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FIELD OF THE INVENTION

20 The present mvention refates generally to the field of solar cells. More particularly,

the present invention relates to solar cell devices and methods of their formation.

BACKGROUND OF THE INVENTION

. There are two major steps in making solar cells. The first step is to form a substrate
25 that is configured to generate electron-hole pairs upon the reception of light. One example of

such a substrate includes a p-n junction. The second step is to form conductive contacts on

the substrate that are configured to conduct the charge from the separated electrons so that the

charge can be conducted and carried away.

Currently, diffusion is used in the first step to form p-n junctions. A paste of dopant is

30 placed on the surface of the substrate. It is then heated up, driving the dopant into a particular

depth and forming the junction. Alternatively, a phosphorous dominant gas is introduced to

the substrate. Heating is then used to drive the phosphorous into the substrate. In the second

step, contact lines are screen printed onto the surface of the junction.



such a substrate includes a p-n junction. The second step is to form conductive contacts on the
substrate that are configured to conduct the charge from the separated electrons so that the charge
can be conducted and carried away. Currently, diffusion is used in the first step to foil p-n junctions. A
paste of dopaht %A on the surface of the substrate. It is then heat%aTCﬁizg‘f?\’ﬁﬁB‘lﬁe dopant
into a particular detetiisand dirmsing shddpantism Altesndiaitoatehasphatdyp dominant gas is
introduced tobtpe S Strattﬁi Heatin% igithen used to drié?ir(t?he (fhos horo ﬁ. into the SLLbstrate. In the
second stép- CoMtActInes A SerBEN Pt Srite i AR QS BrHE v HRm s the
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substrate is pla problems. One of main problems is the .accumulation of unactivated
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resistivity atedifferdwntcdeptirstanceeoionaef thepatthsiratesng dhlesnl eachtm teasyinghlightkaddSorption and
5electron-hg@Je generation performance. In particular,.one problem encountered is the lack of utilization
of the blueu%ﬁ éosnt%%ﬁ}%%ﬁ h]g ct)rans‘la ?orﬁsgﬁ the ggn}gg & tﬂ(ﬁ&f& "I%%/éar(.i:" & @éﬁfionally, lateral
positioning of theAddpants]acissithessiibstratd iseakpeciaklyrdiffitelsasthe: isnspaddiitg and wafer
thicknesseg @ar ting.smaller, For.ex e, for selective emitter applications, the solar cell industry
is expecte§ %C?g%%%r{g%lg%ea%ﬁ%tse% ﬁ)%r%%igr%kgﬁ Eelﬁrgﬁ 6%%%}%12%dg%r? ]fgnfigieé Ran 50 microns.
Such placestestiveamibevapnliditiiout for Werprbmdushethcdptotpyd of diffusiotvgand Istreén printing.

Morgover. i Walate digh BRI B bl R hishonR aLIoey ol s Oy ierons, vertical

and batch diffusion and screen printing becomes extremely ifficult or even impossible.’Furthermore,
the use of difffgslbfrhis beernumabiedwlgmovidbthudnend kveds pfinidpmnvibBoontentation and

resulting resistiyihe T eleptan hele nalyasagration reaiannlibe selascelwpyldidsally, have a low

concentration of dopant and a high resistivity I€vel, while the contact region (near or at the surface) of
the solar céfifisiRndIdesTRPhBUB RS Rils woricevteady Gftolaiteana isneasidsistivity level. Diffusion is

unable to addresg eachyeqion.SeREigaRdHS:Blech iR R NGt IEsIRANca R aRUHERn:

Ohms/square (QC) for both regions, which is 20not quite high eénough for the electron-hole pair
genératiorF PREFBHARE Hist GEMEN8CEpGYIgh The electron-hole pair generation region of the solar

- cell would ideally have a low concentration of dopant and a high resistivity level, while the
contact region (near or at the surface} of the solar cell would ideally have a high concentration
of dopant and a low resistivity level. Diffusion is unable to address each region separately
and is limited to a sheet resistance of about 50 Ohms/square (Q/7]) for both regions, which is

20 not quite high enough for the electron-hole pair generation region and not quite low enough

for the contact region.

SUMMARY OF THE INVENTION

25 The present invention provides methods for addressing the various ohmic losses
arising from the use of older processes of doping solar substrate. The present invention
involves modifying the resistance of the substrate, contacts, busbars and fingers, the contact
resistance of the metal-silicon interface, the resistance of backside metallization, and
achieving the desired resistivity under the grid contact and in between the fingers. Morcover,

30 the advantageous formation of a selective emitter and its ability to improve performance is
possible through the use of the present invention. The present invention is capable of being
applied to grown single or meno-crystalline silicon, poly or multi-crystalline silicon, as well

as very thin silicon or very thin film deposited silicon or other materials used for solar cell



for the contact region. SUMMARY OF THE INVENTION 25The present invention provides methods for

addressing the various ohmic losses arising from the use of older processes of doping solar substrate.
The prefumitivetidrriheohppseabelifyidyissresipaine oidiaing subsodaddodbpraictspeighars and

fingers. igaaRatisavianeeRlinamelsliconmietiage. M eailanan pibagealde metalization,

and achieving the desired resistivity under the grid contact and in between the fingers. Moreover, 30
the advantageduwlsatiratiopeoiis suldotivensativte pathatnsabilitgyasemniproy agtiedmambe is possible

through dhs e IR AXRSERL IAVaIIRN ThaRB3R0L IV eRliaRin GamRbIShBERAGRpLied o grown

single or mono-crystalline silicon, poly or multi-crystalline silicon, as well as very thin silicon or very
thin filmmdegrosieidsiliconcontmtien afzdepeans kb avidrisdher ek dbrhsatiatsaa @aitetespblications. It is

also capahle af heing exigndad ta.atopiic sResiesRlasemant ﬁﬁ%ﬂ%fﬂ?&@é@h&&ﬁﬁ indhe

fabrication of junctions and/or contacts. Application-specific ion implantation and annealing

systemgaihingeehdagacantbrrismpttiet Byt pidwdaindéribersian ofgerrib st dvatiaddresapistopriate
and independantme AeeIuRRLANbeRPARAKRIAN.ALAARAL BRI WP dhedlinl (hevuatgrial and

laterally positioned across the substrate. The use o e and highly accurately placed dopant and

tailoringra¢degan ashinie Hebili dorrescHbée0delons Merddsapededuieamiza s the
requiremgnis forheavily, AaRad (1 0-40 QRMsieqyae HIgAIoNs MAdsF Hhe QrthinfAmWall@s methods

to achieve lightly doped (80-160 Ohms/square) regions in between grid fingers. toldeal sheet

resistanthe lpeIEnst appebsiiaralalys2s Opaisgoneenisitine compravamsiyuHeR pse Giicline, which
translates 40, A H90ahg Qﬁﬁ&?ﬁ&%@&‘?ﬁ R PORERARREN RO PE SHDIR RETHMRIGL ARH ARRSAXImately

100 Ohms/square for the electron-hole pair generation region between the grid fingers and/or below

the contbetregfiche anitinesrstadiantbeiotobgrnoatirdaptiaton beh pisrsiatantely dePr0tper cubic
centimeter, are able torbe AChIRVRI HOUOPCL SR Qb NG PIRSANL RVRYGReved AAdiiRnally,

through the use of tailored parameters, the atomic dopant profile is simultaneously matched to provide
the electhieasupttisry eemranaspiopriate depth against the substrate background doping levels and to

provide the resigfiyityraavirgdforte. Rrnatian SENS.LANASE AR thsudapen 36t fetrograde

doping and flat atomic profile (box junctions)
simultaneously maiched to provide the electrical junctions at the appropriate depth against the
substrate background doping levels and to provide the resistivity required for the formation of
the contacts on the surface. Use of retrograde doping and flat atomic profile (box junctions)

20 are also deploved, if desired. This methodology provides a simple, effective and inexpensive
means for formation of a selective emitter and appropriate resistivity to enhance solar cells
efficiency performance.

The dopants can be activated through the use of a traditional furnace anneal with long
time anneal, the use of rapid annealing, such as rapid thermal anneal (RTA), or the use of

25 very rapid temperature rise and cool down methods, such as laser annealing, flash lamp
annealing, or employing a firing furnace at the end of the solar cell fabrication, which can
employ a lower temperature when used with the implantation of the present invention.
Controlled use of annealing time and temperature provides further enhancement of atomic
profile within the substrate. In the present invention, shorter time anneal is preferably used to

30 ensure that dopant placement is not altered, but that full or near full activation is achieved.

In one aspect of the invention, a method of forming a solar cell is provided. A
semiconducting wafer is provided having a pre-doped region. The semiconducting wafer is a
silicon substrate. A first ion implantation of a dopant into the semiconducting wafer is
performed to form a first doped region over the pre-doped region. The first ion implantation

35 has a concentration-versus-depth profile. A second



20are also deployed, if desired. This methodology provides a simple, effective and inexpensive means
for formation of a selective emitter and appropriate resistivity to enhance solar cells efficiency

performiicaiptpRialinTants eapaptiaiithasernaubising vekeoisPrammmssHrRracessrasal with long
time anpgah theoiseREFARIc,ANREAN L FHED BRer RIS Il ARRGabIRbAbAtha wagief 25very

rapid temperature rise and cool down methods, such as laser annealing, flash lamp annealing, or
employiiig epariRfdeniss imnkate e Bra s slsaraaehbiia at CaRprar i SRy s Biver
temperaiigunan HeSGithedRiatalien ahile, Rirsent invektignaanieled dsenahannealing

time and temperature provides further enhancement of atomic profile within the substrate. In the

plesent diffeisnoicamsiat ofithe Bréen igplatrieny dddersd arcridhreliradanphrgimcadint is not
altered, Qub Had Spdaar-pRAT Il asvALPR isaehiRvadcron RS RS RPEh LR iNYeRIEN method of

fotming a solar cell is provided. A semjconduc&gg wafer is provided having a pre-doped region. The
semicorfatEaFgEnhiereshisnisaRanBEeRtcraAnTEeB P isneateriord aepartiifs the semiconducting

wafer is perfoiigechin femmaufitt-donedfegienRverithe Masdored 1egiRa.dbpeifictinimpirntation
35has a concentration-versus-depth profile. A second ion implantation of a dopant into the

semicorfduear §waTeihe Psterric esirs md hecsrrndsonad sinn it pigweh e region. The
sgeond ion dmplantation cawpsises mutiiniedlarsrdantdopantimpiants: heiad Presietrimined

different concentration-versus-depth profiles in order to tailor the total atomic profile, and has a
concentfaibrRISHRIEEpth profile Sdifferent from that of the first ion implantation. At least one of the

first doped regignand the,sanrBstdaRessedigds caniquratddgeneraie sleaipRniaie PRiks upon
receiving light, and the first and second ion imglantations are performed independently of one another.

In someleTRtsdasFERRS Cdharianae oS ANETRITIstEbe B Cdmperacde senrradiesiclnd the

Ohms/square. In some embodiments, the second doped region formed by the second ion

15 implantation has a sheet resistance in a range of approximately 10 Ohms/square to
approximately 40 Ohms/square. In some embodiments, the first doped region formed by the
first ion implantation has a sheet resistance in a range of approximately 8¢ Chms/square to
approximately 160 Ohms/square, and the second doped region formed by the second ion
implantation has a sheet resistance in a range of approximately 10 Ohms/square to

20 approximately 40 Ohms/square.

In some embodiments, the method further comprises the step of disposing metal
contact lines on the surface of the semiconducting wafer, wherein the metal contact lines are
configured to conduct electrical charge from at least one of the first and second doped
regions. In some embodiments, the pre-doped region is p-type doped and the first and second

25 doped regions are n-type doped. In some embodiments, the method further comprises the
step of performing an annealing process on the semiconducting water after at least one of the
ion implantation steps.

In another aspect of the invention, a method of forming a solar cell is provided. A
semiconducting wafer is provided having a pre-doped region. A homogeneously doped

30 region is formed in the semiconducting wafer over the pre-doped region by performing a first
ion implantation of a dopant into the semiconducting wafer, wherein a p-n junction is formed
between the pre-doped region and the homogeneously doped region and the homogeneously
doped region is configured to generate electron-hole pairs upon receiving light. A plurality
of selectively doped regions are formed in the semiconducting wafer over the homogeneously

35 doped region by performing a second ion implantation of a dopant into the semiconducting



at least one of the first doped region and the second doped region that is configured to 10generate
electron-hole pairs. In some embodiments, the semiconducting wafer is provided as a silicon

substrateafer. [RhgcsrerhipbdMMRE v MBPHSFEaHERHbHISARRGBY Seeanstiphemidiantgion has a

sheet resistanceifed HRTeR:H RRRENMBIRMAAQRME/FAYURER 17 SRRFAXiIRALe I RALRms(square. In
some embodiments, the second doped region folioed by the second ion 15implantation has a sheet

resistanPEfila FASJEGRap SRSRIAA M8 TID ORHIS qimPeio st Sxdssidsily ofrRS/ARR1BFE. In some
embodingeris, (% HLARSAIEGIROOITRANANG (Eskiom IRPIATEUpmNER A pacet resistance n a
ms/s

range of approximately s/square to approximately 160 Ohms/square, and the second doped
region f@ﬂﬁ’é’@W‘%ﬁ@%é@B%T@ﬁqmplantation has a sheet resistance in a range of approximately 10

Oth/_ square t %Qﬁ@%&%lﬁﬂﬁ%ﬁ:‘ﬁ{té%@ E&ﬁ&ﬂﬂ%ﬁ%ﬂg wafed o%mg@ggﬁ%ﬂﬁéeﬁk%méﬁﬂ&dlﬂl rther
comprises the step of disposing metal contact lines on the surface of the semiconducting wafer,

whereinsgraasBRPSEHaE: hrelomesasrgticdrrsdsrtioedanad by Br iyt noinataaEsosne of the first
and secgnd,dgped LeGioNs: 1 SRIRERIT @%&%}W%mﬁﬁﬁ%ﬁ%@%ﬁﬁcﬁrﬁﬂa@ﬁp@ and the first

and second 25doped regions are n-type doped. In some embodiments, the method further comprises

the step@rpeFviRtnghFraHhBaRRg Rrate@dhare ddhs sslrativahydnrge regtersaiomast BXe of the ion
implantafieRiiRBion intPIANGHR RIREGR! Hhedanestion rameliagRbinumiag asolar cell is provided.

A semiconducting wafer is provided having a pre-doped region. A homogeneously doped 30 region is

formed RS/ SERRIEIAARBIRTETALRLY A0S/ Blato PR PR HBY Fareainthe BemreessRatiantation of

a dopangipio theise AR UGAG mafesnWhBTRIG A RIVAGHSS iR JRimeH RelwaeR bre pre-doped
region and the homogeneousﬁly doped region and the homogeneously doped region is configured to
P

generatéRIERHBALHSI8 hRhmssarere de RMREPHERELRH GRS B savsetndy ersBedseibis are formed in
the semigangnetingopaier gvas heNenodrasausly 2adanashisgipmby Perferringasesend ion

implantation of a dopant into the semiconducting wafer. The second ion implantation comprises

mililtiple TrrASHEEReHB Sy i bR iavie tpraustsimmely 4iEteme sa¥%ntration-versus-depth
profiles in orderdodailos e datrhaomicrialile akheficshand segenekioprimplaniations.are performed

independently of one another, and the selectively doped regions have a higher concentration of dopant
than thecontact lines on the surface of the semicondicting wafer, wherein the mefal contact lines are

aligned over the plurality of selectively doped regions and are configured to conduct

electrical charge from the plurality of selectively doped regions.

20 In some embodiments, the method further comprises the step of forming a metallic
seed layer near the surface of the semiconducting wafer, wherein the metallic seed layer is
configured to act as a transition layer between the selectively doped regions and the metal
contact Hines. In some embodiments, the metallic seed layer comprises a silicide. In some
embodiments, the step of forming the metallic seed layer comprises ion implanting at Jeast

25 one material into the semiconducting wafer, wherein the at least one material is chosen from
the group consisting of: Ni, Ta, Ti, W, and Cu.

In some embodiments, the pre-doped region is p-type doped and the homogeneously
and selectively doped regions are n-type doped. In some embodiments, the method further
comprises the step of performing an annealing process on the semiconducting wafer after at

30 least one of the ion implantation steps. In some embodiments, the method further comprises
the step of forming an anti-reflective coating layer over the homogeneously doped region.

In some embodiments, the selectively doped regions are implanted in the
semiconducting wafer at predetermined locations using a mask, wherein the mask comprises
openings that are aligned with the predetermined location. In some embodiments, the mask is

35 a contact mask disposed on the surface of the semiconducting wafer during the second ion

implantation. In some embodiments, the mask is a physical mask disposed a predetermined

5



5homogeneously doped region. In some embodiments, the semiconducting wafer is provided as a
silicon substrate. In some embodiments, the homogeneously doped region formed by the first ion
implantatisankasta sh et sedstanttinsamingdwitimgprofimittyzgbeCenaispudreniowppeoximately 160

ohms/suare. In o emocdinets LArIaA Al sale sk dpRP (cagna ARy 10the

second ion implantation has a sheet resistance in a range of approximately 10 Ohms/square to
approximately4dOtiarsistpacieativss nrengra bbaimentsbtas hohsgertbo shhpetbpedbeagion formed by
the first jon implaptagion has a sheet.resi ceinar ng %f R {941{@@5?&’:&%1 hps/gquare to
approxire111('{)}igt-r(3:-%g/l Yé%%ﬁrﬁgﬁet?ﬁg?é?%%nl&ce%ﬁ: %%n%lg %;[F]e: se gctlll\?}eE/ doped region? formed by the second
ioh impleagiatis nhasadhemaasisteat & maisrateot distrosértatedr A Odimprsguaretely |
approxi%%g%/ 40 Ohmsﬁ%%aﬁgm In some embodiments, the method further comprises the step of

disposing metal contact fines on the surface of the semiconducting wafer, wherein the metal contact

lines are aligndd wmhmlmy@belm&wW@d%@ﬂdﬁsﬁm@aﬂe E&iﬁﬁgtﬁ@@ﬁib conduct electrical
g SR DL A Rel Al A B AR A SAE ST RIMER. L RatPe Trner

comprises the step of forming a metallic see surface of the 'semiconducting wafer,
whereinaheclnatediv Semal legioris, codfigpireal o af restah eeatasitionllby ebisandeatnevsefaciffely doped
regions he me tact linesqInis Smhediments, metalic, sgeddayer comprises a
s[ia?(igcide. %gg%%ﬁ%} %?é?gﬁl%rﬁfﬁ% %ﬁe stepo%{gz)t%rming i#1egﬁg}getar%%:(?oseed layer comprises ion implanting at

least 2SMWQMQHmW%MhMQde?Wém@&@é@l@ﬁ@ﬁﬁ %ﬁ’@ﬂ@ﬂﬂéﬁﬁ%ﬁﬁsen from
(he group éﬁe%z,gl'rgg%gnegfwwfa%gﬂa% Fig &%Lgistaucwoma/@énQggmﬂmp%@@aﬂg&%e{%g'on s

p-type homogeneously and selectively doped regions are n-type doped. In some

embpdimahagpmeim@ﬂmdGﬂrﬂien@’mme"éhﬁe-gtbw@f%ﬁém@é betepeediing process on the
semiconlcinsualar alisLA ARlRaRkARE pldeanduplea Rl SteRe-eanue apigAiments, the

method further comprise ep of forming an anti-reflective coating layer over the homogeneously
déped regoms are forsord énctinbeaincendsicting sedéenivedy e pethrgioey dredinpieiseean i tHen

semico i [ ' IsinchanasK.hekeintheJalsk gamprises
openings%agﬁg?gﬁ%@ﬁdg ﬁ%%ﬁ%%%%%{%ﬁ%ﬁ%ﬁgg%n. In so(j’me embédiments, th%ﬁr}npask Is 35a
contact maSlkeslispudetitotaiin Sinfatd st seefitoiriodhingavatenduiing thafeecBerhipe of

the selectively doped regions has a sheet resistance of between approximately 10
Ohms/square and approximately 40 Ohms/square. The metal contacts are disposed on the
20 surface of the semiconducting wafer and are aligned over the plurality of selectively doped
regions—The nretal contacts are configured to-conduct electrical-charge from-the plurality-of--
selectively doped regions.
In some embodiments, the semiconducting wafer is a silicon substrate. In some
embodiments, the homogeneously doped region formed by the first ion implantation has a
25 sheet resistance of approximately 100 Ohms/square. In some embodiments, each one of the
selectively doped regions formed by the second ion implantation has a sheet resistance of
approximately 25 Ohms/square.
In some embodiments, the solar cell further comprises a metallic seed layer disposed
over the selectively doped regions and under the metal contacts. In some embodiments, the
30 metallic seed layer comprises a silicide. In some embodiments, the metallic seed layer
comprises at least one material chosen from the group consisting of: Ni, Ta, Ti, W, and Cu.
In some embodiments, the pre-doped region is p-type doped and the homogeneously
and selectively doped regions are n-type doped. In some embodiments, the solar cell further
comprises an anti-reflective coating layer disposed over the homogeneously doped region. In
35 some embodiments, the selectively doped regions are laterally spaced apart from one another

a distance in the range of approximately 1 mm to approximately 3 mm.
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implantation. In some embodiments, the mask is a physical mask disposed a predetermined distance
above the surface of the semiconducting wafer during the second ion implantation. In some
embodiments, therselectispbrtdoitbd iegionsatkernplanedind the sl cdiiduvimgasaler el

predetennined.locations.using a shaped ion bea herein the shaped io is aligned with the
predetelgl}ﬁ?n%g[lfgga%%nn%?ﬁ\ng' ne em %lsr%rgﬁ%%{l?ﬁgwg &:#?% ya‘é%‘&ga g%e%?%%@%golgateraﬁy spaced
apart fromrfane; aarftiveriagdidian denimipnéage of agiorexinisie i semmctodpprogimEtelip 3 mm. In
yet another aspect of the invention, a solar cell is provided, The solar cell compri iconducting
wafer, apﬂ*’élﬁn%gés%é%ﬁ% y"&%lb’é’ \rlglé%ﬁ P gepq%n%(%llé% 1(r)f,l’awp' arfaiﬁ&/ﬁgﬁs%fé%%%ﬁ%f??g%erggﬁns, and a
plurality @fretadtiontactssTeptb gmitbnautthegfinsh fped s ezioackyrodn b dbp ed fagioh thehe
homogeneoausly.doped region is fowled in the semiconductin fer hagkground doped
region S T B B e of
betweenapipoxinetitedyatOhrsisqusrerah d gpdrmgimatelyr 160 @hdig/sd vegenT Wb gyeinjthection is
formed hetween the ogeneously doped. reqi h .region. The selectively
doped 1%erce0gn|c§rl1%nalfrelp g%}r?eggi}nc?ﬁlep g{g?ﬁi%gn%ﬁgt%%%%é?%\%ﬁ t;%getr %{ogr%%%%%e%é%ly doped region by
ion implansiwgermittisl didfitpertsoiavimgt ipredetenniapd diffétenicorse tortaitn-Werkis-depticprofiles in
qrder to tailey the (ot AONNIE RIOfIG, iNig ?aﬁ?a%%%‘%%%%%gg‘{ﬁai%f?ﬁa%ﬂs@@@%&f é?@ﬁ?é‘éec“"e'y doped
regions Ras & sheet resistance of between %pproxmately ms/square and approximately 40
Ohms/sdiffeenT iiomttal chhtafitstace digpesedonakbtROsertadalopthecgonicottadedntpswafer and are
aligned qver the plurality, of sel L'!yhef!}( g %%' s H) %gg@g gontagts are- figured to conduct
electrical ¢ éafsg%%rrlnot%%ﬁégpﬁ%ﬁgﬁﬁy of se ggt?{/éfy dkgpeﬁgegllons. In someoem odiments, the
semiconduuingdwatieg iw asilicbarsostiatst dncsohtiecdirthddiraéntgichaibimosrmeed Wsiyedoped region

folined i St shMBIaNAan s A58l renislanse olanminmetal 1B Ghme/saare. I

some embodiments, 8ach oné of the selectively doped regions the second ion implantation
hds a street sesistanodopaproximateedbr@hdisbpeadently ofezpatetbenbodiments, the solar cell

further comprisgs A elalle e vt UvAgser YeL N sRElivel doRed (REIRIRA N YnCer the

metal contacts. I some em ments, the 30metallic seed layer comprises a silicide. In some
embodimdhttahecthedaitimpded gaperviding a semiconducting wafer having a pre-doped region;

performing a first ion implantation of a dopant into the semiconducting wafer to form a first
doped region over the pre-doped region, wherein the first ion implantation has a

20 concentration-versus-depth profile; performing a second ion implantation of a dopant into the
semiconducting wafer to form a second doped region over the pre-doped region, wherein the
second ion implantation comprises multiple independent dopant implants having
predetermined different concentration-versus-depth profiles in order to tailor the total atomic
profile, and wherein the second ion implantation has concentration-versus-depth profiles

25 different from that of the first ion implantation; and forming an electrically conductive
contact to the second doped region, wherein the second doped region is not also the first
doped region, wherein at least one of the first doped region and the second doped region is
configured to generate electron-hole pairs upon receiving light, and wherein the first and

second ion implantations are performed independently of one another.
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comprises at least one material chosen from the group consisting of: Ni, Ta, Ti, W, and Cu. In
some embodiments, the pre-doped region is p-type doped and the homogeneously and selectively
doped regions are n- type doped. In some embodiments, the solar cell further comprises an
anti- reflectwé‘@o%?ﬁ?@"?éy%r dlsposed over the homogeneously doped regitfnl’ i 4848t mbodiments,
the selectyerly G | ateralbg sppedsapart from one another a distance in the range of

3 mm. In angther as ct of the inventign, there is provided

approxmately ximately
a method of for %] grpggﬂ VIR& Prﬁ@ﬁ?o%n@gﬂ%ﬁg G SRR uwéﬂhf&?/vafer having a
pre- dopeqafegiptbmﬂi&@wia@ﬁnﬁ&tfmimmg a firstion |mplantat|on of a dopant into the semiconducting

wafer to form a first,dpped region over the, re dop d Jegign, wherei the first | lon im tation has a
Beoncentration VR LA BT BEATE GAEL GF RSP Dt FEQTA BRRBAD 104 e LLRACP oS
senticondudting ayafesppac perqining asaciond |on |mplantat|on of a dopant into the semiconducting

wafer to form asi_eﬁ)r} 9 ped region ov rthe pr % (% ion,. Wher in th second ion implantation
1Hus teso € embodim 0 glfg falidn taccor ance
comprises multiple mdepen ent'dopan |mp ans avmg pre Rined differen

concentratioth-irer srisetigpilo fptefjes entandentiortailor the total atomlc 10profile, and wherein the second

ion implantation (?fﬁ goHuSetlhzt{atlon rSus-d deIR hfgroflles dlffererltltl f rom H%%t of&t_tée first ion. llr]nplantatlon
and the second doped region ex lends Across only a por’%lon cl)’tsthgreglon where ertlrst éi oped region
meets thetbeface et bemicentdustngonafer, wherein at least one of the first doped region and the
Se‘f@”d doped regiag i CONOUISHL 10 SENST ARGl &%éggs‘ gko'esé?ec(gwe ﬁnflfag SRMng L%Q%a%{‘% wherein
the first 15and second ion’implantations are performed independent one anothe n yet
another agpéttf@fnhecmi@ﬂf@tm presenisnyeovidiad a method of forming a solar cell, the method

comprising: provigindsiRRMICAAAUCHAL WAlGH: RAYIDSARY %e‘é‘?&gy‘i’aﬁ?ﬁt% WPELIGFAARG st ion

implantation of a dopant into the semiconducting watfer to form a first doped region over the pre-doped
region, whbedirinpiplfisstiiths estahiationiibas a 20concentration-versus-depth profile; performing a

second ion implagatiph;alia Ao RAO LRI RAAC I ANAHCIN N AIELIA SR AR SRR HaReg region over

the pre-doped region, wherein the second ion implantation comprises multiple independent dopant
impfants HaVisE s dberprvaRId @iFREYEMR: concentration-versus-depth profiles in order to tailor the total

atomic profile, angwhareinihie saeenmianispEnatAn hasSoRceRTalion Sl susdgpihProfies

25different from that of the first ion implantation; and forming an electrically conductive contact to the
second daseerfenss i ithribsemnHBleeebig PRSREY FBGRINTs not also the first doped region, wherein at

least one of the firgt doprerasionaadibesesanc dapad tegianisspniioneddmaenatate electron-hole

pairs upon receiving light, and wherein the first and second ion implantations are performed
independeitiFBis e Ssseat mvention.

20 FIG. 9 is a graph illustrating the deficiencies in profile tailoring ability for solar cells
that are doped using diffusion.

FIGS. 10A-B are graphs illustrating the advantages in profile tailoring ability for solar
cells that are doped using ion implantation in accordance with the principles of the present
mvention.

25
DETAILED DESCRIPTION OF THE INVENTION

The following description is presented to enable one of ordinary skill in the art to
make and use the invention and is provided in the context of a patent application and its
requirements.. Various modifications to the described embodiments will be readily apparent to

30 those skilled in the art and the generic principles herein may be applied to other
embodiments. Thus, the present invention is not intended to be limited to the embodiment
shown but is to be accorded the widest scope consistent with the principles and features

described herein.



WO 2009/152378PCT/US2009/047109 BRIEF DESCRIPTION OF THE DRAWINGS FIG.lIAis a
plan view of one embodiment of a solar cell in accordance with the principles of the present invention.
FIG. 1B is a cross-sectional side view of one embodiment of a solar cell in accordance 5with the

principles of W Pl&&ERthivention.  FIG. 2 illustrates one embodiment Bf & HiéthYer of%orming a

solar cell in accorggpceAvithetne. RHAGIRIGSH OhiBRPEEsaPLINYENIRR:e, its EHanddiigtates oRe
embodiment of a homogg:neous implantation in accordance with the principles of the present invention.

10FIGS. AR"E4H 1041 difrsslsmeam Bedmidmib Srhaiective implantation in accordance with the

principles of the preseniiayenBomustralk Kpla ilusirates enrsemhpainant ofea crRact saed

implantation. in acgordance with the principles of the present invention. FIG. 6 illustrates one
embodim t%‘Fﬁ’?ﬁ) P@@ﬁff&% ‘é‘?&%ﬁ%&%’r@aﬂ rﬁfﬁﬁﬁﬂgsfgﬁﬁ%ﬁﬁ%%eﬁlfhéf‘ﬁresent invention.

FIGs7 iIIg@&ﬁ&t&plmﬁ‘&mb@@mem@ﬁi@ﬁ.amcrﬁl@gwe 1@@ri@ﬁ@ﬁ@@tm£@ma@iom§bwordgncg with
e prrchen SR RIS, o0 R lhstpies e pbacimentof s ppfe lorna reh
deficienciesstmpraiilaedatotingriabitityifer sitleasrcelisethat arngilopedilisk)gatiiiusigirises a pieS. 10A-B are
graphs ilusrating the advantages,n profis alloning sbijy for solar el that are doped psing fon
|mplantat|3)n i aCcordance With the pnnmp%s of the'PréSBRt invention. Ype dop
region 160 being disposed next to one another. Metal contact lines 120 are printed, or
10 otherwise formed, on the surface of the wafer 110. 1t is contemplated that the contact lines
120 can also be formed from conductive material other than metal. Conductive fingers 130
are also disposed on the surface of the wafer 110 to collect the electrical charge from the
contact lines and carry it out to an external load. Although in FIGS. 1A-B the contact lines
are represented as {ive vertical lines 120 and the conductive fingers are represented as two
15 horizontal lines 130, it is contemplated that other numbers, sizes, shapes, orientations, and
arrangements of the contacts 120 and fingers 130 can be employed.
In operation, as light comes into the semiconductor material of the wafer 110 through
the exposed surface 140 between the contact lines 120 and fingers 130, it is converted into
electron-hole pairs, typically within the n-type doped region 160. The electrons go one way,
20 getting attracted into the contacts 120, while the holes go the other way, towards the p-type
doped region 150. The more dopant there is within a particular region, the more the electron-
hole pairs are recaptured within that region, resulting in more lost electricity. Therefore, it is
beneficial to control the level of doping for different regions. In regions where the light is to
be converted mto electron-hole pairs, the level of doping should be relatively low. In regions
25 where the charge is to go through the contact lines 120, the level of doping should be high. In
FIG. 1B, the shaded region within n-type doped region 160 represents a homogeneous emitter
region that has been homogeneously doped with a low level of n-type dopant. The patterned
regions 170 disposed beneath the contact lines 120 near the surface of the wafer 110 represent
selective emitter regions that have been selectively doped with a relatively high level of n-
30 type dopant.
As a result of minimizing the dopant concentration (thereby, maximizing the
resistivity) of the homogeneous emitter region and maximizing the dopant concentration
(thereby, minimizing the resistivity) of the selective emitter regions, the ability of the solar

cell to transfer the generated electrons from the homogeneous emitter region through the
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25 DETAILED DESCRIPTION OF THE INVENTION The following description is presented to
enable one of ordinary skill in the art to make and use the invention and is provided in the context of a
~ patent application and its requirements. Various modifications to the described embodiments will be
readily appar&Rt3%btht&e skilled in the art and the generic principles heF&ikE¥3( H84alB8lied to other
embodimentsciusniiie prgsantdmvessiancisined iniendeddoaalimitedito thespiR beeifmantshown but

is to be accorded the widest scope consistent with the pringiples and features described herein. WO

200011528 FBBET OIS SUBGTOA AT o etk D5 T ed IO ER SN SRS CBh e, s

characteristicéu@ngbiis deinatignihathidikel etk meinédi bei ngnwmnbergdirlikeardiSnband 1B illustrate a

plan view and a cross-sectional side view, respgectively, of one embodjment of a solar, cell 100 drawn
oSS Spsyonal o pelively, s

BT ECRSHiRAte With thE BEHR D HE BRSNS FHE S84 el 100

to different$taie &
comprisesrepiwatarcidBe kosameéien bbvdimments]ithe svatendill & andS6ikidhn, thoravaidioHrgferably, the

wafer 110 is formed of a semicanductor material, such,as sjlicon. (single or multi-crystalline), and
comprisesﬁzlafnr‘se-}]1 g%tgti%%?nﬁﬁgéSf))-%rjﬁen&ét%ﬁ?f:s@o?rr%ggl%rgr%sgﬁ %r-tcy%lé %;lci?ﬁgcforgga%’rﬁei and an n-type
doped regibetit 66 hiemdgidisposed-hexitorore antdtbergivietaltbontactclihess120 are printed, or 10
otherwise formed, on the surface of the wafer 110. It is.contemplated that the contact lines 120 can
also be formed f?gr%()g%)ene u‘?J:(t)i(\%;}én Frlwlast’e%gﬁlg%% than St%e%%?.eéloer%%ﬁlclt?v%o?i%ég%éaﬁ& gﬁceeglso disposed
on the surfagelofcthe wefegeldiporopiadeih & b{dotridaliehatgerfromithiety htédPlimes@ndecarry it out to

an giterna) joch AR LGS 168 dhe,cpuiagties are.renigagaled apfyeqertical nes 120

e conductive fingers are represented as two 15horizontal lines 130, it is contemplated that other

numbers, ahreexisiipisd (dabinesinng: RrrprRicsngseheHt ObnpbewartabisaRo ankbfingars, 180 can be

employedhomogeneously doped region is doped to have a sheet resistance of approximately 100
Ohms/square, while the selectively doped regions are doped to have a sheet resistance of
approximately 25 Ohms/square.

15 As previously mentioned, the prior art has been unable to attain these configurations.
In order to achieve these or similar dopant concentration and sheet resistance levels, and their
accompanying benefits, the present invention employs independently performed 1on
implantations in the formation of these different regions.

FIG. 2 illustrates one embodiment of a method 200 of forming a solar cell in
20 accordance with the principles of the present invention. Although FIG. 2 shows one
embodiment of certain steps being performed in a certain order, 1t is contemplated that the
order of the steps can vary in other embodiments in accordance with the principles of the
present invention. Additionally, the use of the terms “first” and “second” along with the
terms “ion implantation” and “doped region” in the claims should not be interpreted to

.25 represent a particular order unless the claims expressly state otherwise. The terms “first” and
“second” are merely used to reflect the independent nature of the implantations and regions.

At a step 210, a semiconducting wafer is provided. In some embodiments, the
semiconducting wafer is provided as a silicon substrate (having & mono- or poly-crystalline
structizre). The semiconducting wafer is provided already having been doped. In some

30 embodiments, the semiconducting wafer is pre-doped with a p-type dopant, thereby creating a
p-type background region on which the other aspects of the solar cell can be formed. In other
embodiments, the semiconducting wafer is pre-doped with an n-type dopant, thereby creating

a n-type background region on which the other aspects of the solar cell can be formed. In



In operation, as light comes into the semiconductor material of the wafer 110 through the exposed
surface 140 between the contact lines 120 and fingers 130, it is converted into electron-hole pain,
typically within the n-type doped region 160. The electrons go one way, 20 getting attracted into the
contacts 120W\ﬁﬁﬁ89fhé)ﬂgles go the other way, towards the p-type dopedl?égﬁgﬁzg@ﬁ’f‘mg more
dopant therenis anitaidiadpastiaalprcrégiod bdkgnarel bgialdeiiopet wehpairs sheeirecaptusethwithin that

region, resulting in more lost electricity, Therefore, it is bengefi a¢) o control the level of doping for
different ré‘%fgﬁ%.%?l it %%%%‘g%%%s lﬁn“éﬁi"&ﬁ%ﬁ% B rgéﬁi\l/aetﬁ%éf %Bn o&@sé%%}lélﬁghole pairs, the level of
doping should besrelatipelQ (othe Rerdginhs:2howhdse ittechargecisio gopdireithh e contact lines 120,
the level of dog should be.high. In FIG. 1B, the ed region wjthin n- g{spn 160

i h
1!1rt]t%t10n llével (% ch%tant usm% raintﬁ%f% Hna%?%i?aqmﬂ 81’ CE588. 1N wtileglggﬂg%ggﬁéefow level of

representéf%lrl omogeneous emHtter regi een homogeneously dope
n-type dopsptisThbipeattcimedetcyiost i7pldisposed bepadatin the portastdisesid@@ineagthe surface of

the wafer 110 re nt,selective emitter, regions that have been selectively doped wit elatively
nigh tevel S 201hs B e e ey
maximizingiihe sesistivityytof tredehdtoganbous wanitel fegiblCahl. midvdnvizimgplhetd opaiits
concentraian, (Dgre MM e LESISIIN #F D salalive aifienipaionsylig abilty of the
solar cell to transfer the generated electrons from the homogeneous emitter region through the WO
2009/1523p8r0T¢te8 2000/047 oo st eetivacanmittelayenivls sothéguostarelinpstisclacioased, while the

risk pf losing elegricity fa alegiipninale RAILFREAM BRI L LRANcRd Sddilinnati. aliBuah bigger
contact lines can conduct more electricity, they also block more light from entering the solar cell and

being conlsitbef iftpasidBigdss s iiaimHng e dshyaneborEsh thaiomstivrecdsieetve emitter
Sregions ngaidhe SONIARlBET.hA FORRARHIBeaEATAS HalYRe STadeilinnsheligrely,allowing more

light to enter the solar cell, while improving the solar cells ability to transfer the electrons from the
electron-hBseBalbejePefatmiy sagisir tonraasnh the Prrrdsped mpdsind s rmidisngps, this

homogengguaiyiRRES T ¢eieRdS fé%ﬁs&iatmlrﬁ\tﬁc@i&hsahr@&m@qg@-awea%eg&pﬁﬁnm@mately 80
Ohms/square to approximately 160 Ohms/square, 10while the selectlveleél oped regions are doped to

have a shBeryssREaptE dansdargetot b pritirialanbe oemmsd sirirs i Gspdmdtert4o

Ohms/squatglelihsamme-eonbadinnentsd tagihosmgenaopsbopanedseeien tsidenssiip have a sheet
resistance of approximately .10,0[ghms/sq#r2ée, while the selectively doped regions are doped to have

a sheet reSPXAHTRHS At SUHHRLER S8BT SRR I ERE Breviously mentioned, the prior art has
been unable to attainidpese Configukatianshly eidesie ashievadhaga o sieiandppadksencentration

_and sheet resg,)istsanceltflﬁ?ve!_s, and their qcceomp%rging gfnefits‘, the é%resent in\rlggen%m Sq&e!}?ys
independehil) Bt e A R T FrH A TS il BRSPS B S AR RE SiGE
20 of dopant is determined by the specific PV manufacturer resistivity and junction
requirements. Various models can be used to pre-analyze and form a tailored atomic profile
for this purpose. The information can be fed into the implant and anneal systems to meet the
requirements,
The distance of the junction from the surface of the wafer is determined by the amount
25 of energy used in the ion beam during the ion implantation of the dopant. In some
embodiments, the amount of energy is in the range of 1 to 150 KeV, depending on the desired
specifications for the solar cell device. The dopant concentration, and consequently the sheet
resistance, of any of the regions being implanted with dopant, whether they be
homogeneously implanted or selectively implanted, can be determined by the beam current of
30 the ion implantation system. The species of the gas being 1onized in the ion implantation
system for the ion beam determines whether the doping will be either n-type or p-type. For
example, phosphorous and arsenic each result in n-type doping, while boron results in p-type

doping.

-10-



FIG. 2 illustrates one embodiment of a method 200 of forming a solar cell in 20accordance with the
principles of the present invention. Although FIG. 2 shows one embodiment of certain steps being

performed in a certain order, it is contemplated that the order of the steps can vary in other
embodiment¥ Ae¥r&ifce with the principles of the present invention. ASditlGHAIR4HEUse of the

teims "first" and YsBcoREnaIRINE With thediar s ingnanplantatensant bdoparitesigprédamthe claims
should not be interpyeted to 25represent a particular order ulnless the ﬁ:lai s.expressly state otherwise.
The terme *HFRHOlnd S8 SO SFLTRR e B B P PR TR p ERRISNF ol 98P the implantations

and regiorsbatiansieg 21 tnplasenieondustingonvdieris provigedidh pahewrihodimats, the
semicondycting wafer is.provided as g.silicon.substrate (having a mono- or poly-crystalline structure).
The semicRATEA  ATEH & BravaGa L Ay G BEcy U e LB S hrgBents the
senficondicEnBrvademis Areidapied SvithaldNo:tpe @opiné S drieblyworedlingpalpyidetbackground region

on which t%%m$avﬁm§#%%%§mﬁﬁ IQ%’E%W%@ﬂ%@E&%@C ?ﬂrE% , the semiconducting

wafer is pre-dope opant, thereby creating a n ground region on which the
other aspéaiSBITAI HoS, Eollhadnibiecfobmadotporit®@ RORHHISRE 18 RGNS 0804 10D some

embodiments; the pre- ckaround region,is doped 1 hgv %h et resistance, in.g,range of
approximgltce%%oibpﬁ%n%%s%%%éﬁ%n%bBlr%%r%%ggb%%o% %}svgc? u ?acfepg%fa% st}’[seeg%gé{)fomgesrjfeﬁ r}nconducting
wafer is hopveranacteshtiopetiwith priducdvitcehteaitivlesed of dopantlsimeaimion implantation

prgess. In some,eugdig iz dhia BRIV RAAHEN HARkRHImBlRRgRton of dopant in the
pre-doped semiconducting

concentration level of dopant using a direct and/or plasma ion implantation process, thereby

forming a selective emitter region on the wafer. The ion implantation process used in the step

230 is preferably independent of the ion implantation process used in the step 220.

In this selective doping step, the appropriate depth and doping level, through the

15 adjustment of implant energy and dose, are selected to provide very high dopant
concentration (low resistivity} at or near the surface of the substrate. This can be achieved
through multiple implants at varying energies and doses or as a continuum of variability to
provide a tailored profile, which will be discussed in further detail below with respect to
FIGS. 8-10B.

20 The purpose of the selective doping is to achieve the surface resistivity required for
the subsequent contact formation, As the requirements for the fabrications of the contact
migrates from screen printing fo lithography or ink jet printing or other novel methods, the
surface resistivity can be adjusted to meet the requirements. Additionally, if any surface
passivation method is deployed, the implant conditions can be adopted to cope to such

25 variations.

The placement of dopant in the appropriate lateral position underneath the subsequent
grid lines and at the appropriate concentration level is extremely advantageous. The
formation of a plurality of highly doped regions in the semiconducting wafer over the
homogeneously doped region can be achieved through various methods. FIGS. 4A-C

30 iflustrate different embodiments of a selective implantation in accordance with the principles

of the present invention.
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wafer. FIG, 3 illustrates one embodiment of a homogeneous ion implantation of dopant 305 into a
semiconductor wafer 310, similar to wafer 110 in FIG. 13. This ion implantation 305 forms a
homogeneously doped region 360 in the semiconductor wafer 310 over the pre-doped region 350.
This bIankethﬁWé)@ﬁ%ﬂ’Sﬁs layer 360 is configured to generate electron- f&?@l@zﬁﬁ?&“é@% result of the
incidence of ligh®IGhisshimnagenenusdayeli 366! reitiiira solonnlavel.dbaapam fbightredistivity) in order
to not adversely affect the formation of charge carriers. N- or p-type dopant is implanted deep into the
wafer 310%9‘6% to medium doping levels, thereby forming a junction against the pre-doped material.
In some etibadimenidythisl juadtityds 47 pwifuinctio mfprimed st th e junctites Hetwgeirdhe pre-doped
region 350 and the 15ho nequsly,doped region 360, Preferably, the pre-doped region 350 is

o type doBUERIE e Far e ey Tt it 200 R e et SR8, soping
configuratibnseaie withivethelscopeiafthe e saftiAvenfiorome eiifbedbopatst fseinopleewedand the

junction is, formed.to and at,a predetermined depth, such as according. to. manufacturer requirements.
In some :Pﬁk:);oﬁrendéﬁ?cgtﬁsesg%‘%?hma%ntgﬁ%v%l 15(%?% %Bérr?ﬁg‘gé%cn%ﬁécg ll:{;’)l/eﬁ%'specific PV manufacturer
resistivity and jufitfioABelustements. stdddisemiodels dani be ingehtetioredbhadyrefamedorm a tailored
atomic prqﬂ;gd‘ r this purpose. The information can be fed into the implant and anneal systems to meet
the requirements. The distance of the junction from the surface of the wafer is determined by the
amount 23cfoakstgyesisgdn4fre dondsedm duringfase 96 thinsplaistaontiog theltloptht Tire some

empodiments, InG AMEURE #f LHQE iR &F&Egﬂﬂ&%ﬁ%&%&&%\ﬁv@?ﬁ}?é’tﬂi{ége%&@&ngﬁéifed

specifications for the solar cell device. The dopant concentration, and consequently the sheet

resistancethefamycantngk lagtondbeifegeblaredh withagspaferwitg. the g Bdan b éEs usly

implanted pisgleclvel, tnal ﬁfé%é)@f%%ﬂ%ﬁmc?yc@& AlsUeN- At RIS lRniimplantation

system. The species of the gas being ionized in the ion implantation system for the ion beam
determined  FEMRERLREOERSBg will be either n-type or p-type. For example, phosphorous and arsenic

each result in n-tyre JORINGHWRIBRUABKEAIILS WhRLYRS S9BHEh 404Q; tailored to dope only
2009/152378PCT/US2009/047109 It is contemplated that various ion implantation systems can

be Wsed inkh&prasd mplraiisainnhidOmr SRISERIHEME s hLDintp it tebRABISYY teemployed. In
some embaRimeBisnRACHRIRMALOR svsient (o BhowmehavingnaBigh proRkistvitidsresed for the

doping of the different regions. Such an implantation system is the subject of co-pending
region(s) of interest.
1t is noted that in some embodiments, such as in FIGS. 4A-C, the selectively doped
regions extend down to the pre-doped region 350, while in some embodiments, such as in
20 FIG. 1B, the selectively doped regions do not extend all the way down to the pre-doped
region 150,
H is also noted that the implantation steps 220 and 230 can be repeated as many times
as necessary to achieve the desired results.
Optionally, at a step 235, a contact seed layer, preferably metallic, is implanted over
25 the selectively doped regions in order to create a transition layer between the semiconducting
wafer and the metal (or otherwise conductive) contact that will eventually be disposed on the
surface of the semiconducting wafer. The formation of this contact seed layer can serve to
affect the work function of the contact/semiconductor interface, to improve the electrical
contact between the semiconductor material and metal contact. FIG. 5 illustrates one
30 embodiment of a contact seed implantation 505 in accordance with the principles of the
present invention. A relatively high dose of metal implantation 580 at or very near the surface
and above the selectively doped regions 470 can form a silicided layer. Various metal
implantations can be used, including, but not limited to Ni, Ta, Ti, W, and Cu. Such band

gap engineering can improve the overall performance of the solar cell. A contact mask layer
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5U.S. Provisional Application Serial Number 61/131,688, filed June 11, 2008, entitled
"APPLICATIONS SPECIFIC IMPLANT SYSTEM FOR USE IN SOLAR CELL FABRICATIONS," which
is hereby incorporated by reference in its entirety as if set forth herein. In some embodiments, either a
spot beam o PR Beam is used to provide full coverage across thep\ﬁgfgﬁzgf’%{%ﬂ)%’uctivity of
one-thousédcan traredvaiersppey hbpu. (HO Al steic230n et semichHihd usiptgnwaderiseaeleatively
doped with a high concentratian level of dopant using a direct and/or plasma ion.implantation process,
thereiy oA SO CAREr e Uhon oA (e B e T PR B BB e seen
230 is preferabheihydépanddrivah the ¢onmtan plaxdtatapm precess sebetin ¢thetstepR@0. Ththis selective
doping step, (heanprapiale.derif and doningexsl. tipugh e headusiment of jmplant energy and
dose, are selected 6 prov?dce very%gh opant concentration (low resistivity) at or near the surface of
the Substredes, Thisnegiadbed actiwyvenh throwrgh shphtiblemziplamtsEey aryimgreirerdiescandtdoses or as a

continuum gl @At itnig i vieuiBlipled e MNIE Wb disgHaseELID Il el detgll below with

respect to FIGS. 8-10B. 20The purpose 0f the selective doping Is to achieve the surface resistivity

required f@WW@@b@é&MW&@MQSﬁ %&§&he®wﬂreﬁi‘@mt@fﬂpﬁh@¢aﬁh@a@mﬁs of the contact
migrates T, SEraeR-ROBEAGLIPHERAY AR Cfdnls sk PEINHRG- QL ALDeLNOVEF methiaas. the surface

resistivity can be adjusted to meet the requirements. Additionally, if any surface passivation method is
deployed, therptostapron anbrsasshenbelopie inferspes of Saepf 2BV EFRNIS thRe placement of

dopgnt in therapproRrialelateLak position underneath the subsequent grid lines and at the appropriate
concentration level is extremely advantageous. The formation of a plurality of highly doped regions in

(6)
the semiconductﬁwﬁafb%%\y@%eéﬁb(%%ﬁ@#f@d@W%ﬁé&%@mﬁiwgeﬁfb%ﬁlﬁ% various
methods. 5@ «dirbrdilusimiedifiarenicmbrdinents af asalectivedmplaniatishifuagcordance with

the principles _ ) o ) i
the surface of the semiconducting wafer, such as by printing, or using photolithography and

plating . However, it is contemplated that other processes can be used to dispose the metal

15 contacts onto the semiconducting wafer. FIG. 6 illustrates one embodiment of a metal
contact formation in accordance with the principles of the present invention. The metal
contact lines 690 have been aligned over the plurality of selectively doped regions 470 using a
contact mask 576 similar to the mask used in the seed implantation step. The contact lines
690 are configured to conduct electrical charge from the selectively doped regions 470,

20 Optionally, at a step 243, an anti-reflective coating layer is formed over the
homogeneously doped region. In some embodiments, the anti-reflective coating layer 1s
formed by depositing an anti-reflective coating material over the homogeneously doped
region. Materials that can be used to form the anti-reflective coating layer include, but are not
limited to, S102 and S13N4). In some embodiments, the already-formed anti-reflective

25 coating layer on the wafer can be enhanced by applying ion implantation to it. FIG. 7
illustrates one embodiment of an anti-reflective coating layer 795 formed over the
homogeneously doped region of the semiconducting wafer.

- FIG. 7 also illustrates one embodiment of the spacing between the selectively doped
regions 470. In some embediments, such as that shown in FIG. 7, the selectively doped

30 regions 470 are laterally spaced apart from one another a distance i the range of
approximately 1 mm to approximately 3 mm. However, it is contcmplated that other spacing
dimensions are within the scope of the present invention.

At a step 250, an annealing process is performed on the wafer. In some embodiments,

the annealing step heats the semiconducting wafer to a temperature near, but below, its
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of the present invention. WO 2009/152378PCT/1JS2009/047109 FIG. 4A illustrates one
embodiment where the ion implantation 405 is performed through the use of a physical mask layer 472

within the implant system that scribes the required implant regions 470 only. The physical mask layer
472 is dispos¥g F¢rétisi€rmined distance 5above the surface of the semibohAFetitwEer 310. In

some emhagdimenisiathadonReAM A0S SRR ISUED @8 ROV IR G, dGe iBrasder to improve

implant efficiency. . FIG. 4B illustrates one embodiment where the ion implantation 405 is performed
through a YOHERRMHAER BYEF duate PO o tHRRGHate TRE SEhBtalietsRERr 310. The 10

contact maskpaxerdfid-eahnsarie sahereauirec implanheagions: 440 iRsomeaambedimgnts, the
contact mask layer 474 is foliated through a coating. For example, the contact magk layer 474 can be

formed thiSiTgAnRE S diel HmSGrapTtingerde R BRRNG ste O bt MEp RSP AT Femoval

progessespdritmAe dllusttatesione eanedinieabivhiapaibe ian ibeamdp& is-aitoseshiopdape only 15 the

required implant regions 470 on_semicondycting wafer 310. In this embaodiment, the implant beam 405

is formed tPhTEBTHE GHRPTISTHRMETRTE %8?@8&5‘ PR Ry TREEYIGRTS) Bfihterest.  Itis

noted thatsiibsemeremhedinenrtsosurhiasiinptGSioaAtrpsiha sekaciivety:sibpdicheagionsxéend down

to the pm-dolge region 350, while in %?tme?ﬁn}b diments, such as in 20FIG. 1B, the selectjvely doped
g t the'p

regions dd'¥ AR AT HEW S HELEPRYSIEES CompTGy IO BRREA: the
implantatioie stepal220ands2 30l Can hffae pratetanmanyiipesasingcesianytanachigler the desired

resllﬂts' PV fabrication steps.

For some of the methods above, provision of a registration mark on the
semiconducting wafer may be used to align the formation of features, This can be achieved
prior to the implant through various methods and is dependent on the capability of the PV
manufacturer and their requirements. A stmple method would be to laser scribe registration

15 marks inline to present semiconductor registration marks. However the requirements for
photovoltaic applications are not as stringent as semiconductors, and thus a simple
registration mark will suffice.

The doping under the grid lines can also be tailored, laterally, to form a low resistivity
region that can be potentially larger or smaller than the contact grid lines. This can be

20 advantageous as it can reduce the potential of clectrical leakage from the grid lines to the rest
of the wafer. Such leakage can reducs the efficiency of cell performance. An adjustment of
the implant beam dimension or physical mask can provide such capability. The magnitude of
such leakage can be reduced or eliminated through the advantageous placement of dopant
laterally as well.

25 The tailoring of the atomic profile can further be enhanced by the use of additional
implants at various energies (depth) and dose (doping levels) to achieve the optimal profile
for best achievable cell performance. In some embodiments, such combination implants are a
series of lower dose and faster implants that can provide high productivity and tailored
profiles. Such methods can be extended to the formation of a box junction, providing a flat

30 top profile with an abrupt deep junction drop in atomic distribution. Altematively the deep
junctions can be graded to provide a gentle transition from high to low doping regions, and
thus prevent the formation of eleetrical barriers.

Additional implants can also be used at the end of the PV fabrication process as a

remediation implant. This can be in the traditional sense of the retrograde implants as
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Optionally, at a step 235, a contact seed layer, preferably metallic, is implanted over 25the selectively
doped regions in order to create a transition layer between the semiconducting wafer and the metal (or
otherwise conductive) contact that will eventually be disposed on the surface of the semiconducting
wafer. The folfati8f GEifis contact seed layer can serve to affect the worRETAEREA &R THE

contact/segejendisi ot inteHacS tmeEaNR:the elaciticalcrriacthetyasile seatcangyctor material
and metal contact. FIG. 5 illustrates one 30embodiment of a contact seed implantation 505 in

accordancERAVETS Briftpidesihe BremiAvisaR SHCAYRISSER FigfrHbsS 18R er fiphantation
580 at or vgrwdedr theisuiAcamcbrlgvenhiaralastivaly danad feaienabhiQ candewha silicided layer.

Various metal implantations can be used, including, but not limited to Ni, Ta, Ti, W, and Cu. Such band

gap engin8BRIAG.GSA TPTOVE TR &ER ERRIPHEIFSHIRANEECYS the RESISrRAIPeA CURTARE YRSk YaPer WO
2009/1523i63PGopiiSA0004y 402 Sdbiicagribainsesula Reapeatls pievetheumplasiation i fmiact, any of
the implarrlfati?n aliggtnment methods shown in FIGS. 4A-C (physical mask, contact mask, and physical
beam) car P& (EEGESISPEHEHEAXRES @5t form the contact seed region over the selective emitter
region. This trandgitiesdayeyséapbeancaenigusaddo dmpiove dradijenatemiierdadeimance. In this
5case, the img]§ nted.re io? can be rina%e r%ﬂghﬂy sgnaller in order.to minimize }h\g contact leakage and
formation SF2 ﬁ%%t@‘%ﬁgﬁgpﬂﬂcéf%l?-%- SHICBRE BT LSRN IR PrasBRT fF e 98K Photovoltaic
device inchedingitigosehienthe’ ppietfashctheyreqm bekave SithenassarSghottly Dssxietl apasan Ohmic
contact dependent e characteristics of the interface. Therefore, control and management of this
e PRI Aot T DRSNS B ORI Ceiner o Ty ha e (o
otherwise rohdettve jheontiotd dresndretidacedion dbptls(rfekg aftth d gémicofdubting wwafef. In some
embodiments tal contact lines are fojmed qn th rface of the semiconductin fer, such as
by printing‘j‘r%Er%t}glgr?{;g geh%gtglﬁ%%&r{?gﬁ gﬁ@fp a%iﬁ%aﬁ 0956 3%?%@%“@&%%%% ed iygig&%g}%rocesses
can be used tbedispdséhthbachetaiibdorractSofin thesseamiedmdtsting weaderti&natllustrates one

embOd‘m%hPJv% mgﬁﬂlvantage of being able to efficiently and effectively control the shape of the

15 atomic profile and have been limited to a simple Gaussian distribution. The present
invention uses multiple independent dopant impiants having predetermined different
concentration-versus-depth profiles m order to tailor the total atomic profile of the solar cell
according to the user’s preferences.

FIG. 8 illustrates one embodiment of a profile tailoring graph 800 in accordance with

20 the principles of the present invention. The graph 800 represents the atomic profile of a solar
cell with respect to dopant concentration (At./em3} versus its dopant depth (Ang.). The total
atomic profile is represented by line 810. Through the use of multiple ion implants, each
having a different concentration-versus-depth profile, the dopant concentration (and thus the
resistivity) of the solar cell can be precisely adjusted and controlled across predetermined

25 depths by the user. Graph 800 shows three different implantation profiles 812, 814, and 816.
The combination of these three profiles results in the total profile 810 of the solar cell.

Although each individual implantation can be limited to a Gaussian or pseudo-

(Gaussian distribution, the present invention combines them to effectively tailor the shape of
the total atomic profile. In controlling the total atomic profile through the use of multiple

30 independent implants, the present invention enables the user to effectively control the
junction depth 840, where the implanted dopant of one type (such as n-type dopant) meets the
dopant of the pre-doped background region 820 (such as p-type dopant). The user is also
enabled to also control the dopant concentration 830 at or near the surface of the solar cell.

The present invention allows the user to control the surface concentration 830 and the
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contact formation in accordance with the principles of the present invention. The metal contact lines
690 have been aligned over the plurality of selectively doped regions 470 using a contact mask 576
similar to the mask used in the seed implantation step. The contact lines 690 are configured to conduct
electrical chatgefi¥nsti&#selectively doped regions 470. 200ptionally, at B(HAFPAELAnti-reflective

coating laygidsdeuRne @uemikehamageneayshodepes kaiennBanmeeadinenise theis
anti-reflective coating layer is formed by depositing an anti-reflective coating material over the
homogené@i@ﬁﬁd@)ﬁé&er@ﬁW?Wt@?ﬂﬁg‘ £ E4peh &1 FOBEPEBIFH ha HETENEEE P coating layer
include, bupgienRttiRited0:-SidanthSENAIF.aRRe e MRothMaNiss tineialsaaeyt formes
anti-reflective 25coating layer, on the wafer can be enhanced %/ a%ply&% ion implantation to it. FIG. 7
illustrates B BrABORRATERT ST LY. Fdtfsc Bﬁcgﬂ%tfg\}ép S TR L PBFHE RS ogeneously

dopgd regicsEof the/samicbriuctngrwaiekemplila tiaibe diiisticgiedi Rnachehotireens bithe spacing
between Eagffelec,tivel re ﬁilons 470. In some embodiments, such as that shown in FIG. 7, the

selectively dope _ _

selectively HEPEY BBIERBASP. SYERSEATRPSPAE P Bhart from one another a distance in the range of
approximately 1 mmégappraxinaighsnmmiHovesaic grisitontémindteridhat Btherappaciing

dimensions, are within the.scope of the present invention., t a step 250, an annealing process is
performed1 RGRIE grlafffr%%r%lgsel%rg Piir%%lﬁi;%fl?ﬁeat{gfﬁ e%) w’?‘d %rtgf)?%é%sa{ﬁﬁ %Deer%ff:%% ucting wafer to
a temperafiffaiear Haunt, belo 9] (tepWonROG041bRE 1860 134 SR009%764 71B9usmeiticg psiot &nd restores

dapge tebugs ictedumon e envslal ety o e semicandusing walen due lg gy of the fon
implantation‘steps. The annealng step can comprise furmace anneaing. Alternatively, a laser
annealing or fiaskdacapratinealid gheaumbeonskytin Plhcesof thorfulnboetmendkigz Althpadlk FIG. 2

shows theANNEAHIGSISRBE IR RpsHo IR ALINE ARkl g e 5B igmplatag bat It can be

performed at any point Fof éxample, h some embodiments, the annealing process Is perfoirued
immediatefye profile 910 shallower by decreasing the concentration and depth together to line 9107,

The user is not able to change the shape of the atomic profile and affect one aspect of the
15 atomic profile more than the other.

FIGS. 10A-B are graphs iilustrating the advantages in profile tailoring ability for solar
cells that are doped using ion implantation in accordance with the principles of the present
invention. In graph 1000 of FIG. 10A, the atomic profile 1010 in terms of concentration-
vérsus-depth is illustrated for a solar cell formed using prior art methods. Here, the profile

20 1010 is limited to a simple Gaussian distribution, making it difficult for the electrons
generated in the electron-hole pair generating region to travel up to the contacts. The steep
slope of the profile 1010 reflects the significant increase in dopant concentration (and thus
resistivity) as the electrons travel towards conductive contacts at the surface of the wafer.
This steep slope can make it more difficult for the electrons to reach the contacts, thus

25 resulting in an undesirable loss of electricity.

In graph 1000' of FIG. 10B, the atomic profile 1010' in terms of concentration-versus-
depth is illustrated for a solar cell formed using the multiple ion implants of the present
invention, The profile 1010' can be shaped to form a more gradual (less steep) increase in
concentration as the electrons travel towards the contacts at the surface of the semiconducting

30 wafer. This tailoring of the atomic profile is made possible by the use of multiple ion
implants to independently control the junction depth and the surface concentration, as well as
everything in between.

In FIG. 8, the different implantations 812, 814, and 816 can determine different

aspects of the solar cell. For example, in some embodiments, line 812 (the mid-range
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subsequent to any or each of the ion implantation steps, while in other embodiments, a single
annealing process is performed after all of the ion implantations are complete. The timing of the
annealing process will not affect the subsequent steps processing, be it implant or other 10PV
fabrication st¥§5200%/1E87&%ome of the methods above, provision of a regisHET®HAEM BA%he

Semicondmwaé%rmﬁ%shﬁ&ﬁﬁ%g%@&@ thadormatienrtfeaiuss s Thiscanbe.aghigygd prior to the

implant through various methods and is dependent on the capability of the PV manufacturer and their

requiremeRtSC ARG HIRNABTHEPIoS e the Yol qeiéer SRiiE regraratisRermpiantation siens rkent

semicondyeteegisiiatiponarie: slpaexes, theHaaukemrRismDLPIRIRYAIAIE ARDIEALQNS are not as
stringent as semicgnduc_tors, and thus a simple registration mark will suffice. The doping under the grid

lines can &% HBSred Hdfe EYE & 18V Aol PESiHWE) rsBrtHas cisn BEnsshshially larger or

smajler thagythe canteahgeidi imescdbis canthe 0adrantagepusasib ranted wes ihe paiantial of
electrical l?f%l‘(ﬁa e fro rid lines to the rest of the wafer. Such |eakage can reduce the efficiency of

th
cell perforASAREEAN & 'L% EhEBYOHE TR BRRERYeRARE TSRO IBmpbien ek 84 Hrovide such

capability. Flbe 8nhgni yde=0é sbainlesd@gectan be mduecadoarebninated-thsoughiiheadyantageous
placement[%t dodp?nt Iate%al%l a?hwgll. 25The tailoring of the atomic profile can further be enhanced by
: Mt At Ve

the use of adfiﬁloangﬁiﬁ%l ot energies (depth) and dose (doping levels) to achieve the

optimal profile foAbestcachidubbile, celbpdifatinanice lrsemamesmbiotunerts] siiell éambination implants
o et e B R RS P e oo i
an abrupt tieepyj mwﬁmrzdcd[b?n&fmnw diétsibmﬂi_imm #liésaafiveiythagdegiilrotiopsocan be graded to
parmers. AT L e S R S ERI, ™ o
remediaticry iRgbkng ditiisrebidvevit $h M trachitioledl Jsandéd , 0Ms hetiograde naypluris:eNo.
SITI-00100; “APPLICATIONS SPECIFIC IMPLANT SYSTEM FOR USE IN SOLAR
13 CELL FABRICATIONS,” by Babak Adibi and Edward S. Murrer, filed June 11, 2009,
having Attorney Docket No. SIT1-00200; and “SOLAR CELL FABRICATION WITH
FACETING AND IMPLANTATION,” by Babak Adibi and Edward S. Mutrer, filed June 24,
2008, having Attorney Docket No. SITI-00400. It is contemplated that any of the features
described within these co-pending patent applications can be incorporated into the present
20 invention.
The present invention has been described in terms of specific embodiments
incorporating defails to facilitate the understanding of principles of construction and
operation of the invention. Such reference herein to specific embodiments and details thereof
is not intended to limit the scope of the claims appended hereto. It will be readily apparent to
25 one skilled m the art that other various modifications may be made in the embodiment chosen
for illustration without departing from the spirit and scope of the invention as defined by the

claims.,

30

-17-



WO 2009/152378PCTAIS2009/047109 deployed in semiconductor applications. It can also be used
where an implant is carried out subsequent to formation of the surface and deep junction resistivity or
at the finaC&adp¥etion of the cell fabrication. If a cell does not meet the final testing specifications, a
trimming igplaRt.as.edemediation step can be used to improve the perfoimance. Alternatively, a very
5light doping around the edges of the grid line could be used to prevent further leakage, if the final
testing shows an adverse effect. The employment by the present invention of multiple independent
dopant implants thtstgh 9% Fimipmielioislk HEsrs A &8AIIAY of an atomic profile of a solar cell device
according to the user'sipsefgrgncesicimaiiternentayibpmeetkerd rmaynpratesiatioxed junction 10(or

box profile) as an.ideal abrupt iunction.at a certain. depth. Other users may prefer a rolling profile from
the surface down to the junction depth (background doping;. Another group of users may prefer a very

peaky profile at a shall B EHE 2BITbivR B Hefahtie g tRativEya e D fRground
doping. So far, thdse éiplédgvtheathhprecioret been. atiledo Gcheverthepddvntdge 0f being able to

efficiently and ef{ggg@g@&&gggglgla&&@m&ﬁ@e 15atomic profile and have been limited to a simple
Gaussian distribution. ngo%esent mvgntlon ses.mul%%&) md@&gr&xcéent gogdantt m&(} ?nts having

|
predetermined different EoNeaHtratioAvarsUS daptR profilee Th orier {6 Tailor the total atomic profile of

the solar cell accoraingetenhéopriesioy eterdneas I gt shearssdrien dmfrstitee AeBpEHrofile
tailoring graph 8@Qikpresasdanse withi20MmepHncip esdidhanpiesentinventonidhegimaph 800
represerits the A RIAl & sR'angel Wil IRsRestimdoRAThaeRRINANIARIAL emS) versus its
dopant depth (Ar)gp) Tl e fotal atomic profile is represented by line 810. Through the use of multiple ion
implants, each hW@tﬁiﬂﬁ@ﬁe?ﬂ’ﬁﬁﬁéﬁ?ﬂ?%ﬁﬁi%‘@Q@@ébﬁ‘%ﬁ%’ﬁI%?I’Prf@aﬂﬁifg"n’{i‘ébﬁ&entration (and
thus the resistivitypbintlesolar cell can be precisely adjusted and controlled across predeterinined

25depths by the user. G, 80R:showsires Aiflrenkimplantation aialiles 842, 814, and 816. The

combination of these three profiles results in the total profjle 8}0 of tlge solar cell. Although each
individual implantSHEHEL & Rt TR S RaE AR B BSEiMo E% 7 8ian distribution, the present
invention combines thewhtwiefledivedydsitondie shelpeiaophetorfarohicdpretilentinoéentrolling the total
atomic profile thrgughthe use of multiple 30independent implants, the present invention enables the
user to effectively control the

2. The method of Claim 1, wherein a p-n junction s formed between the pre-doped region and

the at least one of the first doped region and the second doped region that is configured to

generate electron-hole pairs.

3. The method of Claim 1, wherein the first doped region formed by the first ion implantation
has a sheet resistance in a range of approximately 80 Ohms/square to approximately 160

Ohms/square.

4. The method of Claim 1, wherein the second doped region formed by the second ion
implantation has a sheet resistance in a range of approximately 10 Ohms/square to

approximately 40 Ohms/square.

5. The method of Claim 1, wherein:
the first doped region formed by the first ion implantation has a sheet resistance in a
range of approximately 80 Ohms/square to approximately 160 Ohms/square, and
the second doped region formed by the second ion implantation has a sheet resistance

in a range of approximately 10 Ohms/square to approximately 40 Ohms/square.
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junction depth 840, where the implanted dopant of one type (such as n-type dopant) meets the dopant
of the pre-doped background region 820 (such as p-type dopant). The user is also enabled to also
control the dopant concentration 830 at or near the surface of the solar cell. The present invention

allows theguser torconiiplithe sifaca.conesniation3QAhtiihesiM¥ Detal contact lines on the

200011523 78PCT1152009/047169 junction depth 840 ndependenty of one another I some

embodiments, the atomic profile is'tal "have the junction depth in the range i approximately
0.01 micrometersenduspproieplieazommities erer e Gomedsprprsiiprehiagien® atomic profile is
tailored to have the surface concentration in the range of approximately 5E18 At./cm3 to approximately

54.8E21 ALlem3y, Hougueh ddnconEPIAIEd At e Aloiciellie,can. b lgiloted.(g,nave different
junction depths and surface concentrations. In the prior art, the adjustment of the atomic profile is

limited. FIG. 9 is®Be§rRie oot atEtrf A At nertidied m prANEYNSfRg ability for solar cells that are

doped using diffusion. Here, line 910 represents an atomic profile for a solar cell. The use of diffusion

to 10dopeghe semicapductingwalerRrevents thedsenisampeing able to independently control the
surface concentration and the junction deg, seris limi ed(}o either making the profile 910

th. The u
deeper by simply increB5IHg1A& ESHEBNHARS %bﬁroh lepti Xogether té'itie 910" or making the profile 910
shallower by decreasingrihecorrerivegivsatniadeptitoy@tremieotides 9rOvafPyaderiznot able to
change the shapgelitheiatomicrriafiie andadesipneaspac Rbibadsatomispraidenmore than the
other. FIGS. 10A-B are raphs illlﬁlstratfin%thggdva tages inéarofile tail Tﬂng ability for solar cells
afer, wherel i junction 15 formed Befween the pre-doped.region e . .

that are doped using’ion im fan ation in accordance with the pr nmpl%s_ of the present invention. In
graph 1000 of FRSmPBAcHaY it cegitrad ferLpmpestrqush LRt ssiratdrriersddossptits illustrated
for a solar cell foltdeshnsingppitoipatt meathadstiiene, the profile 201010 is limited to a simple Gaussian

distribution, making it djfficut Q%ﬁﬁ%%t&?'@f%@l@&ﬁz&?@%@é?&iﬁhé'ﬂ?ﬁ!@&%@&ﬁlﬁ% AUGSNEAENg region to

travel up to the contacts. The steep slope of the profile 1010 reflects the S{gnl icant increase in dopant
[

p J e !
concentration (aReFPRTRSRSILAIRST) & IR BIAEEIBIRE f SEP TR PR REHaR R SoRBH AR At the surface

of the wafer. semiconducting wafer, wherein the second ion implantation comprises multiple independent
dopant implants having predetermined different concentration-versus-depth profiles in order
to tailor the total atomic profile,
wherein the first and second ion implantations are performed independently of one
another, and |
wherein the selectively doped regions have a higher concentration of dopant than the

homogeneously doped region.

9. The method of Claim 8, further comprising the step of disposing metal contact lines on the
surface of the semiconducting wafer, wherein the metal contact lines are aligned over the
plurality of selectively doped regions and are configured to conduct electrical charge from the

plurality of selectively doped regions.
10. The method of Claim 9, further comprising the step of forming a metallic seed layer near the

surface of the semiconducting wafer, wherein the metallic seed layer is configured to act as a

transition layer between the selectively doped regions and the metal contact lines.

11. The method of Claim &, further comprising the step of performing an annealing process on

the semiconducting wafer after at least one of the ion implantation steps
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This steep slope can make it more difficult for the electrons to reach the contacts, thus 25resulting in
an undesirable loss of electricity. In graph 1000 of FIG. 10B, the atomic profile 1010' in terms of
concentration-versusdepth is illustrated for a solar cell foltiled using the multiple ion implants of the
present inventiomﬂh&@rxdfﬂédl@ikﬁ)'&;&nﬁ& shapeeiig dormea oidsergraduahtiessisteep) increase in
concentration as th the el?ctrlg‘r)@ fray towaer][(]'liﬁs0 ths dﬁontg(r:és at the surface of the semiconducting
30wafer. This tallofing OFthe atomic pro e is m ossible by the use of multiple ion implants to
independently control the junction depth and the surface concentration, as well as everything in
between. In FIG. 8, the different implantations 812, 814, and 816 can determine different aspects of
the solar cell. For example, in some embodiments, line 812 (the mid-range WO
2009/152378PCT/1152009/047109 implant) determines the homogeneous emitter, while lines 814 and
816 are added as a series of selective implants to provide the selective emitter region. These
implantation steps can be performed either on blanket substrates, without any covering, or through any
anti-reflective covering (e.g., nitride, oxide or any other films), as well as on surface texturing that is
5required for solar cell fabrications. In the case of texturing, ion implantation provides a good
adherence to the surface contour, and thus improves the contact formation. Graph 800 of FIG. 8
shows surface coating 850, such as the anti-reflective coating previously discussed. This coating can
be any thickness. As discussed above, embodiments of the present invention are well suited for
10fabricating solar cell devices. The following co-pending patent applications, each of which is
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hereby incorporated by reference in its entirety as if set forth herein, describe ways of fabricating solar:
cell devices: "SOLAR CELL FABRICATION USING IMPLANTATION," by Babak Adibi and Edward S.
Murrer, filed June 11, 2009, having Attorney Docket No. SITI-00100; "APPLICATIONS SPECIFIC
IMPLANT SY STEM tréH3dJSEalN S Ghefdt fibGHlchiviENBiRCATIONS, Tipy-Badbakbadibi and Edward S.

Mun-er, filed June, 1.1, 2009,.hayipg Aterney Rogket No,BIT1:00200: a0 12 QLAR Gkt _
FABRICATION WITH FACEgI'ING AND IMPLANTATION," by Babak Adibi and Edward S. Murrer, filed

June 24, 2008, HESHREA R AE HBRsEREINY RG99 48B30 19838°Bontemplated that any of the features

described within these co-pending patent applications can be incorporated into the present

20inventiopy, Therpresgrtdavention NasbasmdssarivadindeiisRlapesiiic.amhedineptadncorporating
details to facilitate the udnderstar}di %Of &rinci les of. colnstruction and operation of the invention. Such
S

. semm uphing waife g the sec on implantation. . ..
reference herein’o Speciric Embodiments and details thereot Is not intended to limit the scope of the

claims appended hereto. It will be readily apparent to 25 one skilled in the art that other various
modificatiges maynbeamaderioiihe embedinenteloseanpion tustatinpwithoptdepartirg from the spirit

and scope of e NEAR e lIRRd NS HAIR:(R ok MR, INNBLIRAIRITBISiiba A method of

forming a solar cell, the method comprising: providing a semiconducting wafer having a pre-doped
region, wherein the semiconducting wafer is a silicon substrate; performing a first ion implantation
of a doparitéinto the serhidarfidindtiigwhefen thefatmtadiy shpapegdaegiomplertdha fre-doped region,

wherein the first jon;implaRiationPasR cARERY AligRsVelaHs deRit RIOHEmaRGkin B€TfOrming a
second ion implarﬂtatigfré%of a dop%?nt into the se icondugain wafer to form a second doped region over

the pre-doped regi&iT the EaLh Y BB iR Bl AN RToR SBMBrLst Mtiltiple independent dopant implants

having predetermined different concentration-versusdepth profiles in order to tailor the total atomic
profile, andwherginthe Secapedan implantation has concentration-versus-depth profiles different from
that of the first ion impl%rslé%tiig)g&ucting wafer having a background doped region;
a homogeneously doped region formed in the semiconducting wafer over the
background doped region, wherein the homogeneously doped region has a sheet resistance of
between approximately 80 Ohms/square and approximately 160 Ohms/square and is formed
by fon implanting a dopant into the semiconducting wafer;
a p-1n junction formed between the homogeneously doped region and the background
doped region;
a plurality of selectively doped regions formed in the semiconducting wafer over the
homogeneously doped region, wherein each one of the selectively doped regions has a sheet
resistance of between approximately 10 Ohms/square and approximately 40 Ohms/square and
is formed by ion implanting multiple dopants, having predetermined different concentration-
versus-depth profiles in order to tailor the total atomic profile, into the semiconducting wafer;
and
a plurality of metal contacts disposed on the surface of the semiconducting wafer and

aligned over the plurality of selectively doped regions, wherein the plurality of metal contacts

is configured to conduct electrical charge from the plurality of selectively doped regions.

18. The solar cell of Claim 17, further comprising a metallic seed layer disposed over the

selectively doped regions and under the metal contacts.

19. The solar cell of Claim 18, wherein the metallic seed layer comprises a silicide.

20-



wherein at least one of the first doped region and the second doped region is configured to generate
electron-hole pairs upon receiving light, and wherein the first and second ion implantations are
performec®fhde pErickotitlyebifod feianbiherersin iransiaiiscecd faotaremerivhensait a15-iqtfittion is formed
between theperdepesregiomandihe at leastiowe=af the first doped region and the second doped
region that is configured to generate electron-hole pairs. 3. The method of Claim 1, wherein the first
doped region formed by the first ion implantation has a sheet resistance in a range of approximately 80
Ohms/square to approximately 160 Ohms/square. 4. The method of Claim 1, wherein the second
doped region formed by the second ion implantation has a sheet resistance in a range of
approximately 10 Ohms/square to approximately 40 Ohms/square. 5. The method of Claim 1, wherein:
the first doped region formed by the first ion implantation has a sheet resistance in a range of
approximately 80 Ohms/square to approximately 160 Ohms/square, and the second doped region
formed by the second ion implantation has a sheet resistance in a range of approximately 10
Ohms/square to approximately 40 Ohms/square. 6. The method of Claim 1, further comprising the
step of disposing metal contact lines on the surface of the semiconducting wafer, wherein the metal
contact lines are configured to conduct electrical charge from at least one of the first and second
doped regions. 7. The method of Claim 1, further comprising the step of performing an annealing
process on the semiconducting wafer after at least one of the ion implantation steps. 8. A method of
forming a solar cell, the method comprising: providing a semiconducting wafer having a pre-doped
region; fonning a homogeneously doped region in the semiconducting wafer over the pre-doped
region by performing a first ion implantation of a dopant into the semiconducting wafer, wherein a p-n
junction is formed between the pre-doped region and the homogeneously doped region and the
homogeneously doped region is configured to generate electron-hole pairs upon receiving light; and
forming a plurality of selectively doped regions in the semiconducting wafer over the homogeneously
doped region by performing a second ion implantation of a dopant into the semiconducting wafer,
wherein the second ion implantation comprises multiple independent dopant implants having
predetermined different concentration-versus-depth profiles in order to tailor the total atomic profile,
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wherein the first and second ion implantations are performed independently of one another, and
wherein the selectively doped regions have a higher concentration of dopant than the homogeneously
doped regtén. 9.Tﬁﬁéoi;fe‘i‘ffb‘%fSllﬂﬁali?n“@?ﬁjﬁﬁé#’%?ﬂ%ﬁfﬁoﬂfé%f@f PRIty metal contact lines
on the surface ghiheisend condudiidgpedatetipmwhereityithdomeétal contact lines are aligned over the
plurality of selectively doped regions and are configured to conduct electrical charge from the plurality
of selectively doped regions 10. The method of Claim 9, further comprising the step of forming a
metallic sé&d Ia;f)gfeﬁglﬁ’f ‘fﬁ%"gﬁfggé% ' e%%’r‘ﬁ‘?ébshnﬁﬁ?:t?ﬁtd'ﬁr}a?%tﬁ’e\/v are rsllgf[ﬁié%%%g iC seed Igyer is
configuredhtohasrasertshnEitisiTdayer between the selectively doped regions and the metal contact
lines. 11. The method of Claim 8, further comprising the step of performing an annealing process on
the semicgductipg waferaftes,atIaast one.of te an RIANIAUAN,S16P5. 4T e melfigd of Claim 8
further comprising the step of forming an ant-reflective corftlng Fayer.over the homogeneously doped
region. 13oTHEhMRHSHGHCRIMISIWHEFTh AR SEIREH B T B Ra PEEIRTY Ar8Tmplanted in the
semiconducting wafer at predetermined locations using a mask, wherein the mask comprises

openings that are glignad with the predetermined;location: 14. The method of Claim 13, wherein the

mask is a contact mask disposed on the surface of the semiconducting wafer during the second ion

implantation. 15. The nfEtHEH ST Bt S HEHE P INESARSKIPE SRS h &R Hisposed a
predetermined distanceabovethdistidagerththosefridanduotingasafércddnihsetiveidedme ion
implantagon . 16-a1fi?f§ asﬁém%igf &laim fﬁevabﬁer&}&m ﬁ@é&@ﬁﬁﬁ'ﬁfﬂ@@%&&i@ﬁ&%@ aimrﬁnlanrt]ed ir(;I the
semiconducting wafer at predetermine ati ing. a shaped ion peam, wherein the shaped ion
beam is aligned Wﬁﬁeﬁ%%tlprév élg’r'crlr‘w:ﬁ%é%r?g%a |§r?§€.: %P%nggﬁ%& %%%%%s%&? aag%(ﬁglﬂé%nducting wafer
having a backgrétmtudpsgsegionad  a homogeneously doped region formed in the semiconducting
wafer over the baelarempd deprdsegipautuierdin dhadamnagenesusiidopedtegidnhas a sheet

resistance of bty e%qe%%r&ém%ﬁ%za%%@amﬁmsﬁl HRd2nRximRisk A QRme(sauare and is
formed by |o?ﬁ|rlgp£21;[£gea dopant into the semiconducting wafer;
multiple 1

nt dopant implants having predetermined different concentration-versus-depth
profiles in order to tatlor the total atomic profile, and wherein the second ion implantation has
conceniration-versus-depth profiles different from that of the first ion implantation and the second
doped region extends across only a portion of the region where the first doped region meets the
surface of the semiconducting wafer,

wherein at least one of the first doped region and the second doped region is

configured to generate electron-hole pairs upon receiving light, and
wherein the first and second ion implantations are performed independently of one

another,

A method of forming a solar cell, the method comprising:

el
W

providing a semiconducting wafer having a pre-doped region;

performing a first ion implantation of a dopant into the semiconducting wafer to form
a first doped region over the pre-doped region, wherein the first ion implantation has a
concentration-versus-depth profile;

performing a second ion implantation of a dopant into the semiconducting wafer to
form a second doped region over the pre-doped region, wherein the second ion implantation
comprises multiple independent dopant implants having predetermined different
concentration-versus-depth profiles in order to tailor the total atomic profile, and wherein the
second ion implantation has concentration-versus-depth profiles different from that of the first

ion implantation; and
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a p-n junction formed between the homogeneously doped region and the background doped region;
a plurality of selectively doped regions formed in the semiconducting wafer over the homogeneously
doped region, wherein eteomeBtita ysBedy YopedTayisieHasrskear rakiEtarte of between
approximately 1@:QhimBisquaiebedoappsd Matelyp4Qsghms/square and is formed by ion implanting
multiple dopants, having predetermined different concentrationversus-depth profiles in order to tailor
the total atomic profile, into the semiconducting wafer; and a plurality of metal contacts disposed
on the surface of the semiconducting wafer and aligned over the plurality of selectively doped regions,
wherein the plurality of metal contacts is configured to conduct electrical charge from the plurality of
selectively doped regions. 18. The solar cell of Claim 17, further comprising a metallic seed layer
disposed over the selectively doped regions and under the metal contacts. 19.The solar cell of Claim
18, wherein the metallic seed layer comprises a silicide. 20.The solar cell of Claim 18, wherein the
metallic seed layer comprises at least one material chosen from the group consisting of: Ni, Ta, Ti, W,
and Cu. 21. The solar cell of Claim 17, wherein the pre-doped region is p-type doped and the
homogeneously and selectively doped regions are n-type doped. 22. The solar cell of Claim 17,
further comprising an anti-reflective coating layer disposed over the homogeneously doped region. 23.
The solar cell of Claim 17, wherein the selectively doped regions are laterally spaced apart from one
another a distance in the range of approximately 1 mm to approximately 3 mm. 24. A method of
forming a solar cell, the method comprising: providing a semiconducting wafer having a pre-doped
region and a surface performing a first ion implantation of a dopant into the semiconducting wafer to
form a first doped region over the pre-doped region, wherein the first ion implantation has a
concentration-versus-depth profile and the first doped region extends to the surface of the
semiconducting wafer; and
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performing a second ion implantation of a dopant into the semiconducting wafer to form a second
doped region over the pre-doped region, wherein the second ion implantation comprises multiple
independent dopant imptaists HaaH g5 ideErphioae! drferatid et aaBr Rl & depth profiles in
order to tailor thedfighasiomienprofikscant whereiuthe sedongd ligh.implantation has
concentration-versus-dgpth;pofiles different o ihatalihedrstioninplantationand.dbe second
doped region extends across only a portion of the region where the first doped region meets the
surface of the s&?ﬂ%ﬁducting wafer, wherein at least one of the first doped region and the second
doped region is configured to generate electron-hole pairs upon receiving light, and wherein the first
and second ion implantations are performed independently of one another. 25. A method of forming a
solar cell, the method comprising: providing a semiconducting wafer having a pre-doped region;
performing a first ion implantation of a dopant into the semiconducting wafer to form a first doped
region over the pre-doped region, wherein the first ion implantation has a concentration-versus-depth
profile; performing a second ion implantation of a dopant into the semiconducting wafer to form a
second doped region over the pre-doped region, wherein the second ion implantation comprises
multiple independent dopant implants having predetermined different concentration-versus-depth
profiles in order to tailor the total atomic profile, and wherein the second ion implantation has
concentration-versus-depth profiles different from that of the first ion implantation; and forming an
electrically conductive contact to the second doped region, wherein the second doped region is not
also the first doped region, wherein at least one of the first doped region and the second doped
region is configured to generate electron-hole pairs upon receiving light, and wherein the first and
second ion implantations are performed independently of one another.
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