SOLAR CELL FABRICATION WITH FACETING AND ION IMPLANTATION Related Applications
5This application claims priority under 35 U.S.C. 119(e) of the co-pending U.S. provisional patent
applications, Serial No. 61/131,687, filed June 11, 2008, and titled "Solar Cell Fabrication Using
Implantation™@&13{1Rfi3¢%61/131,688, filed June 11, 2008, and titled "AppIREEEH2EPEETEImplant
System for Use in Solar Cell Fabrications"; Serial No. 61/131,698, filed June 11, 2008, and titled

"Formation i i j a haod"; ial No.
61/133,028, i ed‘ﬁ%r%eﬁ g’ﬁ%ﬁmﬁt édﬁ%ﬁﬁ gc%%%ﬁ%ﬂ%%%ﬁmmmm
and Serial No. 61/210,545, filed March 20, 2009, and titled "Advanced High Efficiency Crystalline Solar
Cell Fabrigafigas MﬁlﬁQ&sEﬁé' of which are incorporated by reference in their entireties. 15Field of the
Invention This invention relates to semiconductor devices and methods of fabricating them. More

spetifically, this ieARIFFet e ThEMEBY dwsfofabridatify IR Detshvitto adoailohmic losses.
20BackgrgunskRhingHeNeiMiationS &IRIGORAUGIOT SOlRY Cells 3BVl kapwn tpr ransigiifing light into

electric current. The efficiency of solar cells is limited in part by ohmic losses, which are affected by the

dopant diffGSi AR SN MERR BT BIRin S TSR A $A0Rdat8%HE b luPe dlis2 ¥ radti8Rdws a prior art
solar cell 18ppHdaasoipecelt 1001 earBetieliP YT 1RPOBROFRERINEG r§aipN$id 35 on its top

surface in CLHG cyrrent, whic n be transmitted to a load 150, The solar cell 100 includes an
n-type emgl(t?[/e?rﬁaégeg’ ﬂ%d 8 ﬁ“‘ig%ggﬁﬂ;e%%%s%%affa %h Piadfagfﬁ'ﬁf‘?&t’é"bgﬁljﬂﬁE%Hﬁill. The
enifiter layeplhbaodriainsififiihodoeda Melts 133,0881 foethigndinssiaptkeanibe coxgsed with an
anti-reflecti i - .Metallic fingers 125 are.fowled o 0, -wells 117 to couple
the n-wel?g%ﬁolt%% ?E%%ﬁ% glr‘}%g?%'lgﬁe%nus E’?pfggﬁswgou%rllg§%6%1??&%?%@0%5%&%% Elljrf:r%\1 ]lzsgtoupled toa
metallic céRtAcEndbtisd HAdaereiddlaghiidisupsydiersaline Solird enitabritayionslW6tiofgiried by

exposing Hﬁ%ﬂ!ﬂ%@ﬁé#{&ﬁﬁ@ $OULREALD: YR QRS Wpich then diffuse into a top surface of the base
100. The doping profile of the solar cell 100 has several drawbacks. WO

2009/152365PCT/U52009/047090 First, producing this profile results in excess un-activated
dopmnts neridhe aapiavsiaes as the dopants are driven into the bulk of the substrate 100. This effect

leads to . . : . L
This invention relates to semiconductor devices and methods of fabricating them.

More specifically, this invention relates to methods of fabricating solar cells with reduced

ohmic losses.

20 Backgreund of the Inveation
Semiconductor solar cells are well known for transforming light into electric current.
The efficiency of solar cells is limited in part by ohmic losses, which are affected by the
dopant diffusion and contact screen printing used to fabricate the solar cells.
Figure 1 shows a prior art solar cell 100. The solar cell 100 converts light striking
25 photo-receptive regions 135 on its top surface into electric current, which can be transmitted
to aload 150. The solar cell 100 includés an n-type emitter layer 115 overlying a p-type
substrate 110, thereby defining a p-n junction 111. The emitter layer 115 contains highly
doped n-wells 117 that form gridiines and can be covered with an anti-reflective coating
{ARC) 120. Metallic fingers 125 are formed on top of the n-wells 117 to couple the n-wells
30 to a busbar 130. The busbar 130 is coupled to the load 150, which in turn is coupled to a
metallic contact 140 on a backside of the substrate 110,
The emitter layer 115 is formed by exposing the substrate 110 to a source of n-type
ions, which then diffuse into a top surface of the base 100. The doping profile of the solar

cell 100 has several drawbacks.



varying levels of light absorption, the creation of electron-hole pairs, and unwanted recombination of
electron-hole pairs. This is known as "dead layer," in which blue light is 5not absorbed close to the top
surface of the photo-receptive regions 135. Because of the high doping level near the surface,
electron-holefar¥¥IeEEd in the dead layer quickly recombine before theRCEAFOAGFEEany current

flow. Facetting, used Bﬂoﬁﬁﬂu@tﬁﬁtﬁpﬁﬁwméiﬁf@%&:ﬂ@ﬁiﬁdcﬁ@ﬁbﬂlﬁ)ﬁ&lﬁﬁu fefeke it can generate
current. Sec nd, diffusi ntechnl es used to cgjn\l/ﬁntlonal ﬁ}proflle are not optimal for 10the
OIFHEJQ B8

formation Bf %f’ééﬁv%e 88?{%8%5 MR R SiviDH RES 'eiSve region and
low- res|stamwlglgrmhsd‘bmgmdbmnoenﬁmtf&ag&mfbﬂmmshmtﬁhsummutmal’i‘ades and backside

metalllzatlz%@ b 'm hegt.S v%rl m RJ on the semt ctor,canr I ifferent work
functions at Tglirlllter!t?race stween t conductiq’vlg ngers 12(% nd'the em\?‘fer%fyerq %Sl'o 15better

maith thenworksfubrdiohscietivetay aurietabE draabandatisidopmibsiitdh, Bemespribtharhigehniques
melt the caiiagis.tahia ot slcideatihadniatiace- Wils (aining A Wedadmayhei aior the work

functions, there are still undesirable ohmic losses and the potential of ting. Finally, lateral
p05|t|on|nBet§‘P‘i%B%§ﬁ?§na%%j§§%%Dﬁ%¥F§fé fopedtirifigitred toasduec 2t nmowrithS lighd wafer

th|cknessea§%g%ﬁa§m§@@gmtrd%slmcﬁpé@ﬁ&@[ggﬂggﬂes are expected to drop from about 200
microns to 50 microns ang later to drop even smaller. Present screen rlntlng tech&% ues are |ll

equipped to fabri 5%"&&{%%%|W§WSHC§IH%%%@%&W§H@WB? Pegepaferigrd §atting ever

thiber, veﬁﬁ@dmmbbaﬁdeld&ﬁus@tspa{gwgt@emvpﬂmmbg@mn@t@gﬁrﬂmg%@fﬁm acptvemary of the
Invention In a%cprdance with embo men solar ceIIs re fa rlc ted b lsely placing dopants

both Iatera?f%/ R&osS \ayers ol the anderifg %E’[Faté*‘l vv%eﬁ 8%8’ IFfWe substrate. lon
beams armmrmdwmwhmdylmm areas that form gridlines, as weII as 30lightly doped areas

between the aridlines Felalonig BRAmetars, ALaleiG.Aopant RIOHS S sigulignggusly matched to

provide electrical junctions at appropriate depths using predetermine stra e doplng levels and to

provide th@Redess Aty eairEsTbethecoltn atbdrefivo fiteets ét&wech&mm@slmrcblsﬁm independent
copgrol is YRigHRAQ IRIAAUALIRA MR BE8veen a metal contact and the doped silicon, some prior art

techniques melt the contacts 125 to form a silicide at the interface. While forming a silicide

muay help tailor the work functions, there are still undesirable ohmic losses and the potential

of metal shunting,

Finally, lateral positioning of dopants across a substrate is becoming difficult as the

20 line widths and wafer thicknesses are decreasing. Geometries in solar cell gridlines are

expected to drop from about 200 microns to 50 microns, and later to drop even smaller,

Present screen-printing techniques are ill equipped to fabricate devices with such small

displacements. Moreover, as wafers are getting ever thinner, vertical and batch diffusion and

screen printing become extremely difficult.

25
Summary of the Invention
In accordance with embodiments, solar cells are fabricated by precisely placing
dopants both laterally, across layers of the underlying s_ubstrate; as well as into the bulk of the
substrate. Ion beams are directed to create heavily doped areas that form gridlines, as well as
30 lightly doped areas between the gridlines. By tailoring parameters, an atomic dopant profile

is simultaneously matched to provide electrical junctions at appropriate depths using
predetermined substrate doping levels and to provide the resistivity required for the
formation of contacts at the substrate surface. Such independent control is unique to

implantation methods.



WO 2009/152365PCT/US2009/047090 In a first aspect, a semiconductor device includes a
substrate having a surface that contains textured regions doped with a dopant to a first doping level

and non-textured regions forming gridlines and doped with the dopant to a second doping level larger
than the first¥BpMe 184485 The substrate is p-type or n-type; the dopant isP6F{HE26MIYSHY type. The

5semiconductor ideviee inglidesscanduativefingess welplactatie gt iplas @ﬂ@ﬁ&@ﬂ@m portion that
is coupled to a metallic ontact ontain urities. The extured o) sare -receptive
egions. CONERPABI B B e R A BT O RS e et OEFAFES Buch as
pyramldalfeiﬁmg@sdhavsr@&dd;ibé plizinée, dhgpae- mhamdndldnwmgskawl a:{rgemhenﬁ tindidating 10(rising
and fallin res fl I hot tive regions.
%?ﬁ%g%cuw‘?of 3 mﬁ&? §Xt egﬂ R égﬁl ﬁ Jiom ¢ qu Cﬁ? g

The dopant tents h erauni cRness or a thickness that

varies alofigraientiseey dtving mén@ﬁt@ﬂﬁl@h@émM@m@ﬁPdéaémﬁ@@mﬁ@dm@gmns is covered
with an anfieleclys 16aaling, Mg foRants L the Rels SR egins AleNigERRrsed with a

metallic species. In a second aspect, a method of fabricating a solar cell includes directing a unifoli ion
beam ontB"&SCieR 6F BEOPstrate having non-textured and textured regions. Dopants are implanted

into the texturedy@wm@ﬁlmmwmgmgsthﬁzﬂ@émﬁmrs@dlé@me%@h@rﬁ@cg%ﬁ gensity larger
than the first density to foiin gidlines, The gridlines are cogpled to 20contac 1:’E'ﬁlngers In one

embodim @ THE S Tl BB Tho G R R S ARREN TR el ARSI AHIBE pyramidal
elements (Adiegnativialinthetmediipiaiendtias diemeanisaelisbmt:8phiediGam Thepheam can be shaped to
implant doganﬂsvlnto each of the textured elements individually or into a group of textured elements
smultaneous?y SoBRReEY the beam, the substrate, or both is rotated so that the beam is substantially
perpendicular tofhecédsrefieachdf chthenuitiplectextured < temeistsasThtdyeamitam disckhaseanned

across the %Ei%@s%épﬁﬁpé’am%% Hedonants infg,the textured and non-textured regions. In one

embodiment, a cloud of ion plasma is used to confo ,malty dope the whole of 30the substrate and any
textured featuregndw@wénggépg@@t each of the textured regions is covered with an anti-reflective

15 coating. The dopants in the non-textured regions are interspersed with a metallic species.

In a second aspect, a method of fabricating a solar cell includes directing a uniform
ion beam onto a surface of a substrate having non-textured and textured regions. Dopants are
implanted into the textured regions at a first density and into the non-textured regions at a
second density larger than the first density to form gridlines. The gridlines are coupled to

20 contact fingers.

In one embodiment, the textured regions include multiple individual textured
clements, such as pyramidal elements. Alternatively, the multiple textured elements are
semi-spherical. The beam can be shaped to implant dopants into each of the textured
elements individually or into a group of fextured elements simultancously.

25 Either the beam, the substrate, or both is rotated so that the beam is substantially
perpendicular to faces of each of the multiple textured elements, The beam can also be
scanned across the surface to thereby implant the dopants into the textured and non-textured
TEgIOnNS,

In one embodiment, a cloud of 1on plasma 18 used to conformally dope the whole of

30 the substrate and any textured features on the surface.

In one embodiment, a resistance of the dopant in the non-textured regions is about 20
ohms per square, and a resistance of the dopant in the textured regions is less than about 100
ohms per square. A junction between the dopant in the textured region and the textured
region is graded, a junction between the dopant in the non-textured region and the non-

35 textured region is graded, or both.



In one embodiment, a resistance of the dopant in the non-textured regions is about 20 ohms per
square, and a resistance of the dopant in the textured regions is less than about 100 ohms per square.
A junction between the dopant in the textured region and the textured region is graded, a junction
between the dopant in the non-textured region and the non- 35textured region is graded, or both.

The method alsélihaigHed fbiinpdes drepesasifisads drivmanifeLadinaserbhaestigers and coupling

the contaﬁﬁgagggﬁit@oaﬂm@hge contivefthirgagpestisanethod of fabricating a solar cell includes
etching a top surface. of a substrate ta fowl textured photo-receptiye regions among. planar regions.
The textured rebTHETHATRIE sy PAFOIOb CH LR B A o T Gt W R A ting-an o
beam ontotiteate p Surfia oaxtihet ehytimptaptingrag panimintg phe dexigiked. [Egiaastakd first density and
into the planar regions ata s d density larger thanthe first.density o form gidlines. A resistance of
the dopaias et arr g e SEeA hy IAMe AL I A BB e dopant in
the planamtedhsristiswabwet erdhmmpentsyldepatthoindihbakaked inglories eduglidapsiontact fingers to
the gridliggg inco R @iﬂmegmed@ta sl ealipeludesasuksiraialaving aipPdasiand a bottom

layer. The top layer has a surface containing pyramidal reglons doped with a dopant to a first doping

level and/SEFSTRRERM PRErmréiche BEIEMREd 8h ihapp B b 15E WSS & second doping
level largegthian:thsr firstisoRing lyelaAdiagaphPReSAlIe IHARMFRGIARS AR I8sthHAam§0 microns

apart. The s}lu strate has a thicknfgss of less than. 50 microns. The gridlines are coupled to metallic

fingers byPSIMGERCEIRRA FONAE HsRC B gR IR S upled to the bottom layer.  In a fifth aspect, a
system for fabridatirigusdlasreetls sutiudel adodece Sabgradhainggans, abeamisiiapomand a
controllerl.aTheﬁaee%n haepﬁgs da;rseucl:gcg bo% m contaigrigl]%%tpe‘3 iorrllg cptg as %sé%atgﬁt'[ohg igoptroller is
programmt‘e/ar to direct the baam Onto the SUDSrate S0 that & ?extur]%cf1 %o o-regeptlv'e reralon of the
substratedispingplevelethdvity thptivdhsorafirediceniitnagdradbiessandediped ofithehsulopatteo defining a
gridline '%é@b?ﬁ&‘ﬂ&%ﬁa\g’m&f‘ﬁﬂé’%?% HR9EONGbARRSY gL A e Hral ARSI egionl i CONtroller

directs the beam shaper to step the beam to individually implant textured elements’in the
photo-redeptivery g e e ahtridIfR T REE o batesthinkicsp flssidbas Maniatssatdcor any combination
of these yotians MheAihe kearis dikestedoniade shsifaleand o HReCOMEpNer dsaptsdhe beam
shaper and a duration of the implants so that a resistance of the photo-receptive region is less than
100 ohm&°J8F GH18P8 14%6F a resistance of the planar region is less than 20 ohms per square. Brief
Description of theg DiiawingscEiguysidshoiibadanios slasotdls cathaiipleshitexdoptbducingigure 2 is a
side cross-sse%t'oer;la}{ v'ewerof adoorgg oTlfc? ﬁ!ia]% cellsi aacb%r\rlt%gtnc%with one embodiment. Figure 3 is a
top view rlac?na’pyram|csi‘a‘rfll?aé(=§‘fl of e solat cefo cIélllg1;ure T B85 2368 PR S 2Bb91047090
Figure 4 it graptsictte dpiagooorbents atiograrensers td eptiettretheapl ansr thegiobsoéthe sipdar cell of
Fiaure . FlgUiBe R aaaPh ALAGPIRG ANERYAA RIS YR AR IR e ansplaRar (textured)

r cell of Fi B sh ?

region of the sol ure 2. 5Figures 6A and ow sequentially implanting ioris in an emitter

region amPfeplapagregebebtorbeEtaseipemgidingls SnplEnsdodimthstions to a second

density larger than the first density.

The controller directs the beam shaper to step the beam to individually implant
textured elements in the photo-receptive region. The controller also rotates, tilts, or translates
the substrate, or any combination of these motions, when the beam is directed onto the
substrate.

The controller directs the beam shaper and a duration of the implants so that a
resistance of the photo-receptive region is less than 100 ohms per square and a resistance of

the planar region is less than 20 ohms per square.

Brief Description of the Drawings

Figure 1 shows a prior art solar cell coupled to a load.

Figure 2 is a side cross-sectional view of a portion of a solar cell in accordance with
one embodiment.

Figure 3 is a top view of a pyramidal facet of the solar cell of Figure 2.

4



Figure 7 shows a pyramidal facet of a solar cell, having a unifoliii doping concentration in accordance
with one embodiment. Figures 8A-C show implanting ions into faceted regions of a solar cell in
accordance 10with different embodiments. Figures 9A-F show a solar cell during sequential
fabrication stEPs* 8t t6+ihg pyramidal facets in accordance with one emB&EdHHEHEY 0478 ure 10 is a
flow chart of stepsgar tabricating of dofangednireacadrtaneaidthate embodimentickfigure 11 is a
block diagsr()a}gn Oglf‘ system Eor fabricating a solar cell in accordance with one embodiment. Detailed
Description of ffie vention Embodiments of the present invention are directed to methods of
fabricating a solaiig2® &6l byrhptaofljopopmngrtsseltctiveremitiertidgicheanotplener ghxiyrelbiping its

photo-rec?%tjgg gpg}gg@amép@%%mpgdiments, the selective emitter region and the photo-receptive
regions are formed in the same processing step. For the best performance of a solar cell, the

photo-receptive Fagisi<daranghthars propeptisfoviaal enipenioge ileBuentifi stsden radiegice. A more

heavily dopgddegianineeasasaherdarhanes felatisgnibele recombination and thus decreases the
efficiency of converting photons into electrical power. In accordance with embodiments, the n-doped

layer of the photb fitepiivevetRAYthéed af tans shddBpad i praderRize sheet resistance of

between &amegtbiorohms peusaUae, pietatehlinkal ohms per square, or an ion doping of around
1E+19 cm'. Prefﬁalla_lé% §%?@rigllnesgf)v%: which.the aﬁgﬁnd ctive finger c?nta i{s are 30formed, are more

heavily doped to GoUpIe the Generated cHsr G TdHe FEBREEAE 2 P BrevdE BRECHEE R

& generat
resigtanceyithel saleati eerbedittentegions are doped to a sheet resistance of 10-40 ohms per square,

preferably 25 ofggq persdyake, of E{pgﬁ! {Q f around 1E+20.cm”, Preferably, the back surface of
the solar cell is 'é eg with a p-ty|51e ay_ere to%ﬁa%/gé%‘?g%?sﬁﬁnéggrg%?wgéﬁ@f (gnfan%ﬁghms per square.
WO 20097598636 ageils del kersritanssedtiapedahadyacaliel beams to implEn raTUS2009/0470901g

Figure 10 18 a flow chart of steps for fabricating a solar cel! in accordance with one
embodiment.
15 Figure 11 is a block diagram of a system for fabricating a solar cell in accordance

with one embodiment,

Detailed Bescription of the Invention
Embodiments of the present invention are directed to methods of fabricating a solar
20 cell by heavily doping its selective emitier region and more lightly doping its photo-receptive
regions. In some embodiments, the selective emitter region and the photonreceptive regions
are formed in the same processing step,
- For the best performance of a solar cell, the photo-receptive regions are lightly doped
to provide a homogeneous high sheet resistance. A more heavily doped region increases the
25 chance of electron-hole recombination and thus decreases the efficiency of converting
photons into electrical power. In accordance with embodiments, the n-doped layer of the
photo-receptive regions of the solar cell is lightly doped to provide a sheet resistance of
between 80 and 160 ohms per square, preferably 100 ohms per square, or an ion doping of
around 1E+19 em™. Preferably, the gridlines, over which the conductive finger contacts are
30 formed, are more heavily doped to couple the generated charge to the finger contacts, To
provide the desired resistance, the selective emitter regions are doped to a sheet resistance of
10-40 ohms per square, preferably 25 ohms per square, or an ion doping of around 1E+20
cni™. Preferably, the back surface of the solar cell is doped with a p-type layer to have a

resistance between 30 and 70 ohms per square.



the implantation process to be completed more quickly and with a higher productivity. These beams
help reduce the amount of unwanted dopants in the fabricated device. Figure 2 shows a portion of a
solar cell 200 in accordance th one embo |mec{1t with 51%! ght beam 2 0 impinging on a

photo-receptiV@ 11&H7¥55. f&s SHERCT ¢58 resak%ﬁ Ehnte 15 fr%fle}? RETIMEEHent
throughouhe'ﬁheﬁienlancn'eﬁr%ﬁmmammipw&p@wbwbmm&smmheﬂrbﬂwm aTietom metal

contact 2Q3.and,a1) PRYPE GEUHRLIANEY, a&én%&%o%égataﬁt&lﬁﬁa%&@a@eﬁ foao-crystaliine or

multi-crystalline silicon, thin-film deposited silicon, or any other materl als used to fabricate solar cells
and other semicBHINREIPOEARE0N of THaneelf308 Pervealanprpith pee suistiime 1 0i4nd the

n-type emtt ; 366:‘?1&12%5) fotpsmp &Jyﬁﬁgenr&%ﬁawe@hat@zse%m& LROIN7AP-CQALAINS one or

more facete ions, By dlrectlng ht that would normally be reflected away from ‘the solar cell 200

back ontosﬁ%eé F S D00 hfa s B to T S i ddie 5Y8E IHE 20 e RBF RghEBRt by reflection,
15therebysﬂb@reasmg thedefficiensyotihe selRnCAILE0 1R ane Lmbadingnb thedaaaled region 225 is

also covered b ntl ref clive oatin The solar cell 200 also c ntain ﬁoped regions 220
(gndhnes)ﬁ%v%geasusﬁbm e Gélal %cna?r?%ﬁrsyﬁr%agle 86%%5%%&3‘1‘1% gtnf rs 240.
Generallydtsmaltadelihcemmtalmm@&fmfawmdlsegmﬂm &idi selectiveceinitiel 9 fhandmadoadsbown in Figure
2. fdgure §e§w%\s's only one faceted region (containing facets 230A and 230B) and only one emitter

region merely to simplify the drawing. In the embodiment of Figure 2, the facets 230A and 230B
are individual foﬁh@ﬁ@éﬁfwéﬁﬁi’dﬁlﬂe@meﬁw suhsirate lPosddhelt ypplants: Bigudd 3B fenasop level

view of the pylRiaudah iaeet A0 feleigbli Mis oot gl 2alansheA0asJgos.IaL 10 microns.

with a base havmg a comparab e width. hose skilled in the art will recognize that the exemplary facet

230A canadBestier i ErsBAslaiRIE S OiRdrdehpre sty dreringrrlbik isskoome surface of the
solar cell gRQohs aneothel-eiampalesdos faset2RQldsiome ahalednt lost by reflection,

15 thereby increasing the efficiency of the solar cell 200. In one embodiment, the faceted region
225 1s also covered by an anti-reflective coating,
The solar cell 200 also contains n-doped regions 220 (gridlines) having a substantially
planar top surface coupled to metallic contact fingers 240.
Generally, solar cells contain more faceted regions and selective emitters than that
20 shown in Figure 2. Figure 2 shows only one faceted region (containing facets 230A and
230B) and only one emitter region merely to simplify the drawing,
In the embodiment of Figure 2, the facets 230A and 230B are individual four-sided
pyramidal clements, having exposed <111> planes.
Figure 3 is a top level view of the pyramidal facet 230A. Preferably, the height of the
25 facet 230A is less that 10 microns, with a base having a comparable width. Those skilled in
the art will recognize that the exemplary facet 230A can have other dimensions, as well as
other shapes that reflect light back onto the surface of the solar cell 200. As one other
example, the facet 230A is dome shaped.
Figure 4 shows a graph 300 that plots atomic concentration versus depth from a top
30 surface (in angstroms) of the cell 200 for the planar regions 220. The graph 300 shows
concentrations for a first implant stage 301 closest to the top surface, a second (main) implant
stage 302, a third implant stage 303 closest to the PN junction 213, and the total
concentration 310,
Figure 5 shows a graph 400 that plots atomic concentration versus depth from a top
35 surface of the cell 200 (in angstroms) along the non-planar, textured (e.g., having an exposed

<111> surface) regions 225. The graph 400 shows concentrations for a first implant stage

6



Figure 4 shows a graph 300 that plots atomic concentration versus depth from a top 30surface (in
angstroms) of the cell 200 for the planar regions 220. The graph 300 shows concentrations for a first
implant stage 301 closest to the top surface, a second (main) implant stage 302, a third implant stage
303 closest B EBRFHifiction 213, and the total concentration 310. REERBHYRERE a graph 400
that plots 4torigscaneanrtraienr ketsusdepth fiom) amiphmSapdacs, of el celpRA0s(Remgstroms) along

the non-planar, textured (e.q.. haying an exposed <1 |I> surface).regions 225, The graph 400 shows
concentra%?gﬁ%ﬂft(t)or)%eﬂ?é? $rlhn§%?1l}ais@§gaén%\tf6£2@6§? fgﬂlé%%g@ﬂ “’26%@&%2‘*7({?86? %@f‘j& &st to the top
surface, a‘desbhgefihaiifzyimplant stage 403, a third implant stage 405 closest to the p-n junction 213,

. and total conce |QE isdapi fil ces,the..de " effect..Such simultaneous
implantation of Lﬁ 1@%%%%%§%§1%%é?gﬁ%§%%;@§ Il%gjnglgoad s(%gs %Mﬁlr? f&ieg é;%é%% r})er% [ g(? The
surface afeiqysraioaitcel 6 thelitaplafrcsasinisthasielirecteslitapinet ke00planediBaiedo the

geometry ghangesyihg.desaar inplanteditodhg sctldz @é@c%% sfiafSahibe.desage simpltaneously

implanted into the <100> plane. Additionally, the angie of incidence changes for differently oriented

planes, aftiMHiS #h&pansAss BRIV Rlancddaindhs iR PRar- e 28RBS §19 20 keV beam,
the projeciggi¢ange idencd Quanyd e dfitRanostoms flemdhe surfacrafdhersll0sr Riane to 998

angstroms from the surface of the <111> plane. . Figures 6A and B show doping the regions 220
o 230AH PR3 CRTRS ARTOR b SBUIE S0 IR e PRI LB, shows the fon

beHm souves HOfirst (pasitioned Gbovkcasintecsd di-thtisuhstiaiec208, dnaplamtingotyiipe dopants in
the 153ubssl}§£15ié;1{l)lyt%agﬁr] ge[%lign% 220. Next, as shown in Figure 6B, the source 500 is positioned so as
to implant n-type dopants’into right-hand and left-hand portions of the facet 230A. Both the left- and
right-hand portiongwesité facsbB280A depitibhedaw cprdlatah?ifiddod Ensity 2nspyefilen

Advantaggaysly, pEGEBS giHhess e ll0d 5ok hand PORIARSAASS NLISOIIES RiFGRE alignment of
the source 500 with a wafer geometry or thé use of a narrowly focused 20ion beam.
positioned above a surface of the substrate 200, implanting n-type dopants in the

15 substanfially planar region 220. Next, as shown in Figure 6B, the source 500 is positioned so
as to implant n-type dopants into right-hand and lefi-hand portions of the facet 230A. Both
the lefi- and right-hand portions of the facet 230A are doped to a predetermined density and
profile. Advantageously, processing these left- and right-hand portions does not require
precise alignment of the source 500 with a wafer geometry or the use of a narrowly focused

20 ion bearm,

Such a change in the angle of implant and thus the implanted area can be used to
advantage. As the implant angle deviates from the normal incidence, the lateral depth of the
dopant is reduced. Similarly, the beam is spread over a larger area, as a cosine of the angle,
Thus, the dopant dose is reduced. Such variation can be used to produce regions of high

25 doping concentrations and deeper junctions versus regions of lower doping concentrations
and shallower junctions.

The added surface arca provided by the facet 230A has other advantages. As one
example, during ion implantation the added surface area spreads the heat generated by the
source 300, allowing for the use of higher density beams that increase productivity.

30 As shown in Figure 6A, the left portion has a base {abeled 240, In one embodimeht, a
diameter of the beam is much larger than the base 240, allowing a single beam to dope both
the left and right portions simultancously. In other embodiments, the diameter of the beam is
large enough to implant multiple facets simultaneously. Those skilled i the art will
recognize that other beam diameters can be used. Furthermore, a\whoic encompassing

35 plasma beam can be used, such as to conformally dope the textured features on the surface.
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Such a change in the angle of implant and thus the implanted area can be used to advantage. As the
implant angle deviates from the normal incidence, the lateral depth of the dopant is reduced. Similarly,
the beam is spread over a larger area, as a cosine of the angle. Thus, the dopant dose is reduced.

Such variatiSh A TSuerio prb dirceo reeioR8 eHightzsaopiy o reen tREDHS 2880 H883er junctions

versus regions Oflawemndoping: seancepiations 0-shallowek nslianssoa. Hae.addgd surface area
provided by the facet 230A has other advantages. As one example, durlnﬁﬁleon implantation the added

surface ar&8'Spreddsitrasledibranyise By R & ireaesoovHNehg for tebasm-gemlimer density
beams that imereasecpioeUsiivityic30Aesbawa inrfigute GAhthedath poniomham abagedabeled 240. In
one_embogdiment, a diameter of the m is much |arger than the base 240, allowing a single beam to
dope both r(g I‘éﬁcgﬁg@%’h%ﬁﬁoﬁ%‘r}l{é% 1&|P&%f§§‘&%n?glﬁ_’ i%’%%@é%% Jar8the diameter of the beam
is large enough tix g tantarhinitpletfecetsginnylfane Gasky 1T hese dkillediiicdheubktrai setegnize that
other bea iameter G used. Furthermeare, a whole encompassing.35plasma beam can be
used, sucﬁl%gtgﬁgﬁlfgr%%%gﬁgﬁ%ﬂ%ﬁ% 1'F‘exat(l:f[}f{;%c)?cfc'(‘—:'sa uartesa‘éen %H%LE; ;c%egg \?{f&f&%ﬂg 365)odiment,
the sourcéBf@@mits a beam with the same dPCT/1052029/047092er second) when the source 500 is

positioned over tﬁ@&%@@mc%%%%%@M&%ﬁ@d%ﬁ%@i@@ﬁ%ﬁ%@'ﬁgpﬁﬁglao%gggﬁce, It provides

a larger surface area for the beam, resulting in the same chagr%;cbeing deposite larger area in
the PegionesoX Braliae didtedibiis 20N 2ERE TG IS O piRe fddrbresDEaBaHi &pryRRP doped than the

region 23Qvreased-oRaIRMRRAIMBAtatBE S BAMPIANYtacet 230A is formed of a silicon substrate etched
along the <1 | 1> plane, resulting in facet faces that have an angle of 54.7 to the substrate surface.

Figures 6A-C shbe Hie SRGHT B AT &R AR PRITEA AR the Y 6hiig iaREfed) 10face of the facet
230A, In thismmdingemenric tiepdoping thitkrdascalizog the fhed 304 doargatsgsdfiroonthenbase of the

facet 230A to its.apex. . Figure 7 shows an arrangement.in which a beam source 530 is positioned
perpendicfjcfglfctco t Belssé: ﬁadf%lcﬁeaé ng% C;fv%c?%?eﬁ%ﬁg%}%ngﬁét Elcl)shﬂ?osﬁcﬁang@%%l @%ﬁ&ai’,e%ﬁ source 550
is @érpe_ncﬁé@l@r@ﬂb@%&fa%%@bmm@ﬁmmaFﬁghefsetohﬂkqaﬁlsm&ﬁ@mbeled 155508B), the beam
source is perpengligylar g fae.ight e of the %ﬁ%%%%@ﬁ@g@h%%gﬁméﬂ%gJ&dbeam source

is sequentially positioned in the first and second positions (550A"and 550B); in another embodiment,
separate BeRiGHIRS pe intnttaAeBlidl pesigbprabiah i Fpats SeeorePesitishs so that the left-

and right-RRRiaRSa4S!FpPELEeNGH IR MY ZRIRNRA6EIIHRARCS VIthiembedirmens R-shbsiate 200 and

one or more ion beam sources
are doped concurrently.

20 In accordance with embodiments, the substrate 200 and one or more ion beam soureces
are moved relative to each other in different ways to dope the substantially planar region 220
and the faceted region 230, which includes the individual facets 230A and 230B. To simplify
the drawings, Figures 8A-C show only a single faceted region 230. As one example, Figure
8A shows 1ons from the one or more ion beam sources aimed perpendicular to the top surface

25 of the substrate 200.

In one embodiment, the facets 230A and 230B are individually doped by scanning an
ion beam separately across each of them. Altematively, separate paralle]l ion beams
concurrently dope the mdividual facets 230A and 230B. In this way, the doping level of each
facet or group of facets can be individually controlled, aliowing a more precise and tailored

30 doping profile of the solar cell 200.

As shown by the vertical and circular lines under Figure 8B, the substrate 200 can be
translated vertically {along the x-axis), rotated (along the y-axis), tilted, or any combination
of these motions, relative to the one or more ion beam sources, so that the entire surface of
the substrate 200 is implanted with dopants. In the example shown in Figure 8C, the one or

35 more ion beam sources are directed so that the tons are directed substantially perpendicular to
the faces of the pyramidal facets. Again, the substrate 200 can be translated vertically,
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are moved relative to each other in different ways to dope the substantially planar region 220 and the
faceted region 230, which includes the individual facets 230A and 230B. To simplify the drawings,
Figures 8A-C show only a single faceted region 230. As one example, Figure 8A shows ions from the

one or moret YA PLirg esralimedoperpiandicubainte, théxthp suiface2oBETRS3IB&MAIY 200.  In

one embogiment, e [acets 2300, ane: 2308 are Indivdualy daped by Scanning an jon bea
separately across each of them. Alternatively, separate parallel lon beams concurrently dope the
individual faséts 23BAuN: 2868 al tessway ctiéodopilgitershofedastifat norgrolipinfsfacets can be

individually confrailed alipwing,armaore Rrecise anshiailerediRdoning Aafile aiibesolar cell 200.

As shown by the vértical and circular lines under Figure 8B, the subsStrate 200 can be translated

vertitally (SioHts gremedy andrBraberens sethey g HRiBy/aned 1srearpr dnhloialieriss thesaamotions,
relative togheRBR &1 FAredeRheamrpurees: s thakiha fRiine.susiase lithgsubstrale:RA0 is

implanted with dopants. In the example shown in Figure 8C, the one or 35more ion beam sources are

directed sEWARHEIBAL AL FRL I STHSEMRAIlY perpendicular to the faces of the pyramidal facets.

Again, the substiateiRQheasniie tianrsialekk entieally i Siraidw Mt te:2 JRb Ry comlingtion of these
motions, relative to the ?ne %iP RUSLUnNt I.2129g1 ouices to iml;i)lant the entire surr&ic of the
er 1Gular to the ithe I%l

substrate JB0Nth P&t THaSET RS TOH BEEnT i & T EnY LRIy HRSHSHIET (O M th&Fconformally
dopé theseftéwtiredsfeiitresd THIS isTiastiaiter yrathsantabe desrfoinmiiitigrade siidenraihere the

faceting ogdhs SRRSO A2 HRNOUF.OEAMEl: 2CIMINSUTOLC ANANALE AIR Rolfe eng re-entrant

hillock featu at may be obServed bya line-of-sight dopant system. Such cor%]%rmariodoping will
provide consrsténnddpieyardelb eadentshinosuidned featubesate sutfpetill other embodiments, the ion

beam is directed;qgip.thestbstiale 20%sedhatdt HeRinges A-anolss thge Shanrerendicular to the

planar region or perpendicular tg the faces 10 of the facets 230A and 230B. These other angles can

be determfiBa 5L SRS BESRIYGIRAGHRERR! 8 RecnEiRakiviiAcap prbsdEReaE hand In one
emizodimenénthsignotelis 60l maneithan20 segoassioil Resnendissiar o deRrj Abe sphstrate surface.

Figures 9A-F are side cross:sectignal views. of a portion of a semiconductor device 600, during the
steps for fggﬁlg&%%glﬁggf’;@‘f ind tr}ﬁzéﬂ'?esw SHELAIB SHIR: %thﬂlfé%‘ae“ﬁlggélly, a solar cell contains

sellfndte
many portions sidilsirtethatshowninamigure s @Akic i@ portaskedfvfiburpiso@Aciisandmaabthers is

shown Mealy 1 IRLL: U AIN0R.0 3 APSBON THIONIS DA IR SUPSRR B, S masked

with a photoresist nmaterial"650, leaving the regions expose h%%%bfg?esist material
650 is patfeinadhpsmgheesilithogiapiitdcostagidare e waiok|stntingner tevkispeintimy techniques
known to 2QthoggiRidipdhinthedit Ihed egion helawthe wareralA3R. whsie.the.qrdlines are to be

formed, is about 50 to 100 microns wide, Accordingly, the large geometries provide for the use of

photolitho§EBF teehthb ok LW pre didsn Asritrely dhhigsesrestitsdrorideiddaductors with
sub-microgsgeomelidasd¥eskaeshassbifiguie,8Ristbe ariayes et thedevicafQ0ds etched to form

the semiconductors with sub-micron geometries.
Nexti, as shown in Figure 9B, the top layer of the device 600 is etched to form the

25 faceted region, and the sacrificial material 650 is removed to expose the substantially planar
surface 603. Preferably, the etching uses an acidic or alkaline etch, such as potassium
hydroxide (KOH), to expose the <111> planes (fextured regions) of the substrate 601, which
contains the pyranuidal facet regions 605A and 605B. Those skilled in the art will recognize
that the regions 605A and 605B can be formed using other techniques, including optical,

30 mechanical, and chemical techniques. Those skilled in the art will also recognize that the
regions 605A and 605B can be formed into shapes other than pyramids, such as half domes,
undulating waves, and other textured shapes,

Next, as shown in Figures 9C-E, the regions 605A, 603, and 605B are all implanted,
respectively, using a uniform beam of n-type dopants, directed substantially perpendicular to

35 the surface 603, thereby forming the regions 615A, 613, and 6158, respectively. As

explained above with respect to Figures 6 A-C, because the regions 615A and 615B have
9



25faceted region, and the sacrificial material 650 is removed to expose the substantially planar surface
603. Preferably, the etching uses an acidic or alkaline etch, such as potassium hydroxide (KOH), to
expose the <111> planes (textured regions) of the substrate 601, which contains the pyramidal facet

regions 608AYQRIBOSBEY H@S@@kﬁlébﬁidmaﬂWﬂr@@égnfééﬁhéwmeiwéﬂ@%'@?&ﬂﬁw6058 can be
formed uging.gtherieghniges. Inalidyg eRlGalRqu ieal and chemicaligahnioges. Those

skilled in the art will also recognize that the regions 605A and 605B can be formed into shapes other

than pyrafiestesisEmessoh i demess odAduRtiAd Rdvis zand st abthsrErishddds. The Next, as shown

in Figurege@ferfs 1t 1e@ians-8006 .63, AndBRR.a1e alkiniplanted, respectively, using a uniform
beam of n-type dopants, girected substantéal
[ .El

‘ ly perpendicular to 35the surface 603, thereby fowling the
reglons 61 5A, 615438 hadpeend ggé%%ﬁé’ﬁ?éﬂ%ﬂ%\?@%h@ﬂé&& 6 Bg6e8eA-C,

because theweQwenGiha andtil dhhenei? iapdhny@ 2l B91dp surface S RGiGigibe segjon 613 does

not, the depsity. of the n-type dop_ PEM,2909/9,47090 centi ris larger i region 613 than in the
regions G@Egﬁ% Pi%cc‘}ﬁgina)c/, 16 8 neé]tdtrlé?gis C(r:(-:-g %@ﬁlteﬁerg]gﬁtgi]qsogi%ﬂ& glrc]c}) gécig 8 larger than
that of thexnegidim: 648k Tines iy ionveL8 iBaisgaeiéfirentitthasctheiselaniite eMittEraegien obFigure 9F

shows the, doyice. 98 ARG IRSESHNASPSAPUING ANSsa,SIEBS A0t shawn). a thin layer of

metal ions 620 is implanted into the top surface of the region 613, whichi$ then' topped with a metallic

cdfiductivemhgefieso! e mgribiahs. shodssipeteBanaizmatan tnte WaeRTUPAioh sewwieen the finger
660 and fhe,3glQciVERMMERH 0 13 R amRlesRhmelakinas 610 Ackideobutiag netdimited to, tantalum,

aluminum, copper, or any 10combination of these. Preferably, the device 600 contains multiple Fingers
660, all cERASFELEBYF P ALBHr AP LHBRIAYS I B Erlisddinbnertmalfifigersieed4ratst-100 microns
wide andwpacethapartibysaboutepdduiligneters. Those skilled in the art will recognize that other widths
and spacings arg also possible. Next, also as one of these later processing steps, p-type ions are
planted into (NG THSHEN Tt thd eI o SO iR B FrB g B8 ER, Hnproving the
canductivitytofrsafrbe quientiyefobin éottayerdie Additin na btk thbtomsiangrdlery inptantedtiniy the P+ region
630 fowling a,metal sjlicon region 640, . ck.si Cl { The.region 640
reduces t?ﬁgeswg?%%rﬁﬁe{%g%%g%ﬁtk%éd%%%g%?:%lr%?%%gﬂ a?r%!"t encg% a(:a\é]t(E %ﬂ@%r}?§s%+s€%ég in the art will
recognizé idbtingrotd siéqss desicrilsat, iitRigedés Dmetal back side contact 643, The

region 640 reduces the work function between the P+ silicon 630 and the contact 645.
Those skilled in the art will recognize that the process steps described in Figures 9A-
20 F, ag with all the process steps described in this Specification, are merely illustrative. Some
of the steps can be deleted, other steps can be substituted, and the steps can be performed in
different orders. As one example, the entire surface of the device 600 is faceted. A laser
beam is then used to form the substantially planar region in which the selective emutter {603)
is to be formed. The laser beam melts the facets in the selective emitter region, thereby
25 melting the peaks of the facets and filling in the valleys between the peaks. The doping and
other steps discussed with respect to Figures 9C-E are then performed.

Those skilled in the art will recognize many other ways to fabricate solar cells andk
othc—:f semiconductor devices in accordance with the embodiments. As one example, dopants
are placed by implanting or depositing doped paste and then rapidly annealing the substrate,

30 such as using a flash lamp or laser annealing to provide gridline doped layers.

Figure 10 shows the steps of a process 700 for fabricating a solar cell in accordance
with one embodiment. The process 700 starts in the step 701, In the step 703, the planar
region (e.g., element 613 in Figure 9C) and the non-planar regions (e.g., elements 615A and
6158 in Figure 9C) are formed on a semiconductor substrate. Next, in the step 705, the

35 doping profiles (e.g., doping levels based on depth, such as shown in Figure 5) are
determined, based on the desired solar cell characteristics. Next, in the step 707, a next
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20F, as with all the process steps described in this Specification, are merely illustrative. Some of the
steps can be deleted, other steps can be substituted, and the steps can be performed in different
orders. As one example, the entire surface of the device 600 is faceted. A laser beam is then used to

foim the subSIEMTAY BRahan eeaionin Rbich ha selectid emiltesdG0R) dsREBETUAeH FThe laser
beam melts the a&eﬁ}s in t&?s_ lective eg#ter re(?wior]g,1 thereby 25melting the peaks of the facets and
filling in tHS YRIIE)SBSRREN th PEXIEES THE TP & AHACHthER O R IS0sal Wi r28F¥ct to Figures
9C-E are fhen) petioilvedl. If ththoseuskilledienibe: atic\Violh keeagRizeredny vtherWays tadabricate solar
cells and othggsss?mic ngygégthgse[\éi(.:%i.nxgccoar jance with éfggiem adi engls Ajs one. exargple, dopants

are placegrgy m;ﬂ%’%&‘tin"b or eposﬁlng dopeaa plaes%até%ede theh rralllpeln I)}na‘ﬁfnleca ﬁ’]ﬁ He%sinstate, 30such

as ¥sing adfistiiamipeppikiser @nrreaiing theprovid! grigivedepadiiagdesm is Fglreeh@ghows the

steps of aprageRs:ANQ-osfaRricatng 2 splrneall imacrardance il opg,eqbodiment. The process
700 starts in the st(‘e{%ml. In the stga 703, the planar reglon (e.g., element 613 in Figure 9C) and the

non-planar regich${esgaletemniaBasaddnaraTsR e g sreoay stdfodedwdAorisentiebisductor

substrate ANexb ¥ 40g1steRpARibe 35donied Rrofles(es:, deringievellasedon dapih, such as
shown in Figure 5) are detamined, based on the desired solar cell characteristics. Next, in the step

)

707, a neSPPRSIRISEINE M feyion, faceted region, or individual facet) is dopPgrinerce” beam. In the
stap 709, the pracesssteteiRnivasheter fingessisanathemnalementiad caraxt)faget) to be doped. If
there is anothe ent,.the ion b is moved in step 711, and the process loops back to the step
707. In ar? %%éig?ﬁ\%@rég%g}%%e ﬁg]wlﬁllgﬁh %{’hp asm: Slgaﬁ%éso%ngﬁiﬁ(g'r éfﬂ"ﬁ%fﬂ%g’ﬁg an ion beam in
the step Albsizaplasmtang ngulfingripesmuiis hided tocinguittheentice suriboewofithalsmbgtdte. Otherwise,
the process. gontix e St ite can be implanted. in any number of stages to fit
the desire%I?h é%ﬁ%%ﬁe&%ﬁoﬁr%%%%glleﬁién&g’rg%t?r%oi?%%fgo%f T%l ﬁ?%’é% ggt@,cg%ch as illustrated
by the muMBIPWSRIHGPYSARCSGHRGITBLI Ml S Y FIBedrmeietE (e.pndindéing dusbars, and any
bapkside grRtagte) Areiiamedhdaiiowed Sy dhester iy, ip e e subsiiataisannealed. Annealing

the substrate-heating it to a temperature below melting-restores the crystal structure damaged by ion
implantation. NeXt O frevstipient 7ihe subssaie s Hstmg peareBeHoriace: THeL® B5skprocessing
steps inclugleseipaningaremeMinghasycontaminants from, and adding any 15protective coatings to the

mshed subtelg SUbn 7 BB I0 e s sy I embodipy i ubsiate
the step ALbstiese niltbsr aminthdeam., beingemoved, stoiilishd appretiattdinat §BesdiBStrate, rather than
th%d) eam, can bﬁzéﬁ%"?ﬂg}?o%&as%!%‘é%%ﬂ '?agll‘g:%[%% §<)Bia%rc]:g11§% accordance with one
émbodiment. The system 800 includes a single-gas delivery module 803, an jon source 810,
an accelerator 815, a skewed Beam Scanning, Mass Analysis, and Beam Shaping module
820, a Measurement and Control module 825, and a single load lock 830 to handle the
substrate 600. In another embodiment (not shown), the single-gas delivery module 805 and
25 ion source 810 are replaced with a plasma source module, and the Beam Shaping module 820
is replaced with a spreader for engulfing the substrate 600 with a plasma beam.
In one embodiment, the ion source 810 has along slot. In alternative embodiments,
the ion source 819 includes multiple ion sources for the formation of broad and narrow, or
plasma beams. The ion source 810 produces beam currents up to 100 mA of all species but
30 can be dedicated to a single species at one time. The ion source 810 is also plug-compatible
for each specific application: when a new application with a different ion beam source is
required, the 1on source 810 can be pulled out and replaced with a different one that meets
requirements (e.g., different dopant} of the next application. The jon source 810 has a beam
slot of less than 5 to 10 ¢m and a width of | to 2 mm. Alternatively, the ion source 8§10 is a
35 piasma source and can be configured to produce a broad beam. The leagth can be stretched

to cover one dimension of 2 156 mm x 156 mm substrate or both dimensions of the substrate.
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20Figure 11 shows a system 800 for fabricating solar cells in accordance with one embodiment. The
system 800 includes a single-gas deliverymodule 805, an ion source 810, an accelerator 815, a
skewed Beam Scanning, Mass Analysis, and Beam Shaping module 820, a Measurement and Control
module 825 VERd4*§iRtiE load lock 830 to handle the substrate 600. In arfétR&Baittditfent (not
shown), the single-gas delivery module 805 and 25ion source 810 are replaced with a plasma source

module, and the Beam Shaping.module 820 is replaced with a spreader for engulfing the substrate
500 with a plasri& DRy GHE GBS G 0N SBU1 0 SO X IORY obe dfornatve
em bodimemisnth&ﬁmrmmmﬁdﬂdmwdéeshmudﬁplerm gosireretan the feshiaﬁion;mlshtba@l and narrow,
or p'asm%Q@%%sdTB%PP%%EE%%Q 192{309}(%?%%&?%{9 %%ﬁ%%%%%%%t@&%@éhs ggies but 30can

be dedicated to a single’species at onetime, The ion source Is also plug-compatl Teor each
spetific applisation wihervamely apblithliol. wittvdiffiehaditom beethesbnits imesguiradethe ion

source 8%%@%%@%9&@&%@94%&9t%tt:}n@rgm%a%%%%tmtm IEQBIEments (e.g., different

dopant) of the next application. The ion source 810 has a beam slot of [ess than'’5 to 10 cm and a

viridth of 29 BT SANEASAMPERPIHE 19 SolME&BY 0 s araspbrdiacsbibes Baanife configured to

produce gReead heame TRelgnroth.ean b staishedde, a9vebeRedipgRsign of a 156 mm x 156 mm
substrate or both dimensionT of the substrate. WO 2009/152365PCT/US2009/047090 In

operation, the sifgit: JATaIUBR FRE SR EHES SR8 ISHLOHTES BEPEgeniaryaadras an ion beam,
whigh is agasleraiedd 3hepagoatelatos PG ieifhen thdCHtasiia@rspuisedhivnare Bmbediment, the

I i d ' I .with a [imited
socolrug b SRR A0 s e L B ke STy ot e pevocn 1

so,rg' gnergy ranges are use ne e iment, to limit
the energyimsquitenients effilisysteti8biinthtcavvsie fdors 8Giioes, not Ghepate mbdvie 100 keV. In

one embadine, e subsitate. 609 in inserteddnto e yalem A0S IL0gR e gighed. as shown

in Figure 9B. Next, the resulting skewed beam is controlled using the Beam Scanning, Mass 10

AnalyzingthanabsFapith mbehs 820 & thip st taedapsaert b ustvhtkasNpenewe T godes 9C-D (for
the substrateRARQILASBRAWMHIB FFiFURS:SA: B ea06hd (fanthe subsiaten2Qefkioke. 2). In one

embodiment, the Beam Scanning, Mass Analyzing, and Shaping module 820 includes electrostatic
and electrbiShPRHCAMLD IS THEREL TR BIeRapE PRIBLANTBIE HEELFatd Ol The beam is
further measgyechans gantiollecusingnifle MaasuremanhasehiibLonyobnedulesGalk bedore or at the

e U S eSUTBIgES Sl P00 e USRS 00 o o fontof
entire surface ofltheisubstratea 06 2 Thend bbstrdtee6 00caincalsmbenoiatkenttanslatgd pandstilted, such
as,ghown In LIGWEs 85 ons across the plane of the substrate 600, that is, scanned across the plane
of the substrate 600. The beam is preferably scanned at an even rate across the plane of the
substrate 600, across the entire planar and faceted regions. The scanning rate can be altered
to achieve varying regions of high doping and low doping by overlapping the Gaussian
spread of the beam.
25 The ion beam causes localized heating. Thus, slow scanning can be used with a wider
ion implantation beam and faster scanning can be used with a narrower beam. Multiple
passes may be needed to reach the required doping density, such as shown by the three
implant steps in Figure 5.
Preferably, the Beam Scanning, Mass Analyzing, and Shaping module 820 includes
30 logic for doping substrates in accordance with the embodiments. Alternatively, the logic is
contained in another element of the system 800. Preferably, the logic includes a memory
containing machine-readable instructions for performing process steps (e.g., any one or more

of the steps 703, 705, 707, 709, 711, 713, 715, and 717 in Figure 10) and a processor for

executing those steps,
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The ion beam can be a broad beam (e.g., IOs of centimeters in diameter) that provides 20a constant
flux of ions across the plane of the substrate 600, that is, scanned across the plane of the substrate
600. The beam is preferably scanned at an even rate across the plane of the substrate 600, across the
entire planaréRd"eet@Fregions. The scanning rate can be altered to acRIEVESAMiIiG Pgions of high

doping and low depirg:RpQuaitanpiegiharGaussian spadafshehesm wokbedordpaam causes
localized heat%llgﬁfrhus, slow sgfnniggggan be used with a wider ion ignplantat_ion beam and faster
scanning B USEI TS WAKGWEPBSEHMRRSHARTe tfh LSS B ANIIL 1B PeEH the required
doping dedgityyslisti@as Skdwmbyrthenthrae thaplanirstepstimbigureias Brafetablys shpoBeisn Scanning,
Mass Anagyézggma%d %Ql%ging module 820 includes 30logic for doping substrates in accordance with
the embodiments. I][Dernatlvely, the logic is contained in another element of the system 800.
Preferably, the |&gielincloripseesmrehimglcomiinio §Od dotvimesebiiom| ehinststeotié K6 forpgiforming
process sigpsi{618ioaNhongsar more of the steps 703, 705, 707, 709, 711, 713, 715, and 717 in Figure

10) and aprocessor for executing.those steps, WO 2009/152365PCT/US20119/047090 In one
embodiment, thd!stibstPRecsoedishasbasmbrdimeHsresstibaebystens 800°lE sxpamisof focessing

wafers of @zm@p@@m@r@mmmﬂ@ﬁea%@wﬁwm@@%@%&{K&@%m&y%aefﬁr@/ﬂhsebeam ona
moving platen, or one or more wafers on a tray are exposed to the beam or Blasma.,SFinally, the

processedHHYIE&h AL Al abpri SRS Atk SR HAE Syl B6D Sl EHACLIRYRS iBad lock 830.
It idll appeeciataddhatithe.epnliadiments described above are merely exemplary. For example, the

embodiments shaw a p-type substrate with an n-type emitter layer. It will be apprecjated that an n-type
substrate with ahgr-lfy%’e %‘ﬁ: e‘}"rg)%?l%gﬁ %%% Be ‘fé%%fénastéeaﬁﬁ (%g%c? f&é‘ﬁ%ﬁ/gfgﬁeﬁﬁ embodiments.
The followidgrowpenidingtpate ncapiiicdiitns)teach of vhichtisgrnobmpaiétetbhyl réference in its entirety,
describe diffeseptays af fabricating sl sellsiSerial o X0, flled. June 14,2009, titled
"Solar Cell Fabrication Using Implaﬁtatioﬁ,'l' by B%%Bak Aéy%i and éﬁwﬁéﬁ%ﬁﬁ%ﬁ%ﬁ%ﬁd@aﬂng

Attorney DEREY NS ST FooTan0 Schbiater gnd B AU, Rrsdkguve SHT1980901ifede! Asplication

Specific ImpiaekRysien ard M@éhqufmwt@@ew@%gﬁc@@ah HERIRNSmPY BRRakAdibi and Edward
S. Murrer, and havinfg Attorney Dacket No. SITI-0

ving At No. SIT|-00200; and Serial No. XX/XXX,YOCX, filed June 11,
2009, titleM ORI ot S S Lientifng ERiBaPUsiHDMBIRE N ArMaEcMatdod,” by Babak
Adibi and leeingrdtmdureckandonayingdrtoragy S2eekatdNaxSKI08308. filed June 11, 2009,

titled, “Formation of Solar Cell-Selective Emitter Using Implant and Anneal Method,” by
Babak Adibi and Edward S. Murrer, and having Attorney Docket No. SITI-00300.

20 Though the embodiments are directed to solar cells, other embodiments can be used
for other types of semiconductor devices, with any number of doping profiles. These
distributions include gradual and abrupt distributions, such as box junctions, as well as other
distributions that prevent the formation of electrical barriers,

While limitations in the prior art have been discussed, it will be appreciated that cach

25 embodiment will not necessarily solve all the limitations. Some embodiments may solve
some limitations and other embodiments may solve other ones.

It will be readily apparent to one skilled in the art that other modifications may be
made to the embodiments without departing from the spirit and scope of the invention as
defined by the appended claims.

30
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20Though the embodiments are directed to solar cells, other embodiments can be used for other types
of semiconductor devices, with any number of doping profiles. These distributions include gradual and
abrupt distributions, such as box junctions, as well as other distributions that prevent the formation of
electrica B3Pfiers. While limitations in the prior art have been discussed, it will be appreciated
that each 25embodiment will not necessarily solve all the limitations. Some embodiments may solve
some ligikations,ang; gther embodiments may solve other ones. It will be readily apparent to one
skilled in the art that other modifications may be made to the embodiments without departing from the
spirit and scope of the invention as defined by the appended claims. 30 Claims What is claimed is: A
semiconductorgdevicechmpriging: acsuiasirate having a surface that contains textured regions doped
with a dopant to a first doping lev anq}non- extured regions forming gridlines and deped with the
dopantto a se(a:g?lbdS 5%%1%1?%%? szFgC%F ﬁgﬁntﬁ?lél L|J[rc':s)% gpw?@1 eve (;)pa‘tgn cgﬁi Ut ﬁa]\rl?tg ?i%égépsri coupled to
the gridlines. Thwiseakshaelievdrieieviedresiehai frninglisdince aeh SPiavidxthrdeneyiors comprises
multiple texturggd-glamsits 1hRe1semicanductos deyice1efLialm 2, wherein each of the textured
elements is pyramidal shaped or dome shaped. The semiconductor device of claim 2, wherein a
thickness of thEBBISENE Bﬁgéasc%’rliﬁ]é‘) &iPfe tektured elements is uniform. The semiconductor
dévice of claim 1, wherein each of the textured regions is covered with an anti-reflective coating. The
semiconductorqevica of Glain) . whereinihe daRants.ale i lstipe.aridbs.suRstrate is of a
second type different from the first type, wherein the first type is a n-type or p-type, and the second
type is a n_typéné}ti'glfyﬁg}zred elements.

3. The semiconductor device of claim 2, wherein each of the textured elements is pyramidal
15 shaped or dome shaped.

4, The semiconductor device of claim 2, wherein a thickness of the dopant on each of the

multiple textured elements is uniform.

20 5. The semiconductor device of claim 1, wherein each of the textured regions is covered with an

anti-reflective coating.

6. The semiconductor device of claim 1, wherein the dopants are of a first type and the substrate
is of a second type different from the first type, wherein the first type is a n-type or p-type,
25 and the second type is a n-type or p-type.
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7.The semiconductor device of claim 1, wherein the dopants in the non-textured regions are
interspersed with a metallic species. 58.The semiconductor device of claim 1, wherein the substrate
has a bottom portion coupled to a metallic contact containing impurities. 9. A method of fabricating a
solar cell- comprising: exposing a surface of a substrate having non-textured and textured regions to
ions, thereby 1fimplaniingdepassitodbatexinesdegians.alsadfilst densitnand-ntpdhe non-textured
regions at a segﬁngl dggdsg,\( Iaargj%gﬁtﬁgn the first density to form gridlines; and coupling contact fingers
to the gridlines. U he mett odofc alsr%e@l?io’/vherein exposing the surface comprises directing an ion
beam 15containing the dopants onto the surface. 11. The method of claim 10, wherein the beam is
shaped to implaat dopams.inte &3k of themulinletexiuitedselementsindividually: %9%}%&9% method
of claim 10, farther comprising linearly scanning the beam across the surface to thereby implant the
dopants. 13. THE'HEHSEHSE CoRRSiRarEeExposing the surface comprises engulfing the surface
with a plasma beam. 25 14. The method of claim 9, wherein the textured regions are photo-receptive.

The method of &Iﬁ%@d &Jﬁ@ﬁg&g@g@ﬁé}géﬁ%@ﬂgﬁn@qurce of the ions, the substrate, or both so that

the ion source is substantially perpendicular to faces of each of the multiple textured elements. The
method of clairf0oser8iH 5T a5 A taPtE G Aad a sparitadepbistexed regrayio i istbaseiit 20
obms/square, angiafiegisipneeiaithe dapant :ibe textoredisegioasdmapavhiNQ.-obms/square.

regions at a second density larger thar the first density to form gridlines; and

coupling contact fingers to the gridlines.

10. The method of claim 9, wherein exposing the surface comprises directing an ion beam
15 containing the dopants onto the surface.
11. The method of claim 10, wherein the beam 1s shaped to implant dopants into cach of the

multiple textured elements individually.

20 12. The method of claim 10, further comprising linearly scanning the beam across the surface to

thereby implant the dopants.

13, ‘The method of claim 9, wherein exposing the surface comprises engulfing the surface with a
plasma beam. ‘
25

14. The method of claim 9, wherein the textured regions are photo-receptive.
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The method of claim 9, further comprising coupling the gridlines to metallic contact fingers. The
method of claim 17, further comprising forming a suicide between the gridlines and the contact fingers.
A method of fabricating a solar cell comprising: etching a top surface of a substrate to faun textured
photo-receptive regions among planar regions, wherein the textured regions comprise pyramidal
shaped elements; directing an ion beam onto the top surface, thereby implanting dopants into the

textured;tegions at.a (st depsibeand ito the planay regions at.a sepond density larger tha the first
density to form grlélﬁnes, WHETEIn a Tesrstance of the dopant i the textured reégions’is’less H%an 100
ohms per squate thidbg Kesistagice obstriddyasmante piindregibesisbboun2pbhmsupsr square;
ard coupling ceptagifingers to the gridlines. A solar cell comprising: a substrate having a top layer and
a bottom layer, wherein the top layer has a surface containing pyramidal regions doped with a dopant
to a first doping level and substantially planar regions forming gridlines and doped with the dopant to a
second tipingTeveldargert tham thevtiestid apmgthave hidistdoees behweentadjace pighilistaidtiadly planar

regions are less(han30piergns ANdAhe SHbRIRIGRIYAG @ ickvessiotles hap S0 microns: silicide
elements coupllgrgl]l E’hg gridlines to metallic fingers; and a contact coupled to the bottom layer. 21. 5
10 22. Q s/square.

10

17. The method of claim 9, further comprising coupling the gridlines to metallic contact fingers.

18. The method of claim 17, further comprising forming a silicide between the gridlines and the
coniact fingers,
15
19. A method of fabricating a solar cell comprising:
etching a top surface of a substrate to form textured photo-receptive regions among planar .
regions, wherein the textured regions comprise pyramidal shaped elements;
directing an ion beam onto the top surface, thereby implanting dopants into the textured
20 regions at a first density and into the planar regions at a second density larger than the first
density to form gridlines, wherein a resistance of the dopant in the textured regions is less
than 100 ohms per square and a resistance of the dopant in the planar regions is about 20
ohms per square; and
coupling contact fingers to the gridlines.
25
20, A soiar cell comprising:
a substrate having a top layer and a bottom layer, wherein the top layer has a surface
containing pyramidal regions doped with a dopant to a first doping level and substantially
planar regions forming gridlines and doped with the dopant to a second doping level larger
30 than the first doping level, distances between adjacent substantially planar regions are less
than 50 microns, and the substrate having a thickness of less than 50 microns;
stlicide elements coupling the gridlines fo metallic fingers; and

a contact coupled to the bottom layer.
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23. 15 24. 20 25. A system for fabricating solar cells comprising; a source for producing ions; a
beam shaper to direct a beam containing the ions onto a substrate; and a controller programmed to
direct the beam onto the substrate such that a textured photoreceptive region of the substrate is
implanted with the ions to a first density and a planar region of the substrate defining a gridline is
implanted with the ions to a second density larger than the first density. The system of claim 21,

whereinhe Co@f_%%%ﬁo?'ﬁ%#%?&raﬂ@%%lgocﬁﬁ?;%%?ne beam to individually implant textured elements in

the photo-receptive region. The system o

claim=22, Wherein the controller is also programmed to.

perform any cohiBifigtitn BPfetaEigntiting, or translating the substrate when the beam is directed onto
the substrate. Bheasystepe-ah alaim22whereinitheicopizodes is pregrammed to direct the beam so that

T PIOET,

a resistance of the photo-receptive.regjon is, about 100 ghms, per square. The system of claim 22,
roH a%rmed tg%{ the Os%% 1\ ?}5% %{

L. a.co )
wherein the controller is

et RN

U PSTSEAT G B YR PRSIfar region is

Fo‘gram me

about 10 ohmsrpepgergmon of the substrate is implanted with the ions to a first density and & planar

10

15

20

22.

23,

24,

25,

region of the substrate defining a gridline is implanted with the ions to a second density larger

than the first density.

The system of claim 21, wherein the controller is also programmed to step the beam to

individually implant textured elements in the photo-receptive region,
The system of claim 22, wherein the controlier is also programmed to perform any
combination of rofating, tilting, or translating the substrate when the beam is directed onto the

substrate.

The system of claim 22, wherein the controller is programmed to direct the beam so that a

resistance of the photo-receptive region is about 100 ohms per square.

The system of claim 22, wherein the controller is programmed to direct the beam so that a

resistance of the planar region is about 10 ohms per square.
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