METHODS FOR DAMAGE ETCH AND TEXTURI NG OF SI LI CON SI NGLE CRYSTAL SUBSTRATES
FIELD OF THE I NVENTION (1) The present invention relates to nethods of

per f or m ngodamage92et ch and texturing of single crystal ®cCiusenosedrssrates,
particularly for use as solar cells or photovoltaic cells. BACKGROUND OF
THE I NVENTION (2) Photovoltaic solar cells are thin silicon disks that can
be used to convert sunlight into electricity and serve as an energy source
for a wide variety of uses. For exanple, small area solar cells can be used
to power calculators, cell phones and other snmall el ectronic devices.

Larger panels can be used for supplementing or fulfilling the electrical
needs of individual reS|dences I|ohts cool|no heatlno, etc.

(3) Resear ch MEFTHODS AMACE -Y: SE SULONSINGLE a5 early
as 1839 with the dlscovery th%g |g@ fﬂﬁ%Eyere sensitive to |ight
could be used to convert sunl"é%£§$ﬂ¥o—g§%trr‘0|ty An early solar cell,
made of gol d-coated sel enium was produced in 1877, although it was only one
percent efficient, i.e. converted onlﬁE&wiéﬁ%ﬁﬁgt of the incom ng sunlight

into electricity. Einstein'sfg:L hot oel ectric effect in
1905 spurred new interest in produ0|ng solar electricity at higher
efficiencies. However, little progress was nade until advances in di odes
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power sources for a telephone relay system_

BACKGROUND OF THE INVENTION

(002) Photovoltaic solar cells are thin silicon disks that can be used to convert sunlight
into electricity and serve as an energy source for a wide variety of uses. For example,
small area solar cells can be used to power calculators, cell phones and other small
electronic devices. Larger panels can be used for supplementing or fulfilling the

electrical needs of individual residences, lights, pumping, cooling, heating, etc.

(003) Research into the use of solar energy as a power source began as early as 1839
with the discovery that materials that were sensitive to light could be used to convert
sunlight into electricity. An carly solar cell, made of gold-coated selenium was produced
in 1877, although it was only one percent efficient, i.e. converted onty one percent of the
incoming sunlight into electricity. Einstein’s explanation of the photoelectric effect in
1905 spurred new interest in producing solar electricity at higher efficiencies. However,
little progress was made until advances in diodes and transistors allowed silicon solar
cells exhibiting four percent efficiency to be produced in 1954. Further work produced
solar cells having efficiency up to 15 percent that were used in rural and isolated arcas as

power sources for a telephone relay system.

(004) In order to meet domestic energy needs, efficiency of solar cells had to be further

improved, while maintaining cost effectiveness. Conventional silicon based high



(4) I'n order to neet donestic energy needs, efficiency of solar cells had
to be further inproved, while maintaining cost effectiveness. Conventional
si licon baeeadionogiz2 ef ficiency solar cells are producedpPCrarsesiong2es
crystalline silicon. In order to nmake single crystalline silicon wafers,
pure silicon starting material nust first be obtained. Pure silicon is
produced fromsilicon dioxide of either quartzite gravel or crushed quartz
t hat has been processed in an electric arc furnace to rel ease oxygen and
produce carbon dioxide and nolten silicon. While this process yields
silicon with only one percent inpurities, the solar cell industry requires
hi gher purity. One way to produce high purit%( siJicon is to fyrther process
the 99 perfismcpsnler cslls are predusehigom smekarysigflinosicane dmAsdguie rEI&F a rod

f . | . . . . R 1 .
of si 'conry%%}@@gﬁsgn %{;egsegﬂre%ﬂnsﬂggggzggﬁﬁe&ﬁvrﬁ{séhr_si bdBRaihdy, [P Same

direction’ roce cts to e inpurities toward one end of the
silicon reficoRgeoduded Sorhisdizon dizxdtead eithe qesiiteatavelion dryshed qedriz thite end

containing the inpurities i s renoved. 5) Anot her t hod for. produci ng
hi gh puri B8 RecAgrasesspd uy ap qliotee %&%@?@C%fé f%l??&%xbﬁﬂﬁﬁ‘gprea‘bﬁ?ﬁraﬁﬂ"gki net hod.

In this pﬁﬁ,‘ﬁzﬁ%}?&ngﬂr@t@f%ﬁp&{ Wik 888 prlogess YRAs@ficoR With@RBadRPettedld PPI NG a

seed crysta ilicon into nelted silicon. As the seed crystal is
Wi t hdr awn irapdtitiesttht edgr call dydustmdraqoits higlyo prrityn ©nigovdydo pesddued lrigh purity

crystalline silican. is fornmed. This boule.is highl ure becau inmpurities
tend to r&MEPHISH rPrioﬁ‘EﬁsrTghes%gl Re&fﬁjfopmf gy P%‘&%Maﬁ?érzgn%tre%nzﬁeced from
the boul e peRIs rdd diisiRod & passed tigbie] £hdkAdONE kvl AilncSMWhOsanfBNY at tine
using a multiwire saw. Slicing results in loss of up to half of the

ori gi nal WoedtengRais pracedver agtpitordragythedmpwities doward gnoerd efdhas iy othe waf er s
into rect | gs qr hex AN ' - ke REl 1 array.
The slici g%lgeéﬁlg Sﬁﬁf’ ?Feﬁgg%? ﬁ% %%Ré\%ﬁﬂéétgﬁ%%gkﬁgegﬁ?gﬁ% n glslélgﬁ%r%e? ects caused
by saw dammge:edThese areas of roughness and damage nust be renoved in order
to forman abrupt, defect free p-n junction and contact w res needed for
the final solar cell. Roughness and damage is typically renoved by an

091 e951 veud]! SALHAPLESH 1} SRR 85c1 CATRURRIAL is knbwoh s5ever al

di fferent h” sol ut1 ons oposed and ‘used to performthe danmage
et ch. The thaGtochabskbmethed Hnitljsiprobess, sbawe ef stliopatiatrsatad dy repsatedivhi ng

sol ution %Ipping a seed crystal of silicon into melted silicon. As the seed crystal is withdrawn and
rotated, a cylindrical ingot, the boule, of single crystalline silicon is formed. This boule is

highly pure because impurities tend to remain in the liquid silicon.

(006) Silicon wafers are sliced from the boule one at a time using a single blade circular
saw or many at time using 2 multiwire saw. Slicing results in loss of up to half of the
original boule and further cutting may be carried out to shape the wafers into rectangles or
hexagons, for fitting together into a solar cell array. The slicing and cutting of the wafers
creates roughness and defects caused by saw-damage. These areas of roughness and
damage must be removed in order to form an abrupt, defect free p-n junction and contact
wires needed for the final solar cell. Roughness and damage is typically removed by an

aggressive anisotropic etch process known as “damage etch”.

(007) Several different etch solutions have been proposed and used to perform the

damage etch. The most common technique for single crystals uses an etching solution of



KOH or NaOH solutions in deionized (D) water at about 80C. However, the
use of these etching solutions exhibit significant di sadvantages. In

parti cul awQ 260H90922NaCH sol uti ons do not wet the silicorCIorsb@om222e4 |, and
frequently experience non-uniform hydrogen bubbl e buil dup that prevents

uni form contact between the silicon surface and the etching solution. This
can result in non-uniformetching across the wafer, which |eads to
variation in solar cell efficiency and | ower reproducibility of the solar
cell product. In addition, the KOH or NaCH sol utions do not efficiently or
effectively renpove contam nants that are caused by the saw slicing and do
not passivate the surface of the silicon, again &%siﬁp:i ng i.n a rlgaduction in
the ef fi cR&NEyr BrOHselugignsin dewmzed fph s gt abopss wexglh theiUshe! have been
used to e k] : ave: t fhrs@ioar cel |
damage et E:k%pepgtg}%iéé gcggt.i %ﬁ‘ ﬁg}r{fglg?fef%cra %ﬁ%ﬁi#ﬁ%&% niﬁﬁ)r%%éla?’gs(i)g;b (TMAH) ,

i sopropy! saliaial not B&) thasiticaysacnechand fisgemtlysapkricocetahugiokiicon for use

in MEMS applicat.i .. IThese solutions.provide.an etch that obtains a flat
surface mﬁi"lfogﬁ“rﬁ”_gg‘%_h}}ﬁg\ﬂ? @Gtt RPYRY SO 0HB RO @F@Vﬁe}(‘ gt?@ﬂtfﬁﬂ ﬁ'_ér?acﬁﬁf@ ot ropic
Et chi ng CHArAGEES doRltiohS TRIs coh rdsllt iShdraumatdml ARPR ks thedv g%l daich 1¢adopr opy!
Al chohol : Pyrazine Solutions, Journal of the Korean Physical Society, Vol.

46, No. 5o Waiati@006solaneell ¢ffiszngy Hallower eprpdutibilipyeafithe sabdr celhgradiptade et ch

process is,a.sili wafer..that .i s ver hi_n n - jve. The

ef fi ci encfdBHoY ﬂ?ﬁ@ﬁ 05&%\017& §(ﬁﬁté(fn§rd 'nﬁg%ﬁglfn%{)ﬁgr g%%ﬁ%%@%%%%at her or absorb
i ght. WiihRarfinahts @t BRSadscl d it Ahsiciiadd d6 aef fasdiaatheisarfidee  iesi bl e
light spectrum it also exhibits a high _reflectjon coefficient. To increase
ef fi ci encyiligen, getinresplbingdn a peactionripdeq sifipiegeygy thewoly sisgaodiceted silicon
waf er nmust be reduced. One comon nethod of reducing reflectance is to coat
the silicon wafer with an anti-reflective coating (ARC), such as silicon
oxi de, si (008pnOitick 6dldBoBrhaté banivsed Wietohi stlezon Howberer ot bbmswggdsteddorxhi bi t
resonance structures that |imt thei ffectiveness to a small range of
angl es andssvgvelaerigt dremass Gie pf‘??ﬁfse%f#"i‘tﬁ relfEFEEYAREROnGIR PHEOKHY | e of

I nci depce(’?ft/[r&[@?is }?rgﬂ}tfi-a%qohélj(@Aﬁ{iQt ik Rosken fusd g ihnaicos Fhrast ance and

i nproving solar’ cell eftficiency is to texture the silicon wafer surface

usi ng a WMENReppliatiost cPhesosolutons pyoviadeiadlichghat wbtainsasflat Tiréase vathr uct ur es

i de higher |eyels of Ii trapping based tr] 1 g
Phe. 1 oxt untgr e dudtofmel sl FB- TP 2R aPPrREAEM AR RBVS oS of

the inci dgng,; tel@hetHsRshor@urk B didticdesiprdiyOhichbiv! v @hketle Selkibipl e times and
t hereby enhance absorption. (11) The texturing process is ?ener ally

carried odeurpgliofighedKorpsrt Rhysical Sacery, ool MSONoah P P 1 9git ¥0)ds t he
etchant. (See US Pat. No. 3,998, 659; Gangopadhyah et al, A novel |ow cost
texturization nmethod for |arge area commerci al nono-crystalline silicon

sol ar cel ksn9) STharestnef Gy ddahgr dtel rodesSol svilicCal water 8@ is ®OPY6hinpand 3557- 3567,
King et al., Proceedings of 2211(1 I_EgE | nt el na%li ongl Phot ovaol t ai

Speci al i staflechv etherreliciency of ysglascellis datermyped byhe 3y 0LRECLAAFT BN of | PA
serves toy; peci-f L j [ ; ' YirdrR Gt S ut i on,
to ther eb§1@€W ltf%h%df?lggn!aé%g@gﬁsrﬁ cft%ﬁf %gﬁa}ét&qﬁg}gwg%%mbgggsﬁg reported that a
combi nat i exhibits 4 Figh acftbcaquemiiicialtk Ab inmvecast bificeney of spbokellsethgirefadtivity mor e

uni form pyram dal texturi.ng on_.highl lish silicon 0 for.use in
sen cpndué’fp ﬁ"i‘e dajnags ?%l?‘ﬁ é}‘&%ﬁﬂ’%ﬁfﬁﬁhﬁ?‘% gé‘% %%‘eﬁg'ﬁl?“%o“?&%?@‘sz?@%% In
addi tion, tMerHSEis9d o0 HeWcas laddrqvitanindlens i EtREaakCopataies in a
simlar manner to I PA for alkaline texturing, however the two conpounds can

not co- exisdicon pxide sitvengitdfgoitadtmalioxidaBevevgatthess fibhs exdyhitsesogbeon f or

nonocrystalline sili.c solar .cells wth.diffe ' iihe,
Renewabl esﬁ‘\%?rﬁf/ﬁ’?gf,lm%]ﬁf e%ﬁ?‘“?f@slt? ffMl.rArF%? Oﬁgﬁl 16%4“93'%’ relelgtiejérsglﬁécﬁgs not ed
above has ttherits@icPliefeh@s &ohvthgass elti@ngthdiamn applied to as-cut silicon
waf ers for purposes texturing a sanple that still has saw danage and
contam nation. (12) As noted above, the diluted KOH or NaOH damage etch
sol utions have poor silicon wetability characteristics and do not renove
surface contam nation effectively, leading to reduced solar cell efficiency
and reproducibility.
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(13) There remains a need in the art for inprovenents to the efficiency of
solar cells and to methods of perform ng damage etch and texturing of

si ngl e cryetalo/®ii2zcon substrates. SUWARY OF THE PRESERCTIUSYMHBWDRZL2MN (14)
The present invention provides inproved nmethods for perform ng danage etch
and texturing of single crystal silicon substrates, particularly for use as
sol ar cells or photovoltaic cells. In particular, the present invention
perfornms danmage etching with a TMAH sol ution foll owed by texturing using a
KCH and | PA solution. A further enbodi mnent conprises substitution of a
portion of the IPAwith ethylene glycol (EG. In addition, the present

I nvention provides for a process that conbi nes both danage etch and

t ext uri ng (@0x h Annther methivd gf wdediepreflBRiER 2DESTRPPTESNaCEITHCIpRXN NGS  ( 15)

Figure 1 is an,ataom c farce .n croscao AF lLew Oof f an
nedout si e Rt e S SoRE ARG Rt (i M RHLIRRRR 20, o
the surf aqgeRfsydcotaied ?f&j &g ldviRef Bikiiteppingdhed oh@ebmviiog ogdrmge. et ch
using a TMAH etch solution according to one enbodi ment of the present

i nvent i onthe texturing is on a scale equal to or greater than optical wavelengths of the 1nc1d%nt light

causing the incident light to reflect multiple times and thereby enhance absorption.

(011) The texturing process is generally carried out using a mixture of KOH or NaOH
and IPA in DI water as the etchant. (See US Pat. No. 3,998,659; Gangopadhyah et al, 4
novel low cost texturization method for large area commercial mono-crystalline silicon
solar cells, Solar Energy Materials & Solar Cells, 90, 2006, pp. 3557-3567; King et al.,
Proceedings of 22" [EEE International Photovoltaic Specialists Conference, Las Vegas,
1991, pp. 303-308). The addition of IPA serves to mask specific silicon sites, preventing
etching by the solution, to thereby form the pyramidal structures. It has also been
reported that a combination of IPA and aqueous alkaline ethylene glycol resulied in more
uniform pyramidal texturing on highly polished silicon (100) for use in semiconductor
electronic applications. (See US Pat. No. 6,451,218). In addition, the use of sodium
acetate, anhydrous (CH;COONa) operates in a similar manner to IPA for alkaline
texturing, however the two compounds can not co-exist. (see Zhengiang Xi et al,
Investigation of texturization for monocrystalline silicon solar cells with different kinds of
alkaline, Renewable Energy 29, 2004, pp. 2101-2107). In none of the references noted
above has the use of the solutions mentioned been applied to as-cut silicon wafers for

purposes texturing a sample that still has saw damage and contamination.

(012) As noted above, the diluted KOH or NaOH damage etch solutions have poor
silicon wetability characteristics and do not remove surface contamination effectively,

leading to reduced solar cell efficiency and reproducibility.



(17) Figure 3 is an AFMview of a single crystalline silicon wafer
follow ng texturing of the surface in accordance wth a further enbodi nent
of the prweento/idmeenti on_ (18) Figure 4 is a graph shorcmgsSe@bloexzteance
values for the silicon wafer at different stages of the process according
to the present invention. (19) Figure 5 shows optical inages and

associ ated etch depth graphs showing the results of a single step process
using different TMAH to NH4F ratio solutions according to an enbodi nent of
t he present invention. DETAILED DESCRI PTION OF THE | NVENTION (20) The
present invention sets forth inproved nethods for carrying out damage etch
and texturing of single crystal silicon substrates. These silico

subst r at eéﬂﬁgeTb@rﬁtr@@%m%? peed i dregrt fasinpspyrments o dhei gy Sl selesselis cel | s,
(21) In one i : j | : l.4i.LoNn is used to
perforn1d§ﬁ%§gg§ﬁ%S(g%eg%nggggﬁﬁgéﬁﬁgvgﬁé%ﬁgﬁ f?ﬁ% ma.%??ﬂ%ggturing of the
waf er sur kagaies. t hen done with a solution conprising KOH or NaOH m xed
with I PA. TMAH provi des good wetting of the silicon wafer surface, unlike
the KOH or NaOH solutions used in the prior art. Therefore, using TMAH as
the damage etch sol uti oguRNQAUEESFLE PREYENT INUERTION | i ent wafer that is
better prepared to withstand the texturing etch process. After the damage
etch is conpeted, texturing is carried out with a KOH or NaCH m xed with

Ir Eﬁ Zglt ;}[1 k&%;&g%ggrse%\t/ Iinqv?egticlrjnnf)rgxgirdgs] i%rrgvrgdcli%!thosdts rfgrcﬁelufog%ing%\éﬁmgge &Y | ow

and texturing of single crystal silicon substrates, particularly for use as solar cells or

photovoltaic cells. In particular, the present invention performs damage etching with a
TMAH solution followed by texturing using a KOH and IPA solution. A further
embodiment comprises substitution of a portion of the IPA with ethylene glycol (EG). In
addition, the present invention provides for a process that combines both damage etch and

texturing etch into a single step.

BRIEF DESCRIPTION OF THE DRAWINGS

(013) Figure 1 is an atomic force microscopy (AFM) view of the surface of an as-cut

single crystalline silicon wafer.

(016) Figure 2 is an AFM view of the surface of a single crystalline silicon wafer
following damage etch using a TMAH etch solution according to one embodiment of the

present invention.

(017) Figure 3 is an AFM view of a single crystalline silicon wafer following texturing

of the surface in accordance with a further embodiment of the present invention.

(018) TFigure 4 is a graph showing reflectance vatues for the silicon wafer at different

stages of the process according to the present invention.



(22) In a further enbodi ment of the present invention, by replacing a
portion, preferably at |least half, of the IPAin the texturing solution
wi t h et hywenrelugloyeoel , even better wetting of the silicorCTarsta@om2i2s4

achi eved. By including ethylene glycol in the m xture, even | ower

refl ectance val ues can be achieved and the solution is | ess expensive and
|l ess volatile. This is at least in part because WA has a very | ow boiling
point and is |ost through evaporation during the process. The conbination
of a TMAH solution for danage etch followed by a KOH or NaOH, WA and

et hyl ene glycol solution for texturing, also has the advantages that |ess
hazardous waste is produced, greater duration of use for the solutions in
situ is pod9) bFguentstomsfoatieal ipesg eaphspocined pibderily senbs theminghety is
optim zed. reover . solar cells prod i t . L OfF

aecor di ng F8T e prededfk PostEete PRTARAT et PR SRR L ¢ o
the WV toid hEerhREBAIRS the(pddknthiheen@ighodi ment s above each describe a two
step process, i.e. separate damage etch and texturing processes. According
to a further enbodi ment of the present invention, a process that comnbines

both damage etch and Ui A bRIpESERIPIIBNOE SE RIVANTIRASSI bl €. By using a

m xture of a fluorina an alkaltne solfution it is possible

to renove as-cut danage and i nmbedded inpurities, snooth the wafer surface

on a nmacro-scale and performtexturing on a H?'P(frtg-scal.e in Si ngle step
T4 166

| a
process. (R0)alhs pigseay mvgntignaetsart tmarergtin PR NLART A5 © ni um
bi 1 uoridg,§ M}E‘&Hﬁ%l)f éﬁ%e TNAG BRYorPSibMERLL. IThed sHiddd|sBbsHaRP aR AR AR
tenperatures up to 100C according to the present invention. Additives nmay
be i ncl udeskfilmstshier edlls bupkotowliarpuetve wetting capability and etch rate. The
addition of such additives, assists in the formation of pyram dal
structures, effectively renoves contam nants and passi vates the wafer
surface t lg)hel BieehtdoRirhemR b pRiskiGhentyn TVl 86lutel Is upsdd peiform
Passi vati on occurs by hydrogen atons filling the existing silicon dangling
that exi stampage dieh efinnfagset Bigle praysteiling suferwdPepringefdhe Mols swlchisd8en pPA and
et hyl ene gl ycol, ca e | nclude i - . i Lt In one
erbodt mentol MihE SPPEGLRT IR OB o TR Bt AGaliE . MEREARR L a9d  ar)
or ammoni whiefJftiey siliten (Wifdhhce, Kikiteahe KOGHHr NaH Idhtbayedia tisgdbri n t he
single step process according to the preEeqt,inve tion. (24) A further
r ef i nenen@rtofthesgforg peig AMARS Hhg dipaga Aich 808U PAEUSHE SEYEHBRYSi ng t he
sol uti ons r%ﬂfehpgaﬁf]ﬁlﬁﬁi%%le@&- rfhrd30 (iRl the A \Rhch b&s€t £h&dhe t he
et ching solution chem cal cﬁ% acteristics can change because of the
di ssol ut i damade &t iscompétod,Gertthdngiiachrried nuiowides K31 oplNa@Hinnxed ehh Bk es at an
mnﬂmmrMe,teamagsm.ﬂoncngﬁl(ﬁiedto m??qm%Jp%tms
cheni cal PR AP LR TR R TBHIN SHUGECR Bp PP WS (T TSR o e
enbodi ments of the present invention, i.e. two step process or single step
process. (25) By perform ng the damage etch and texturing according to
t he preseri®22) nentlirda; enskodément of theanessalasvantien doterledns 2 perigar t i cul ar, the
chem cal s used ar envi rgnne |1y fri tity is
Fequi red. PCERRFE B PREEL BATR G e bl ARG A SR LR Y P
t hose usedeitdt WdlignhgUfithd siBédn RFRESS a6HevellD Bean@nding fiylond fiods iothet he pr esent
invention result in high efficiency solar cells that can . be reproduced with

great er umiK@FIEYS lower reflectance values can be achieved and the solution is less expensive
and less volatile. This is at least in part because IPA has a very low boiling point and is
Jost through evaporation during the process. The combination of a TMAH solution for
damage etch followed by a KOH or NaOH, IPA and ethylene glycol solution for
texturing, also has the advantages that less hazardous waste is produced, greater duration

of use for the solutions in situ is possible and surface topography, morphology and

uniformity is optimized. Moreover, solar cells produced using the etch solutions



(26) Sone results achieved by using the present invention are shown in
Figures 1 through 4. In particular, Figure 1 is an atom c force m croscopy
(AFM vi ewoabiodeeo2gur f ace of an as-cut single crystalli reT4aiskéiooee2naf er
showi ng macr o-roughness troughs 10- 20 umin height as well as | ocal

m cr o-roughness of less than a mcron. As noted above, this roughness as
wel | as contam nants, e.g. abraded netal fromthe saw wire and gri ndi ng
abrasive, nmust be renoved for the wafer to be useful as a solar cell.
According to one enbodi ment of the present invention, the silicon surface
i s snoot hed and contam nants renoved by using a TMAH etch solution. Figure
2 is an AFM view of the surface of a single crystalline silicaon wafer

f ol | owi ngactandigetoshe hresenit ycntionhathilit tohves piflgetrens od debir imm et bV thBepr esent
invention,. As can be seen in Figure 2, the TMAH danmage etch was successf ul
in conpl ef.[%ﬁpg?'ermvi ng m cro-roughness and reduced macro-roughness to | ess
than a mcron. In addition, nost of the abraded contam nants were renoved.
The result is a ver%/ uni form and snmoot h surface. Texturing is then carried
out usi ng(&23KOlhe ermbediments pbaviesach drserifiee t3/0j iEPAROKEM -6 SERFTEE d3M88h gl e
crystal | i ng, si :%l]l[egcﬁﬂ‘in frc%'éss]:eg!zkgc%({m INenb B ol of BRE pRidEfiace in _
accor danc& Wt e egent i'Avention and Shows extremel y uni form pyram dal
f or mat i ongnvagli®s e pidvesswhitebmbies beh dameg: atal arelgesftoring ine siihgleswp waf er at

di fferent stages of the present jnventjon are.,shown .jn. Figure 4. In
parti cul aPPssﬁﬁ"si]ﬁY%ﬁg wﬁ@w%@%\ﬂpﬂﬁe‘ij%ﬂ?&@élnéﬁ%‘ﬁawll‘ﬂm?ﬁﬁﬁtl% W% a
relativel ég&iﬁ%toq%ﬁ'b?fasggut H&hh&GNA B dRR ihPurftRs RBI0GRIthe wafer kii@ackioal bl e

i ght ran I's reflectance Ts reduced to about 20%in the visible Iight
range f ol hawdcrgsdaheent] @rtfomi wytusing pn wignrossshlagn a sikgkel steRdrePy- 98l uti on. Lower

refl ectance values,. i.e..less.th 8% | he visible . .kigh are

achi eved \Rﬂé‘ﬁ‘?]ﬁb(%’i“x%‘f ¢f W?‘H‘émﬁgﬂnf{%h\?%ﬁf)%%lam&mtuﬁl elb H@T‘%’n@gﬁ?@ol , while
mai nt ai ni Rgq PN R nlayBRiEQr ifatsihele dep/profisgbiriemperaiassip epl dalacésraiggso and
associ ated etch depth graphs of the results of a single step process

accor di ng thapreseneinpendione Addiives may pe Bskbided indhPixXtei 10 fRPIR%F PEHBar, Figure
5 shows vari results. fraomthe . I it MAH and NH4F
in a si nglcépagi@%a Cf%){%heléage'o eﬁlg!ri 18&?7’1??1‘%‘16%%1&9%2%%%% l{eﬂtﬁéhfggﬁ%%}t}leo;t uring. The
gr aph showsrathi@al kahdtereqfefEdMA it embircoplantitiaac and phssdtatds e Walmsgpefaee ch in m

Whil e high ratios of TMAH to NH4F provielge ig[h etch .rates, S rf.ace

r oughness tom helpengstelimproe wificigney ef solat gelb arodncty RasspEfing o5 PXHPgRes™
unaccept a Q1 | 'faﬂﬂ' .tix?gdth TS off 83 sREaceA M diliBntigeropt i cal
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What is clainmed: 1. A nethod of renoving damage froma single crystal
silicon surface conprising: treating the single crystal silicon surface
with a tewoanmsideyd2anmoni um hydr oxi de sol ution. 2. The meCha2ab/oeizai m 1
wherein the damage is caused by saw cutting. 3. The nethod of claim1
wherein the silicon surface is the surface of a single crystal silicon
wafer for use in a photovoltaic or solar cell device. 4. The nethod of
claim1l wherein in the silicon surface is the surface of a single crystal
silicon wafer for use in a MEMS or integrated circuit device. 5. The nethod
of claim1l wherein treating conprises etching. 6. A nethod of formng a

sem conduct or devi ce conpri sing:
(025) By performing the damage etch and texturing according to the present invention,

several advantages are achieved. In particular, the chemicals used are more
environmentally friendly and a lower quantity is required. In addition, these chemicals
are less dangerous to work with than those used in the prior art processes. Moreover, the
methods of the present invention result in high efficiency solar cells that can be

reproduced with greater uniformity.

(026) Some results achieved by using the present invention are shown in Figures 1
through 4. In particular, Figure 1 is an atomic force microscopy (AFM) view of the
surface of an as-cut single crystalline silicon wafer showing macro-roughness troughs 10-
20 pm in height as well as local micro-roughness of less than a micron. As noted above,
this roughness as well as contaminants, ¢.g. abraded metal from the saw wire and
grinding abrasive, must be removed for the wafer to be useful as a solar cell. According
to one embodiment of the present invention, the silicon surface is smoothed and
contaminants removed by using a TMAI etch solution. Figure 2 is an AFM view of the
surface of a single crystalline silicon wafer following damage etch using a TMAH etch
solution according to the present invention. As can be seen in Figure 2, the TMAH
damage etch was successful in completely removing micro-roughness and reduced
macro-roughness to less than a micron. In addition, most of the abraded contaminants
were removed. The result is a very uniform and smooth surface. Texturing is then
carried out using a KOH and IPA solution. Figure 3 is an AFM view of a single
crystalline silicon wafer following the texturing of the surface in accordance with the
present invention and shows extremely uniform pyramidal formations across the wafer.
Reflectance values for the silicon wafer at different stages of the present invention are
shown in Figure 4. In particular, a silicon wafer following damage etch with TMAH
shows a relatively high degree of reflectance, 35 to 40 percent, in the visible light range.
This reflectance is reduced to about 20% in the visible light range following the texturing

step when using 2 KOH and IPA solution. Lower reflectance values, i.e. less than 8% in



providing a single crystal silicon wafer having damage on a surface
thereof; treating the wafer wiwth a tetranethyl anmoni um hydr oxi de sol uti on
t o renovewOheldanege; and treating the wafer with a texPamiusgoisok2rd on to
form pyram dal structures on the wafer. 7. A nethod of claim®6 wherein the
damage i s caused by saw cutting. 8. The nethod of claim®6 wherein the

sem conduct or device is a photovoltaic or solar cell device. 9. The

nmet hod of claim6 wherein the sem conductor device is a MEMS or integrated
circuit device

the visible light range, are achieved when about half of the IPA is replaced with ethylene

glycol, while maintaining overall uniformity.

(027) TFigure 5 shows optical images and associated etch depth graphs of the results of a
single step process according to an embodiment of the present invention. In particular,
Figure 5 shows various results from the use of a combined mixture of TMAH and NHsF
in a single step process of performing both damage etch and texturing. The graph shows
the ratio of TMAH to NH,F plotted against the damage etch in pm. While high ratios of
TMAH to NH4F provide high etch rates, surface roughness of the silicon wafer is reduced
to the point that higher, unacceptable reflectance is exhibited. This can be seen from the
optical images C, D, E. Low ratios of TMAH to NH4F leave the desired small pyramidal
density and corresponding reduction of reflectance, but the etch rate for removing damage
is also small, as can be seen in the optical image A and the graph. An optimum ratio of
TMAH to NH4F is obtained in the range of 4 to 4.5 where the damage etch is high and a
high density of pyramids is also formed (black spots) as seen in optical image B. The
optimum ratio of TMAH to ammonium fluoride or ammonium di-fluoride may also
depend on the amount of silicon dissolved into the solutions. Therefore, the present
invention contemplates modification of the solution ratio as the process takes place. In
addition, the etch rate can be further accelerated by adding KOH or NaOH to the mixture
of TMAH and fluorides. The addition of KOH or NaOH is particularly favorable for

industrial purposes as it may allow reductions of cost.

(028) While the present invention has been described particularly with respect to the
production of solar cells, similar methods will be useful in other device production, such
as MEMS and semiconductor processing for integrated circuits. It is anticipated that
other embodiments and variations of the present invention will become readily apparent
to the skilled artisan in the light of the foregoing description, and it is intended that such
embodiments and variations likewise be included within the scope of the invention as set

out in the appended claims.



10. The method of claim6 wherein treating with the tetranethyl ammoni um
hydr oxi de sol ution conprises etching. 11. The nethod of claim®6 wherein

t he t ext WwOnrgLEEbRi on conpri ses pot assi um hydr oxi de or peadiSeemoloynoxi de
and isopropyl alcohol. 12. The nethod of claim 11l wherein the ratio of

pot assi um hydr oxi de or sodi um hydroxi de to isopropyl alcohol in the
texturing solution is varied during treatnent of the wafer with the
texturing solution. 13. The nmethod of claim®6 wherein the texturing

sol ution conprises potassium hydroxi de or sodi um hydroxi de, i sopropyl

al cohol and ethylene glycol. 14. The nethod of claim 13 wherein the ratio
of potassi um hydr oxi de or sodi um hydroxi de to isopropyl alcohol to ethylene
glycol in the texturing solution isQl&IMY during treatment of the wafer
with the texturing solution. 15. A nmethod of form ng a sem conductor
device conprising: providing a single crystal silicon wafer having damage
on a surf @ ihedied:

1. A method of removing damage from a single crystal silicon surface comprising:

treating the single crystal silicon surface with a tetramethylammonium hydroxide

solution.
2. The method of claim 1 wherein the damage is caused by saw cutting.
3. The method of claim 1 wherein the silicon surface is the surface of a single crystal

silicon wafer for use in a photovoltaic or solar cell device.

4, The method of claim 1 wherein in the silicon surface is the surface of a single

crystal silicon wafer for use in a MEMS or integrated circuit device.

5. The method of claim 1 wherein treating comprises etching.

6. A method of forming a semiconductor device comprising:
providing a single crystal silicon wafer having damage on a surface thereof;
treating the wafer with a tetramethylammonium hydroxide solution to remove the
damage; and

treating the wafer with a texturing solution to form pyramidat structures on the

wafer.
7. A method of claim 6 wherein the damage is caused by saw cutting.
8. The method of claim 6 wherein the semiconductor device is a photovoltaic or

solar cell device.
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treating the wafer with a solution conprising a fluorinated conpound and an
al kaline solution to sinultaneously renove the danage and to texture the
surface ovothw/msef2er. 16. The nethod of claim 15 wher eipaTiuseotbloex2n4 nat ed
conmpound i s amoni um fl uoride or anmoni um bi fl uori de. 17. The met hod of
claim 15 wherein the al kaline solution is tetranethyl arnnoni um hydr oxi de.
18. The nmethod of claim 15 wherein the fluorinated conpound i s amoni um
fluoride, the alkaline solution is tetranethylammaonium and the solution
conprises a ratio of tetranethylamoniumto amonium fluoride in the range
of 4 to 4.5, 19. The nmethod of claim15 wherein treating the wafer is
carried out at tenperatures of 100C or less. 20. The nmethod of claim15
wherein the solution further includes additives.

9. The method of claim 6 wherein the semiconductor device is a MEMS or

integrated circuit device

10. The method of claim 6 wherein treating with the tetramethylammonium hydroxide

solution comprises etching.

11.  The method of claim 6 wherein the texturing solution comprises potassium

hydroxide or sodium hydroxide and isopropyl alcohol.

12.  The method of claim 11 wherein the ratio of potassium hydroxide or sodium
hydroxide to isopropyl alcohol in the texturing solution is varied during treatment of the

wafer with the texturing solution.

13.  The method of claim 6 wherein the texturing solution comprises potassium

hydroxide or sodium hydroxide, isopropyl alcohol and ethylene glycol.

14.  The method of claim 13 wherein the ratio of potassium hydroxide or sodium
hydroxide to isopropyl alcobol to ethylene glycol in the texturing solution is varied during

treatment of the wafer with the texturing solution.

15. A method of forming a semiconductor device comprising:
providing a single crystal silicon wafer having damage on a surface thereof;
treating the wafer with a solution comprising a fluorinated compound and an
alkaline solution to simultaneously remove the damage and to texture the surface of the

wafer.

16.  The method of claim 15 wherein the fluorinated compound is ammonium fluoride

or ammonium bifluoride.

11



21. The nethod of claim 20 wherein the additives are isopropyl alcohol,

et hyl ene glycol or a conbination thereof. 22. The nmethod of claim20
wher ei n twe 2atdiovdzee i s pot assi um hydroxi de or sodi um hpdraseae/022228. A
met hod of claim 15 wherein the damage is caused by saw cutting. 24. The
met hod of claim 15 wherein the sem conductor device is a photovoltaic or
sol ar cell device. 25. The method of claim15 wherein the sem conductor
device is a MEMS or integrated circuit device. 26. The nethod of claim15
wherein the ratio of fluorinated conpound to al kaline solution is varied
during treatnent of the wafer with the sol ution.

17. The method of claim 15 wherein the alkaline solution is tetramethylammonium
hydroxide.
18.  The method of claim 15 wherein the fluorinated compound is ammonium

fluoride, the alkaline solution is tetramethylammonium and the solution comprises a ratio

of tetramethylammonium to ammonium fluoride in the range of 4 to 4.5.

19.  The method of claim 15 wherein treating the wafer is carried out at temperatures

of 100°C or less.

20. The method of claim 15 wherein the solution further includes additives.

21.  The method of claim 20 wherein the additives are isopropyl alcohol, ethylene

glycol or a combination thereof.

22.  The method of claim 20 wherein the additive is potassium hydroxide or sodium

hydroxide.
23. A method of claim 15 wherein the damage is caused by saw cutting.
24. The method of claim 15 wherein the semiconductor device is a photovoltaic or

solar cell device.

25. The method of claim 15 wherein the semiconductor device is a MEMS or

integrated circuit device.

26. The method of claim 15 wherein the ratio of fluorinated compound to alkaline

solution is varied during treatment of the wafer with the solution.
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