Birh anll %Rbn AtueaydGRRIngIECUr SOT
is selected Iﬁ?om tﬁg %a%kﬁ%sogﬁ%ﬁ%gk@; wher el r?nx+y = 2 y 4 i/and E@i S

i ndepéhdent | ickpessoaeaing frerm 20ie 2§06 consi sti ng of

[0016] The silicon oxide layer and the silicon nitride layer in the passivation layer are
deposited by using silicon precursors independently selected from family of SiR.H, for
the silicon oxide layer; and from the group consisting of silane, the family of SiRH,, and

combinations thereof for the silicon nitride layer;

20 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,
C1-C8 branched alky!, wherein the ligand may be saturated or unsaturated,
C1-C8 cyclic alkyl, wherein the ligand may be saturated, unsaturated, or aromatic; and
NR';

25  wherein R ¢can be independently selected from the group consisting of
hydrogen; and linear, branched, cyclic, saturated, or unsaturated alky!.

[0017] Examples of silicon precursors from the family of SiRH, include but not limited
to methylsilane, dimethylsilane, trimethylsilane, tetramethylsilane, ethylsilane,
diethylsilane, tetraethylsilane, propylsilane, dipropylsilane, isobutyisilane, tertbutyisilane,
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25C1-C8 linear alkyl, where the ligand may be saturated or unsaturated,
exanpl es are nethyl, ethyl, butyl, propyl, hexyl, ethylene, vinyl, ally!l,
1- butyl ene, 2-butylene. Cl-C8 branched al kyl, where the |igand may be
saturated or unsaturated; exanples are isopropyl, isopropylene, isobutyl,
tert-butyl. Cl-C8 cyclic alkyl, where the |ligand nmay be saturated,

unsat ur at ! PG } ope , : xyl, benzyl,

met hyl cycI%gjﬁg}rﬁ{!Iﬁﬁé’%g%hylgﬂﬁgga\?o%g!rj@%ﬂ%‘ﬁ'ﬁtﬁ@g’Ia%%d@%ﬁlﬁgre'%ﬁ%/'%ﬁgdr ogen; or
l'inear, bethybtieethylsiarie, sppepyiiateedisopropyisiata trasopdoisighe, Swherein the

opt i onal 1 ehssliisly o, BRhiodhnd Ayl ) e noe

si | i con niethyladgnosiahe, clirihydaminosignesiimetyfancacdiens, this-thetbutyteam s@eilare tand ’
conducti ve: 0l ) i nor phous silicon. [0025] For exanple, a
sili co% n;B{Sr‘?@gg?¥'%%“?%”ﬁé{ﬁ]%{‘3ﬁ$'g%é‘§ﬁ deposited to cover the silicon 10o0xide
film(or layer) using the silicon precursor selected fromthe group
consisting of silane, the famly of SIR Hy Si RxHy; wherein x+y = 4, y # 4,
and R is indepen B AR 5 %t 1-C8 | i near
al kyl, wherein t?\%ﬂE!ﬂgban I?Is sat tﬁ@%‘gégﬁgunsa?ﬁ@gte ;b%\!@G ranched

al kyl, wh I kg ar . 2403 iC
2ot S iy 1 ORRG SRepRe Rl MR alucios EbcRlns fpaiingiy

NR; wher ebresRneadf fassivalibagayeiént | y hydrogen; or linear, branched, cyclic,
saturated, or unsaturated al kyl; and conbinations thereof In this case, the
passi Vat i 8P19hy Elgures2.aSphematicaaf siiawn axjddpessivation tayar epaterbwitpetionahd sil i con
nitride | ; For exanpl e, the passivation |ayer can be a bi-Ilayer,
wherein t%%&';sr} ?]!{r@%%@ﬁ{'t ride layer is deposited by using silane and ammmoni a.
Thi s i nvelioh HEar 7o) niHg ceRRE IS o haton e Hhh el AR or 0020
phot ovol t ailieorcrassivetepyithdripigylsiane-axisiseancsd secopd 1ayay et trigiyisdans: nigide: doped
silicon layer, a rear surface and a front surface; 25and at |east one
passivation | ayer deposited on at |east one of the surfaces, using at |east
one silicon precursor selected fromthe famly of SIiRxl-ly; wherein x+y =
4y 35 and R is i ndepdHbENLED REPCRIIEON QT HRANYENTENonsi sting of CL- C8
| i near al @/I, wherein the ligand is saturated or unsaturated; 30Cl-C8
branched K9&f1  ThperRsent inyROtPD felalgs faipersierssiiion methedder Ripdwging &t ed; C1- C8

cyclic al Eé(ésiva%ﬁgbﬂortfhﬂ fbil SIS oEY dBficeat urat ed, unsaturated, or
aromatic; and N Rf3; wherein Wan be independently selected fromthe group

consi st ng)oqu] hyHE AE8iba @chrisb8R@bs oBr anched, cyclic, saturated, or
unsaturated al kyl;

providing the photovoltaic cell having a rear surface and a front surface;

20 providing a silicon precursor;
providing an oxygen source,
depositing a silicon oxide layer at least on one surface of the photovoltaic cell;
[0023] The silicon precursor is selected from the family of SiRxH,;
wherein x+y = 4, y # 4, and Ris independently selected from the group consisting of

25 C1-C8 linear alkyl, where the ligand may be saturated or unsaturated; examples are
methyl, ethyl, butyl, propyl, hexyl, ethylene, vinyl, allyl, 1-butylene, 2-butylene.
C1-C8 branched alkyl, where the ligand may be saturated or unsaturated; examples

are isopropyl, isopropylene, isobutyl, tert-butyl.



S5wherein the passivation layer is a silicon oxide film [0029] Optionally,

each surface of the photovoltaic cell, that is, the surface of the P-doped
silicon layer and the surface of the N-doped silicon |ayer has a
passi vation | ayer deposited on it. [ 0030] The passivation |ayer can be

a silicon oxide film a bi-layer of a silicon oxide 10l ayer and a silicon
nitride | aye r 03 n I.£an oxi de/ 1 |tr|de
bi -1 ayer st a@& di%s m%@ \«ghe% Meqi@%@&‘%% err\‘é%(ao%r? at i 2 ‘P{a‘%@s Sition
precur sor useanipes ate pgdopenty, d;yicte:hsxyl|h19m1aylom|eﬂhglcactdpa1tyltamh nitride |ayers

may be the s [eCAHH SO p S uld be
under st ood tlﬂlg?\n{ﬂ ge}gl %ﬁggﬁﬁ%ﬁeﬁﬁ’eﬁg%&d%ﬁag} ?r(r?tﬁ %eré)rra védggic?ﬂﬁt aﬁ\t ?Qt%l ons of
carbon and hgrdmsgemetedhigylconcentration of carbon is preferably less than 5%
atomcg a tL s preferably | ess than 20%

atom 05 8%5%}? rt%oﬂ]‘ir%g' ﬁ%l unde?@%ﬁ‘gﬁ%{fk the silicon nitride |layer may

i ncl ude I NG n, of

car bon | s 2 of Etéﬁ%'éa?é% Rz SBIME, B Le 0018 By oG BERAE 088 B Sy gen

i s prefer &bt gxdnegds, dillvan nRddeasiindrccarliof 0DB4h chtboslinid, trabspanerd eosdmtide t hat

the sili CQRq Qlé"é't“g’ﬁ["l ‘?’é{‘ﬁ,a r?‘rjéhoﬁrgglré N a measur abl e concentration of

hydr ogen, "consi ous |InB known in the art. [0035] In one
enbodi Uenigoz%! pfﬁgf» QXa% i ' gsfﬁgéri nlﬁ“fﬂ%mlrﬁ or Ié}lﬂerr loglteoatoQHQérq r’f cel
accordi ng he pres rnvention is abr ca e Strate

conpr 1&i ngxige Ifllnmtm laytey)pﬁml the silicort preciireomsetécted fnerh dite gnoup comsmjmg of The
substrate W silico |cr ' 1ine
silicon. aq’t%s@%qﬁﬁlhggf éémm?l f:'%‘,ifh‘tzvi;llle ﬁcqn)g esltrt\é gt:%&ngupéefPe@n ?ntﬁ’ con and

mul ticr ystsetbthedéom the cgmupmzolnelsmm ‘e@ﬁlhyem&tﬂqﬂj whensin te ligane id set@atedof

addi ti onal |.e er.man bhe . di s ose gver the
substrate sgﬁﬁagu%%gr ?@o?%@?r}%gﬂy?mhgr? rﬁﬁq l?ﬁg Irr}ﬁyéae | réd Al t hough
boron is unﬂmhmtaais@d G;fScytchealpylt wperedﬁpamgandmhgebe pam\;aned dtmpatutaedslmch as,

oor 8 TP fom R Niti HeriR ™ L0 nS B 0-rRleRy R SET: BY fean Pt a0t e used.

Thus, thesahtateﬂ/@tUasaturamldlalkyt redsiohribratiossithetevitie thoe cadee traukstivation ar e
exchangea 0 ilic hstrates are | cal. I bt ai ned by slicing
ST eon. T RYGH 5 =R r prid &aéﬁ'aentfs%f‘awfa"ﬁ R By o1 ot et “knoun

met hods. n NN ter | ade cont
ot her knotﬂtfz% o6 SMhaltie, e it Rlon Ry EH BTG b'steef W RRLhE S, Myl .o
gener al | ylalyeris dshemted hwatbmgﬁlam&aart@mnmhlay CI rcular in shape. Generally,
such wafers are typically |less than about 500 m croneters thick.
Pr ef e2z@bl {002ZL1bstpaasieationflayeneapalssenttaimmeltipieditlagers. | ess t han about 200
m cronmeters thick. [0037] Before further processing, the substrate is
pr ef er abl {002BEaifikid inventienalse redatgs to a photovoltaic device comprising
a photovoltaic cell comprising:
a P-doped silicon layer adjacent a N-doped silicon layer,
a rear surface and a front surface;
25 and

at least one passivation layer deposited on at least one of the surfaces, using at least

one silicon precursor selected from the family of SiRH,;
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;

30 C1-C8 branched alkyl, wherein the ligand may be saturated or unsaturated;
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10surface debris and cutting damage. Typically, this includes placing the
substrate in a wet 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 tinme requi red for cleaning depends on the specific
solution enp 3 ti OF y 0 |ne
substrates), b?)#esdc u% %E%g‘t@]'?rgﬁtﬂle%( nd mﬁeoga%%kédyu};%w%% &Fgr%ﬁn% J:

etching of tdémd crystall ographic pl anes Textur| ng is commnl y in the form
of pyram d-shapes depressed or projected fromthe substrate surface. The
hei ght or delRh;whereihd pgm berindepérafeatly seeited fraintthe pravpesssisiing dut i s
typically fromabout 1 to about 7 mcroneters. One or both sides of the

sol ar cel | niaydrégen? andinaar doandhe039fclicsatndted er unagtaratédsalkdy med typical |y
by doping the substrate with a dopant electrically opposite to that present
i n t he5bul k. wherdinghe gassivatipe layecis ddilicohedidefiindeposi ti ng t he n-dopant onto
the substrate and then heating the substrate to "drive" the n-dopant into
t he subst [@A29] Qptienally. erdhfawsfieemotthn phetovsltaic ¢all, thapissihe suacsofdbpint onto
25t he sub r ch as,
for exarrp?%ﬁéﬁ %Ir’]&l% Igf’eg%ngﬁ %ﬁ]ﬁa&%}o?@@i}l gta%bog?l ?&Gggygﬂﬁg%? p%%’ Foprety%gds used
in the arldeDQﬁlféd@atlte an n-doped | ayer and a shallow p-n junction proxinal
to the substrate surface. Phosphorus is a preferred n-dopant, but any

sui t abl e HOGBGhardhe passivaliondygr adrobe asiicomoxdedim atkidavesa sifienn @xiste exanpl e,
arsenyg, Ayt BRI sAEor hilflAk 0er PGS bYaydier on doping may be 30 appl i ed

usi ng Ssi met hods. After emtter tlon a p-n junction is created

al ong al | Zs%éﬁfsﬂc@ﬁ oRidES H@éblquér@%cﬁl@éﬁhrz@& Qtsﬂoﬂld%o%@% fpBNts, it

may be ne ess to renove a region fromone side or fromthe edges
of the wathe dfmﬁ’lsi“ﬁ@ pmbeequeerﬂf%ﬁwﬁmrﬁge siliqopozsie ardesilisan nitéde l@ypEng

process ﬂm(ﬂ’eqaégaﬁeﬁ&&so@forﬁ\hbld%gﬂct%éﬂﬁsd?g the exposed surfaces of the

waf er, I's typic y renoved prior to application of a passivation
coating. fa3op! 'tt's‘ﬁe{ﬁd%'Lﬂ\%ef%?dbd%atrtﬁé‘?ﬁé‘&w 6Mé3%ﬂﬂérm indRMBke, chem cal

etching in a wet chenical typically a | ow concent rati on HF sol ution.
5[ 00413 | RorAsatraims Al gamen ané@adroaer@;hTaleﬁenqeytram of Gareep i peferply [886f or med
in order {pnGRRGIMIE FGRS c&iceﬁﬁétﬁﬂéf\f@d%ggﬁ tSreferatihPdd tH%HZ@'% b®mic.

deposition of a passi vat i on l'ayer, the’s trate may be cleaned using

aci di c or a3y C i1SebWhib_RNH KRV thé} tﬁé‘@llsé’éﬁ nitrld@O4dr MAEinElLb&TowAeposi tions of
t he present i hvention are conpati h the various 10 chem cal

pr ocesses CoRERIraiPNSIS gamen ﬁﬁ@toﬁwgﬁnt gh% CW”H@@” Qfrf@rands pegfiRiBPl 1858 adheri ng
to a vari gy ®f i drdltke cgﬁenﬁét?d%f%xyééiﬁs PRAGSbA/I1E4 then SQedbeRl \[/)?DOV

deposition (CVD) or plasma enhanced cheni cal vapor “deposition (PECV

[ 00444 n ! E 1tlsRY & bermaéssra%@tthattth@smbéd meianPéy@IQmI: éd(lﬂém'asméé{smré’é!é' y 5to
70 nmin thickness, preferably 5 to 45; and the silicon nitride |layer is

typi cal | ycosentataoef h:YEl'iS’Q@'ﬂ GORBISiENEWith amfe@oraiﬁfimﬁ evEKRdesat. The

passivation filnms can have multiple bi-Ilayers.
[0035] In one embodiment, a photovoitaic 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

25 monocrystalline silicon and multicrystalline silicon. As used herein, "silicon” includes
monocrystalline silicon and multicrystalline silicon unless expressly noted. One or more
layers of additional material; for exampie, 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,

30 can also be employed. Although phorphorous is widely used as an n-type dopant, other



The passivation |ayer of the present invention are deposited to a total

t hi ckness typically fromabout 25 to 600 nm preferably, 40 to about 500
nm The thickness can be varied as required, one bi-layer(the silicon oxide
| ayer and the silicon nitride layer), and/or nultiple bi-layer can be
applied. 20[0045] Preferably, the passi vati on films according to the

pr esent A 2 : re
b of or abl 0By FEi08s8, i) W68 bifdiatdidE el ChieSTEol s BBl i e By ey
wavel engt ImeemInabgeM| eved with two or rmre films. For exanpl e, the nor e
| ayers of the antireflective coating according to the present invention,
the great ¢0038)e Silmngeuldtraiesat eypiails oblaimed iyisiting hiicareihgetstvapot ghasan be
25m nim z th. ' r c I I

di fferent %B? tYCQ{’ ﬁ@“e&?é eexé.blt%él%ﬁh%i%n@c(@rﬁ eﬁpg%u&g%%%gaﬁegﬁ 'gﬂ%(or use in
t he présediamaigahiedeo gontintiouslwirpat othet knawn sasmdng meﬁwtihymimm@hehe substrate

di hyl

oyt ¢ ARRE e P PR sbpa PIE Y BB orl ) Sl enerany
di propyl sisbemwafersapuypitaly Ilesaséhart mQUbL&OQIrmcnoawéersmmutF;‘/ﬂe&rdat_ay\esubstrates
met hyl et hy, nt fER WaIrQIa%%W% Sédo%? %PJF&%&%I&H gLhylsilane,

ethyltrlnetﬁgl ane, 1sopro I sopropyl sl | ane,

trllsopro I ne,

et hyl am a?g?ore‘ﬂI] Q%r%ﬁ%éé ), R édg@ﬂﬁﬁ IflgIeIFQéblI/ %Ié%nedeoar%hI%% Lh{

di met gl ausumza dedmie andlcstttle@ tamage. aﬁym@élv | tatsencim placmg the substrate in a wet

bi s-i sopr a f ilicon

oxi de- | ay SrEmadl Bt FR e, Kr akable RSk o RSl orbrabel3nd | | 002
N20, ozoneeraxiggroigere, garasid ans, pmnde\m@durmmaoﬁsmﬂtmumrwveméot@etf 5[ 0048]
Depositio I - I rce

“nel udes oIB lor]ish@\oﬁ)n a{nﬁgﬁeg'ﬁrf\mg%ﬂ T‘I’Qﬁ% ﬁ{@r%%h’é gbérlrér;ﬁﬁ;‘?%meh é&&?&rﬁr@’

tri met hyl elﬁperre:ls Qb\rthersmqulutlhereewﬂoyepoo49] Li quid precursors can be
delivered to the reactor system by any nunber of neans, preferably using a
pressi®i zEP38] Dﬂtie@eﬁfyéewlcia%@smonbbwsbﬂinwsulbsttm@) phe pebpsinaig isdextaingd
fittings A 10[ 0050]
AdditionaFQJgt%§¥h|€%?gﬁ BM@C(Q?I |nt g&ﬁgﬁ5§1 @gﬁéisﬁ%&ﬂﬁ'?§or to,

duri ng andpmmoatytiethetfirem Qbmemt&@apeedepﬁemd Suthiestad doimaths silpgitalele, e. g.
I nert gasg lglr‘?:?éé Thehei lIcar h ﬁ(theﬁsgran% Sha é@Uaglgs RN P&a@&ﬂ %‘?% as a
carrier gas | ess cursors react i ve substances, such
as gaseoutypmally frqmabouir‘gmt@uwbmramwﬁ QR or bett sides [0 OB 150 laF el g}awbg
applisg to.thgq0aseous reagents to induce the gases to react and to 15form
t he | ayer on the substrate. Such energy can be provided by (depending on
the nmet ho on pl asmg,
hi gh densrbt(?gg gﬁ%gr}merqa {:'ESI '%/’Fe}ﬁ édr@h'“ﬂe%ﬁ&?p E%%Q P.e!rtégﬁnzgﬁg d&?ggtﬁa nmet hods.
A secondaEI?CIFlpalfYrmgéltﬂztp tbafmr%@nwrth@bumwbld@mnm bgacdomppslarchiey

char act erbé&% hgdhe IIIEIB ShitRtd ﬁ%%uﬁ%ﬁté‘%ﬁd t@n%%ﬁﬁ%ﬁé suPE‘t?atQ? idf)g thg formed
by pl asnma €n ed che cal vapor 20 deposition asna requency may
range f romdpoam(mtoﬂfaﬁ gupstypte. d@ep@nds d@‘ualnn tchrebaelpe;@wtdams%V@tred@panhentohanber

conf i g afelpBRte RirrSde DifePhetMdbl ba'8h6be RBE, HHWeSEE sOth 5€ T dkaliphS T8

ion implantation, solid state diffusion, or other methods used in the art to create an n-
doped layer and a shallow p-n junction proximal to 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 fo
remove a doped region from one side or from the edges of the wafer during subsequent

processing.



[0052] The flow rate for each of the gaseous reagents preferably ranges
from1l0 to 10,000 sccm and are highly dependent on the volunme of the
chanber. The flow rate for 25the silicon precursors preferably ranges from
10 sccmto 1700 sccm the flowrate for the oxygen source preferably ranges
from500 to 17000 sccm and the flow rate for the nitrogen source

pr ef er abl g A C = ont acts
are appli i%dﬁg ﬁﬁg egnﬁ: srt%[r% g é%ﬁétle%g)%a ¢t teLq%%?%rgﬁﬁ%ﬁoofm%?%ﬁﬂ%géﬁgg&

phot ol i t heyriagssiof thel wafer, v@mdmos'typg:a&mbnmvedmriot tesappfidadion wga psssiestion 30
printing, Nyr-.Qt i t he
Pront ana cBau 2 Fha SRbEREn bE P B dBP S FepRR P Sl e

dr awn f r omet bieerpihalthetto It pédadly addw coﬁ'qe]ntreMri k- sbhatiorcont acts are present in a
design or pattern, for exanple a grid, fingers, |lines, etc., and do not
cover $he[@H] r én bnevembedimigat kocgUigiadensitpidoping apmyl them e phdorowdtinotasr ta he
substrateggg%a%argégﬁ% &ﬁ@éaﬁﬁé ment), at a tenperature of from about 800

to about secon 0 anneal the contacts to the substrate.
Met hods f di A cel |
are known?(5 4l’ﬁ?hcla:ﬂ?i g{' @%FSB@”&%@%%@%@EEPISE@L%%{@&CO %élg%{%c?tn%

pr esent ed acidicfdrdpasie selutiqtimekromnenthicosrt.i s conpati ble with devi ces Wnere t he
p-n junction is forned at the front of the device (figure _I a, I'b, 1c).

[ 0055] Thé&0Q43Y erihe dims deppistione ofthabidsest wireriiod eie eempatible With eiverieusuch as
nmet al a DAL C i )1 or
inter =(Izl(;jvgry te g%@%gy;ggﬁseg%ﬁ%@%d E%L%%gihgl?gg%&ﬁggw cesg%h% éﬁﬁg%u&ﬁg?ﬁ%ﬁg s not
formed hotgearaysf paterialsheorfexempleythe drpogition isechepiga vepor dgnosifigne@MD)e
pass! vat ! 8Pofa¥ lonh Sk MRl LER) dbfosiy BEGRR)! of mance. [ 0056]

Passi vat i on ayers gener ated using resent I'nvention may provide the

benefit ofg ed“?ireﬁ% rﬂ%{}é@@bﬁﬁ hﬁﬁ%ﬁm@nw@ IHRPR ¢ czsug%e%hﬁme of a

device, d ms re t| v ex on degree of
Fresnel r &fitkaess grieforadty 3 toet Land the sifierr ra?ridﬁém@éls typiealyadddd 20At er nal

refleggio ré?@r%lgeﬁo'téf 186 ﬂwe:ﬂ‘?ﬁclt}ie%'e*rh9§¥éé?\%t|8uf\ filrfd &N rogaggemm fe%vat' on

Iayers generated using resent invention nmay e an ad onal
benefit offhapagsivaiph éaypr gﬁhwmeub@memwnﬂiﬁdequﬁed & @@t@ﬂhl@msﬂéﬂ@ﬁy

Optim zat kop, oyt 3y f‘d’ edd™ k&@t%?at?;? 4085 %B&%t's\()ﬁ e tﬁr?ﬂwtér% %'gﬂioé‘%artiébe amount

of light that 1s reflecte romthe front side o evi ce.
Decr easedap reﬂwreﬂecmeetuﬂm@eg@ iron gixide 12@r @aad the silidondvitdes lened eandie

efficienc i | ayers generated using the present invention
do not su sutIt nt| a%"{éa%a@é’%g’gg@@un ng firing at 800C for 4 seconds.

Pref ep@bl ¥0045§5$>réf91%’6 ﬁ r%a%%&ﬂdn%n!s Becotti Fg?&‘tﬂe ﬁ@één’t"ﬁw@@%ﬁ?av elfre

pr ef er abl erels rovenment I n surtface carrier time. 25[0059]
Passi vat i dﬁfl’qcﬁ\féméehbﬁfWﬁgﬂ drikcansi 4. Dayérmgneaﬁkferaj%h@ﬁw@a usPPd283he present

i nvention [rﬂbr‘é\ié&i?eﬂéb'ﬁ\ft?%@err l%g@bﬂ%wéhdt é‘rﬁ%]\}ée%v@ftwﬁ A AR sec

wi thout firing and or annea More pre era ns have surface
r econbi nafiingn Eqrfeesamnbstr@fmare1@1@&9&@@antlraﬂ@tlmgeatmgmeramgyo theerepentns

have Surf cgmgg{%ﬁ HN%- rEh e%f'v@ﬁ:%,e% fef\%éﬁ@he ié&mr%céd kL ng and or

anneallng I nvention W ustrat re detail with
r ef er 8hce mnmmquag fTapﬂcng wigh multiple layers, each Iayer will have a different refractive index.

[0046] Silicon precursors suitable for use in the present invention include but not
limited to methylsilane, dimethylsilane, trimethylsilane, tetramethyisilane, ethylsilane,
diethylsilane, triethylsilane, etraethyisilane, propylsilane, dipropylsilane, isobutylsilane,
tertbutylsilane, dibutylsilane, methylethylsilane, dimethyidiethyisitane,

30 methyltriethylsilane, ethyltrimethylsilane, isopropylsilane, diisopropylsilane,

triisopropylsilane, disopropylaminosilane, aminosilane, diaminosilane,



Exanpl es, but it should be understood that the present invention is not
deened to be limted thereto. EXAMPLES [0061] Bond energy cal cul ati ons
were perforned using the density functional based Dol 3 nodul e of
commercially available Materials Studio package. [0062] For exanples 1 to
4, depositions were perforned on p-type Float Zone silicon 5substrates

having a re tivity of 00- 2000 0-, el cleaning to
renove oréréeﬁb a'gwas'#gﬁ a?t%gﬁ?n n<'§1)(5:'I]e)anlerr%{)'(f;é{rﬁly?1 F‘r]g@d’sé{%'aé ' gﬁ%ﬂ %%@g%éaat) %ient to
renove natertbehygarmitesiland0GR] bis~Eopepgaplire(dethgpesilanedn was perfornmed on
p-type Float Zone silicon substrates having a resistivity of 1-5 0-cm

10[ 0064] Dep17di thepositioveoidhpeilitar omde dayeborh usizdem afygehmeowict inchdesbbist r at e

S nronT i 19 PHSHTIRES HIBRE, REr NSRRI RS IG of Bl LI Tsligling @

Sinton Ii | BNS ' Wer e pertor ned on-a 200 mm
Bt

S1 ol e VGG EOMBoBNA LARTNALod e M BERRSE bh Aok TBA AL HfcbOt

silicon oxide a Icon nitride ran r‘om prefera et ween
200 and 400t KnitesktodNH;i methyadiioke diraetdybeinge time0@ninadorBikBoesIhemof.si | i con
nitride. [0066] Chanber pressure for the depositions ranged from2-10 torr.
El ect r ode [6Q#93i hipuichprgedtsdns san 2e0lef@dedid the Feagtar systagdey 800 untbet @OOW

[ 0067] For - - Sil ik ' : ' | y on
the of 11 cONoDELBERIRLY Suind2 o lact o AL R AR o B VEBEEY ol
1 [0068] Bodditepetailiow the delivesy ofliosiddd tHeoprosgdsamestorand several al kyl and
amno silanes. In contrast to silane, the al kyl and am no substituted

versi 6ds [0S | iAgditidsalvinateridis o be bleargediiptrtie yabiamy cearabeyinsior toNduring shi ng
to be bou not ' t I n L £S
Al 1 ow f or ALAShaheIARE HendstchrealBR; 385k fEfertholkdd < R JR0 A e 2
deposi t i oMzt emer efcumbiohmahbgpempioged aealsaiicedapies st oitierrec gearghce.

wer e shows™s FedHl e R, R o g o B B A Pt o N i o
al kyl si | 36510 lEREHySS applied to the gaseous reagents to induce the gases to react and to
15 form the layer on the substrate. Such energy can be provided by (depending on the
method employed), e.g., thermal, plasma, pulsed plasma, helicon plasma, high density
plasma, inductively coupled plasma, and remote plasma methods. A secondary rf
frequency source can be used to modify the piasma characteristics at the substrate
surface. Preferably, the coating is formed by plasma enhanced chemical vapor
20  deposition. The plasma frequency may range from 10 KHz to 40 MHz depending on the
deposition system. The chamber configuration may be single or multi wafer, and direct

or remote plasma.

[0052] 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
25 the silicon precursors preferably ranges from 10 scem to 1700 scem; the flow rate for the

oxygen source preferably ranges from 500 to 17000 scem; and the flow rate for the

nitrogen source preferably ranges from 500 to 17000 scem.

[0053] Front and back contacts are applied to the substrate using one of multiple
known methods: photolithographic, laser grooving and electroless plating, screen

30  printing, or any other method that provides good ohmic contact with the front and back
surfaces respectively such that electric current can be drawn from the photovoltaic cell.

Typically, the contacts are present in a design or pattern, for example a grid, fingers,

-10 -



Mol ecul e Si-H bond energy Si-C bond energy Si-N bond energy Silane 95

kcal /nmole NN A NN A Ethyl silane 95 kcal /nole 80 kcal/npole N A D ethylsilane
96 kcal /nmole 79 kcal/nmole NVA Triethylsilane 96 kcal /nole 79 kcal/nole N A
Tri nmet hyl si |l ane

10

15

20

25

30

lines, etc., and do not cover the entire front or back surface. After applying the contacts,
the substrate may be fired (heat treatment), at a temperature of from about 800 to about
950°C for 1-10 seconds, to anneal the contacts to the substrate. Methods for adding

contacts to a wafer substrate for a photovoltaic cell are known in the an.

[0054] 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¢).

[0055] The invention is also compatible with device configurations such as metal-wrap
through contacts, interdigitated back contacts (figure 1d), or interdigitated front contacts.
In these devices, the p-n junction is not formed homogeneously at the front of the device.

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

[0056] Passivation layers generated using the present invention may provide the
benefit of increased internal reflectance when used on the backside of a device, due to
the influence of the film’s refractive index on degree of Fresnel reflection over the full

angular range. Increased internal reflection generally provides higher device efficiency.

[0057] Passivation layers generated using the present invention may provide an
additional benefit of anti-refiection when used on the front side of the device.
Optimization of layer 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.

[0058] Passivation layers generated using the present invention do not substantially
degrade during firing at 800°C for 4 seconds. Preferably, less than 20% reduction in
surface lifetime occurs. More preferably, there is an improvement in surface carrier

lifetime.

[0059] Passivation layers having one bi-layer stack, generated using the present
invention provide surface recombination lifetime values of < 200 cm/sec without firing
and or annealing. More preferably, the films have surface recombination lifetimes of <
100 cm/sec; and most preferably, the films have surface recombination lifefimes of < 50

cm/sec, without firing and or annealing.

[0060] 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.

-11 -



97 kcal /nole 87 kcal/mole N A Tetranmethylsilane NN A 86 kcal/nole N A

Di i soproyl am nosil ane 93 kcal/nole NN A 80 kcal /nole Exanple 2 [ 0070]
Depositions were performed using the same silicon precursor to deposit the
oxide and nitride layers. Lifetine data were collected using a Sinton
lifetime tester in 5transient node and recorded for mnority carrier

lifetime values of 1el5 and 5el4. | I_F silicon oxide |ayers, the
deposition conditions were: 8 torr chanber pressure; 500 m | for

El ectrode P t m f or
et o o O En A0SR b et el Lo 1

For sili cdmeid madde dfaymr@maltyavdmMtataualsﬁjndioIpadﬂas;ewere. 3 torr for
chanber 10pressure; 400 m | for El ectrode spacing; 400W Power; 225 sccm for
NH3f | ow r §0@62] 460r sxampléni tHe depositienstwere padotims efeptpethlent Zosapiicet ure was

at 350 T f el '- 0 my/mn
(42 sctm) “ndr o Mo =53 18002050 Bk B0} PRSP BEN i 15 cccm
and 140 myémo\re ¢rp3nis epeyneta) subrdes oyraiss and Hfo surfacadreaBeont hyramave(ndfise cm
and 197 gbn (27 sccm) for 15Bi si sopropyl am no-(vinyl met hyl silane); for
silicon OXI e and silicon nitride |ayers respectively. [0074] Mnority

car ri et | ydia) Meopahee 6AGRALRGOAL BBHOARYE! PR R oNALEGYS Passi vation

chemi stri res ycarrler
lifetime anebtelestheyingrassistivityafilenQwst.ocity (SRV) for various 20passivation

chem stries
10 [0064] Depositions were performed on both sides of the silicon substrate in order to

allow measurement of surface recombination lifetime using a Sinton lifetime tester.

[0065] Depositions were performed on a 200 mm single wafer PECVD platform at
13.56 MHz. Deposition temperature for silicon oxide and sificon nitride ranged from 200-
450°C; preferably between 200 and 400° C for silicon oxide; and between 300° C and

15 450° C for silicon nitride.

[0066] Chamber pressure for the depositions ranged from 2-10 torr. Electrode spacing
ranged from 200-800 mil. Power ranged 300 to 1000W.

[0067] For all examples, 15 nm of silicon oxide was deposited directly on the silicon

substrate, and covered with 85 nm of silicon nitride.
20 Example 1

[0068] Bond energies were calculated for silane, and several alkyl and amino silanes.

In contrast to silang, the alkyl and amino substituted versions have ligands with lower

thermodynamic bond energies. Not wishing to be bound by theory, it is hypothesized

that the lower bond energies allow formation of a silicon oxide at lower plasma power
25 densities and deposition temperature which provides enhanced passivation

performance.

[0069] The calculated bond energies for silane and alkyl silane molecules were shown
in Table 1.

Table 1. Calculated bond energies for silane and alkyl silane molecules

Molecule Si-H bond energy Si-C bond energy Si-N bond energy

-12 -



Precursor Lifetinme at Lifetime at SRV at 5el4 SRV at 1lel5 5el4 MCD lel5
MCD MCD MCD Triethylsilane 1.8 mllisec 1.3 mllisec 13.2 cnisec 19.2
cnisec Diisopropylamnosilane 0.57 mllisec 0.34 mllisec 44.6 cnisec 73.5
cnl sec Bi si sopropyl am no- (vinyl nethylsilane)

Silane 95 kcal/mole N/A N/A
Ethylsilane 95 kcal/mole 80 kcal/mole N/A
Diethylsilane 96 kcal/mole 79 keal/mole N/A
Triethylsilane 96 kcal/mole 79 kcal/mole N/A
Trimethylsilane 97 kcal/mole 87 kcal/mole N/A
Tetramethylsilane N/A 86 kcal/mole N/A
Diisoproylaminosilane | 93 kcal/mole N/A 80 kcal/mole
Example 2

[0070] Depositions were performed using the same silicon precursor to deposit the
oxide and nitride layers. Lifetime data were collected using a Sinton lifetime tester in

5 transient mode and recorded for minority carrier lifetime values of 1e'° and 5.

[0071] For silicon oxide layers, the deposition conditions were: 8 torr for chamber
pressure; 500 mil for Electrode spacing; 800W Power; 1000 sccm for O, flow rate; 1000

scem for He flow rate; and the deposition temperatures were at 250 and 350°C.

[0072] For silicon nitride layers, the deposition conditions were: 3 torr for chamber
10  pressure; 400 mil for Electrode spacing; 400W Power; 225 scem for NH; flow rate; 400
scem for He flow rate; and the deposition temperature was at 350°C.

[0073] The flow rates for the silicon precursors were: 220 mg/min {42 sccm)} and 125
mg/min (24 sccm) for triethylsilane; 250 mg/min (48 sccm) and 140 mg/min (23 scem)
for Diisopropyiaminosilane; 350 mg/min (42sccm) and 197 mg/min (27 sccm) for

16  Bisisopropylamino-(vinylmethylsilane); for silicon oxide and silicon nitride layers

respectively.

[0074] Minority carrier lifetime and surface recombination velocity for various

passivation chemistries were shown in Table 2.

Table 2. Minority carrier lifetime and surface recombination velocity (SRV) for various

20 passivation chemistries
Precursor Lifetime at Lifetime at SRV at 5e14 | SRV at 1e15
5214 MCD 1e15 MCD MCD MCD

-13-



0.47 mllisec 0.28 mllisec 54.3 cmsec 89.3 cnisec [0075] Lifetinmes in
the Table 2 represented an average of 2-8 experinents. Surface

reconbi nati on velocity (SRV) was determ ned using the equation SRV = t/2(r)
where t is the silicon thickness in cmand r is the nmeasured lifetine in
seconds. Each of the three 5precursors t hat use for deposition resulted in

Avrancrac

SRV val u ess—than—31606——-¢ F-A—copttast—to (7} & dvances; i n
Opt oel ect *dt‘?ﬁtyﬁs"a%smm) an%”P'Ié rte 1%6@% % rné -I aye?ﬁ\ f'?
depOSitiC IsHe—rprosit-ar for—hoth | OX1 Ad-siti | At-tr-de

wi t hout r%@tf?é&?%ﬁﬁtﬁf‘%&%@&f i rf ‘?1348\“ i aﬁtﬁgwsrta "Y An
exanpl e |ttfetire—spectra—+to —et-hy s ) ied i.. fFHgure

10Exanpl g ZSPGY 9%75% oxi d dTW iisess %%Hg\stegd u%‘m ngqﬁﬁ“f%% ahe,

f ol | oned |lyingimethyisilaiee)|l ayer dep03| ted using tringt hyI si I ane. [ 0078] The
depositign tenperatures was 350C;, and the flow rjates of tetranethyl si]ane

was at 1200ng/ mn (300 sccm, 02 was at 1000 sccm 3 torr and 800Wfor the
15silicon oxide layers. [0079] The deposition tenperatures was 400C and the
f 1 ow r at eqoax5]t rtifetrhéyin tee Table 2wasreaént8f amaneme 4f 2-8axperimkids wasrfade 350

3 400 de | a : 0 [
et me AREPTROPAaB elRaRe ST ARSI EI R B cpurlenngito ler) SheA06u de.
passi \éat | o Sibgoerthickhessdan sreaoidd id myeeneasbretdrlifetmtétml secbradse Emchruf the theee shown
In Ta ons

resulted in 00 .cni sec.
Tabl e 5. ISOTITS Pk Pos tof SpnaelBr reelugi Y YokeRless T T ENAREIBC! 1y 7 or
t et ranet hwbstréﬁtreHoMaﬂeetraaeﬁsjvaaztesom Cpiystectranich, ztassgat)owdo Irq;cmleddfoo
trimethyl silane nitride gcur Lifetine at Lf dS dat 5el14 SRV
at 1el5 cm/sec Tor bi-layer after deposi on usmg fonosilafe for ot SI ISoncoxid and silicdR

nitride without heat treatments, such as, firing or/fand annealing.
[0076] An example lifetime spectra for triethylsilane is plotted in figure 3.
10 Example 3

[0077] An oxide layer was deposited using tetramethyl silane, followed by a nitride

layer deposited using trimethy! silane.

[0078] The deposition temperatures was 350°C; and the flow rates of tetramethyl
silane was at 1200mg/min (300 scem), O, was at 1000 sccm, 3 torr and 800W for the

15  silicon oxide layers.

[0079] The deposition temperatures was 400°C and the flow rates of trimethy! silane
was at 80mg/min(24 sccm), NH; was at 350 scem; 3 torr; 400 W for the silicon nitride

layer.

[0080] Minority carrier lifetime and surface recombination velocity for tetramethylsilane
20 oxide passivation layer with a second layer of trimethyisilane nitride were shown in Table

3. Depositions resulted in SRV values of less than 100 cm/sec,

Table 3. Minority carrier lifetime and surface recombination velocity for tetramethylsitane

oxide passivation layer with a second layer of trimethylsilane nitride

Precursor Lifetime at Lifetime at SRV at 5e14 | SRV at 1e15
5e14 MCD 1e15 MCD MCD MCD
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5e14 MCD 1el5 MCD MCD MCD Tetranethylsilane/ trinmethylsilane 1.2 mllisec
0.79 mllisec 20.8 cnisec 31.6 cnisec Exanple 4 [0081] Triethylsilane
films fromexanple 2 were heated using a belt furnace at a peak
5tenperature of 800C for |ess than 10 seconds. The heat treatnent which is
typi cal of that experlenced durlng screen print metallization, results I n
an |1 npro %oyt e I ri

density i ff”ﬁ'b%)z‘] Man(i)% hﬁ@gecar (rj’éoegld fgfeg 31y6%ﬁ1/§

r econbi natrineethylgllanei t y for triet hyl sijl ane passivjation | ayer bef ore and
after heat treatnment werei{shown in Table 4. 10Table 4. Mnority carrier
lifetime and surface reconbination velocity for triethylsilane passivation
| ayer before and after heat treatnent Precursor Lifetinme at 5eld4 MCD
Lifetine at 1el5 MCD Example 4

ace

[0081] Triethylsilane films from example 2 were heated using a belt furnace at a peak
5  temperature of 800°C for less than 10 seconds. The heat treatment which is typical of
that experienced during screen print metallization, results in an improvement of

approximately 20% in lifetime at an minority carrier density (MCD) value of 5e14.

[0082] Minority carrier lifetime and surface recombination velocity for triethylsilane

passivation layer before and after heat ireatment were shown in Table 4.

10 Table 4. Minority carrier lifetime and surface recombination velocity for triethylsilane

passivation layer before and after heat treatment

Precursor Lifetime at Lifetime at SRV at 5e14 | SRV at 1e15
5e14 MCD 1e15 MCD MCD MCD
Triethylsilane 1.8 millisec 1.3 millisec 13.2 cm/sec 19.2 cmfsec

before heating

Triethyisilane 2.2 millisec 1.7 millisec 11.4 cm/sec | 14.7 cm/sec
after heating

Example 5

[0083] Depositions were performed using the same silicon precursor: triethyisilane for
15 both silicon oxide and silicon nitride deposition on Float Zone silicon having a resistivity

of 1-5 Q-cm using optimized methods .

[0084] Flow rates for silicon oxide deposition were : 200 mg/min or 38.5 sccm for
triethylsilane; 1000 sccm for Oy; 1000 scem for He. The chamber pressure was 8 torr;

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

20 [0085] Flow rates for silicon nitride deposition were 100 mg/min or 19.3 sccm for
triethylsilane; 800 scem for NHs. The chamber pressure was 3 torr; power was 400W.

The deposition temperatures were set at 350 and 400°C.
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SRV at 5el4 MCD SRV at 1el5 MCD Triethylsilane before heating 1.8 mllisec
1.3 mllisec 13.2 cmsec 19.2 cmsec Triethylsilane after heating 2.2
mllisec 1.7 mllisec 11.4 cmsec 14.7 cnisec Exanple 5 [ 0083]
Depositions were perfornmed using the same silicon precursor: triethylsilane
for 15both silicon oxide and silicon nitride deposition on Float Zone
silicon hayl resistivity.of. 1-5 fl- S 1.m . . [ 0084]
Fl ow r at eie{‘*éé? ;hﬁi%!%B%s’tgéipgeSl‘égetﬁésllxfe’lrg'r?i:dvé\]g%eél&%ﬂgigglﬁg% énﬁﬂg g?ﬁ .Q@%@ sccm for
tri et hyl sichaiee|ifellf69 ob24arfdrs 0 Kec @ISR off @band2. 7dhiseca3be ang#e8Eur e
was 8 torn sg)%\é\ﬁ!re[was 800W The deposition tenperatures was set at 350C
20[ 0085] FTOW T at'es for silicon nitride deposition were 100 ng/ mn or 19.3
sccm for £t h [ : >m for. T 2. was 3 torn
sover  wes I TR U RS s MRS SRt Ry G CARE Rl RAE BRI

[ 0086] 5 Théerdegrekid mdrepasds fromtdsorio AYE: yi el ded a silicon device having a
mnority carrier lifetimes of 240 and 585 psec, and SRV of 104 and

42. 7cn sef0088] SHCcdhere4GB@ o respRIrabie diffprence of carrier lifetime at 5e14 or 1e15,

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

[0089] While the foregoing is directed to embodiments of the present invention, other
and further embodiments of the invention'may be devised without departing from the
10 basic scope thereof, and the scope thereof is determined by the claims that follow.
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[ 0087] The surface reconbination velocity (SRV) decreaded when the
deposition 5 tenperature increased from350 to 400C. [0088] Since there was
no nmeasurable difference of carrier lifetine at 5el4 or 1lel5, thus the
mnority carrier lifetinme and the SRV were averaged val ues at 5el4 or 1lel5.
[0089] While the foregoing is directed to enbodi nents of the present

i nvention, other and further enbodi t f the invention may be devi sed

wi t hout departing fromthe 10basi c scope thereof, and the scope thereof is

det erm nedI bx nliet?ﬁ ¢ o?H%@osﬁ“@% e%ﬂ(ﬁw pas%@k%ﬁerldﬁ aﬁ?ﬁ&&%lt&g eﬁjﬁ‘upé)s' ti ng at

| east one paSS|va I on ovol ce chamber conpri sing
steps of: chamberppmmlsimmgfephef phot ovoltaic cell haV| ng a rear surface and
a front surface; 5Sproviding a first silicon precursor; providing an oxygen
source; depogroviding tae ghdtpiimicoel Bevihapeearranfeeryand  friookswsiaserr angi ng from 5
to 70nm at | east on one surface of the photovoltaic cell;

provi dbng a prewiding asfirsh&b’@nnpr@@mozf,or 10providing a nitrogen source; and
depositing a silicon nitride |ayer having a thickness ranging from20 to
200 nm on th@rowtilng@@rpxmmru%our@wer wherein the passivation |ayer

havi ng a thickness ranging from25 to 600 nm conprising at_| east one

bi -1 ayer cong®nositing atsiieor pxifie yebhaving 3 Kjdknesmi@nghg from p oAl leastes

| ayer. 2 Theoﬁ@éd?%@e%fth%gﬂbﬁbéita;c‘!‘@@ir ein the first silicon precursor is
selected fromfamly of t he second silicon precursor

is selected ISrBQiH?né'és%QSmd g!h&nf@g&d,gorof Si RxHy, and 20conbi nations thereof;
wherein x+y = 4, 4, and I's 1 ndependently sel ected fromthe group

consi gpi ng Oﬁro@?&m A,fréﬁrsog}&é{gnd wherein the ligand is saturated or
unsat urated; Cl- branched al wherein the ligand may be saturated or

unsat ur at ed; getpcling 8 si6mh hﬁm%' 'ﬁﬁ rhaVWih§ aathiBkidd8 rhndhdf o B0 1906 ARlbrthed,
unsaturated, or aromatic;
silicon oxide layer;

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

15 nitride layer.

2. The methed of claim 1, wherein
the first silicon precursor is selected from family of SiR,H,; and

the second silicon precursor is selected from silane, the family of SiRH,, and

20 combinations thereof,
wherein x+y = 4, y = 4, and
Ris independently selected from the group consisting of
C1-C8 linear aikyl, wherein the ligand is saturated or unsaturated;
C1-C8 branched alkyl, wherein the ligand may be saturated or unsaturated,;

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

aromatic; and
NR'sJ

wherein R  can be independently selected from the group consisting of
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wherein R*can be independently selected fromthe group consisting of

hydr ogen; and |inear, branched, cyclic, saturated, or unsaturated al kyl; 3.
The nethod of Claim2, wherein the C1-C8 |inear alkyl is selected fromthe
group consisting of nethyl, ethyl, butyl, 5propyl, hexyl, ethylene, vinyl,
allyl, 1-butylene, and 2-butyl ene; the Cl1-C8 branched al kyl is selected
fromthe group c I I e and
tert-butyl ; t heR\fn‘fﬁ-b@%| %egﬁ%'%draﬁg i SCyCIh LR%%ré(}ants @%‘%%ﬂlﬁy]bonm sting
of cycl opentyl, cycl ohexyl, benzyl, and nethylcyclopentyl 10 4. The net hod
of claim1, wherein the fanily of SIRXI-ly is selected fromthe group

consi sti n§- dﬂwémﬁmhgbtﬂbané whigrgist hyl si | ane, trinmethyl silane,

tetranet hyl I i ef t i e

pr opyl o1 | ana™® a1 a3 B R E Seelt Ry ol @ op Sl A, A outy

di but y$si | arwopsﬂmelxyll eﬂwwhs,uunanh@"yld‘lmtwmeda@d Pputyldngne,

i sopy opyl TP Ses® PPN lRtiot iy R Groub SOREARY o 1soBRBYL 1 nosi 1 ane,
di ami nosi | aregpromtiéng, ebulyk ahdtwet-bwylhy| ani nosi | ane, di et hyl ami nosi | ane,

di met hyl am [ r

bi s- |soprop3r} éd ﬁél%%éﬂhéﬁ(ggl Fﬁ)t/%é kegl‘rﬁra ﬂen% %’g{]?%gyc’g%grngldf. 20 5. The
met hod of clcafphahaxyl wisoryi andmethﬁ!lw@@paﬂmll con precursor is tetranethyl

sil angyand the second silicon precursor is trinethyl silane. 6. The
met hod of claim1, wherein the first silicon precursor and the second

si |l i con 28prBwunsibed af dairhe vdenein the fammhilg o iRaddis sklecledifranbihevgtewrei n t he
first silic [ th

tri ot hyl si | ApReBEESE QRuBRiei S aRaNEns, dERRiRLAe GEMAIBRG | o | o

sel ect ed fr aihtlsi@ngrdietpylsitansi @traetgylaﬂartez;aromieilar@zdlneapyhy@lmg@hutplgﬂm de,

NO, NO2, N2 X e ce is selected
from the gr gé%blggglsalrﬁét %hHUtgé ar H\%ﬂﬂﬁl‘?&ﬁ&&ih@f&ﬂbﬁﬂﬂ%@% ltg H%fl am ne,

tri methyl am methyliarmmwﬁllammﬁé‘wlttilrmet?‘e'{sﬂane Gopwipyisianch disopfopylsdéma, 1, wherein
deposi ting e o) nhanced chem cal
vapor depos{}F%gﬁ%pwaiaﬁg’l%%@%%xaa&ﬁESI%ﬁQ a'% bQ%n d'%(ﬁa‘?g?an%t he oxygen source
and the nit rrogfbplaminositanet etbrwawmc&nlamdlemsttaminds\@eadbmetwlanrlmnlsm biss 10, 000

sceminto t hgGRATRRosiIdREald biSlisobrddyRMino(methylvinyisilane); and combinations

thereof.
20
5. The method of claim 1, wherein the first silicon precursor is tetramethyl silane and
the second silicon precursor is trimethyl silane.
6. The method of claim 1, wherein the first silicon precursor and the second silicon
25 precurscr are the same.

7. The method of claim 5, wherein the first silicon precursor and the second silicon

precursor are both triethylsilane.

30 8. The method of claim 1 wherein the oxygen source is selected from the group
consisting of O,, N,O, ozone, hydrogen peroxide, NO, NO,, N,Q,4, and mixtures
thereof; and the nitrogen source is selected from the group consisting of ammonia,

methylamine, dimethylamine, trimethylamine, and mixiures thereof.

-18 -



precursor and the second silicon precursor flowng at a rate independently
from 10 sccmto 1700 sccminto the chanber 11. The method of claiml,
wherein the silicon oxide |ayer is deposited at a tenperature 10between 200
and 400 C, and the silicon nitride layer is deposited at a tenperature
bet ween 300C. and 450 C. 12. The nmethod of claim 1, wherein the passivation

|aver has ga St 8i6aPERAPY AR ALBLORI XeGoBA0:EREs yAiortRpodis, Bt 00 of

claim1l, vvhere passi vati on ace reconb I on veI ocity
< 100 cnms. plasma emzaancwehemlcbb@pofdeﬂcanml further conprising a step of
heat treating the passivation |ayer 20at 800 to 950C for 1-10 seconds. 15.
The nmethod of claim1l, wherein the silicon oxide |ayer having a thickness

ranging fr @ﬁ%o%gthéﬁgg&hirrﬁ?%ﬁqgiﬁ% %ﬁ@@n@b\wcb%ﬁdy?%mmg@qvgdwceafmﬁgcgﬁess

ranging fr tovoltaic ice conprising:” a
phot ovBl t ai ca tat¢ indepensienty figm 590k 40,084 seérh intethel chypmberi dihertiiehsilicenN- doped

silicon | aye e

passi vation ;§r§§@?&§a@{ otﬁléJ% égﬁﬁ sﬁi@ﬁ ﬁre{t}:ﬁ%@F f é%{cgatéﬂ‘@gg‘?ﬁ&enﬁﬂ%‘dﬁgf Claim
1. 17. A photaoudbtiaDg Sd@mlrﬁ@tfmlrpmbgr ng: a photovoltaic cell conprising a
P-doped silicon | ayer adjacent a N-doped silicon |layer, a rear surface and

a front surface; and 5at | east one passivation |ayer having a thickness
rangi ng frénTiEsmehiog@dclaim 1, wherein the silicon oxide layer is deposited at a temperature

10 between 200 and 400° C; and the silicon nitride layer is deposited at a temperature
between 300°C. and 450° C.

12. The method of claim 1, wherein the passivation layer has a surface recombination
velocity < 200 cm/s.
15
13. The method of claim 1, wherein the passivation layer has a surface recombination
velocity < 100 cm/s.

14. The method of claim 1 further comprising a step of heat treating the passivation layer
20 at 800 to 950°C for 1-10 seconds.

15. 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.
25
16. A photovoltaic device comprising:
a photovoltaic cell comprising:
a P-doped silicon layer adjacent a2 N-doped silicon layer,

a rear surface and a front surface;

30 and
at least one passivation layer deposited on the photovoltaic cell by the method of
Claim 1.

17. A photovoltaic device comprising:
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deposited on at | east one of the surfaces of the photovoltaic cell; wherein
t he passivation | ayer having at | east one bi-layer consisting of a silicon
oxi de layer having a thickness ranging from5 to 70 nmand a silicon
nitride |layer having a thickness ranging from20 to 200nm 10 18. The
phot ovol tai ¢ device of claim 17, wherein the passivation |ayer has a

surface reconhi el | acj t.y. <200 cm s. 19. The photovoltaic
devi ce of cl g}aﬁﬁ%gf%ﬂ%%ée/eﬁecﬁﬁ{pb IQgpassi vation |layer has a surface

15r econbi nat i ora Relbped siljcon 14y adjmtent s29-dofexbsilidentlayes) t ai ¢ devi ce of claim

17, wherein th ! i I aving a thickness ranging fromb5 to 45
nm and the si %%ghélﬁnﬁ ?%ﬁ’é%ﬁg’?ﬁﬁf}a&\gi ng a thickness ranging from 30 to 150

nm 20 and
5 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 consisting of a silicon oxide
layer having a thickness ranging from 5 to 70 nm and a silicon nitride layer having a
thickness ranging from 20 to 200nm.

10

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

recombination velocity < 200 cm/s.

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

15 recombination velocity < 100 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

ranging from 30 to 150 nm.

20
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