IMPROVED POLYCRYSTALLINE TEXTURING COMPOSITION AND METHOD  The present
invention is directed to an improved acidic polycrystalline semiconductor texturing composition and
method. More specifically, the present invention is directed to an improved acidic polycrystalline
semiconductor texturing composition and method which provides an isotropic etch and reduces
incident light reflectance.  Polycrystalline semiconductor wafers are typically made of silicon or other
similar ceramic material and have a grain size which varies from a few thousand angstroms to
2-31.1m. Such wafers ma/bbe used in the manufacture of ﬁhotovoltaic devices, such as solar cells. A
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one or mqre sources of oxidizin nts and a pH of less than 7. In another aspect a method
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semicondelttor wafer with a composition including one or more alkaline compounds, one or more
sources of fluoride ions, one or more sources of oxidizing agents and a pH of less than 7 to
isotropically etch the polycrystalline semiconductor wafer.  The acidic composition and method
isotropically texture polycrystalline semiconductor wafers without substantially exposing grain
boundaries, thus recombination and shunting are



reduced or prevented. Incident light reflectance is also reduced in comparison to many conventional
acidic as well as alkaline texturing compositions and methods. Also adhesion of metal deposited on
the surface of the wafer is improved. Accordingly, polycrystalline semiconductor wafers textured with
the composition and method improves solar cell efficiency and performance. In addition handling,
using and storing the acidic composition do not present hazards to workers or the environment to the
same degree as conventional hydrofluoric and nitric acid isotropic texturing solutions. Further, the cost
to the industry for preparing, maintaining and waste treatment is less than that of conventional
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In one aspect a composition includes one or mixadiaé compounds, one or more

sources of fluoride ions, one or more sources aipxg agents and a pH of less than 7.

In another aspect a method includesignoy a polycrystalline semiconductor wafer; and
contacting the polycrystalline semiconductor wafgh a composition including one or more
alkaline compounds, one or more sources of fluands, one or more sources of oxidizing

agents and a pH of less than 7 to isotropicalliz #te polycrystalline semiconductor wafer.

The acidic composition and method isutrally texture polycrystalline semiconductor
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R3_11N(C"a2,4011% wherein R is a hydrogen atom or an alkyl group having 1 to 4 carbons, mis an
integer of 2 to 4 and n is an integer of 1 to 3. Examples of such compounds are monoethanolamine,
diethanolamine, triethanolamine, propanolamine, dipropanolamine, tripropanolamine,
isopropanolamine, diisopropanolamine, triisoproanolamine, butanolamine, Nmethylethanolamine,
N-methyldiethanolamine, N,N-dimethylaminoethanol, Nethylethanolamine, N-ethyldiethanolamine,
N,N-diethanolamine, N,N-butylethanolamine, N,Ndibutylethanolamine and salts thereof. Preferred
alkanolamines are monoethanolamine, diethanolamine and triethgnolamine. . Quaternary
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hydroxide, dimethyldi(2-hydroxyethyl ammonium hydroxide, monomethyltri(2-hydroxyethyl) ammonium
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benzyl trimetghoithon imirtbiksl taxides heoftibethytaokmontunitritydeikide, benzyl tributylammonium
hydroxide, phenyl trimethylammonium hydroxide and phenyl triethylammonium hydroxide. Preferably
the quaternary &iguierdusnecodOPRUBEN chasaicoymiatatorelm|kytiosdtise teitrancetigiawareium
hydroxid -2 oxyethy ni ' iy Hum. .
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sources @¥ture isotropically and provide an acid environment. Fluoride ion sources include, but are
not limited to, bifluorides and fluoride salts. Bifluorides include, but are not limited to, alkali metal
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antimonydyifiietdeitbiovisie galts kleeas Relaiennot limited to, alkali metal fluorides, such as sodium
and potassium fluoride. Preferably, bifluoride compounds are included in the compositions. Sources of

fluoride ions aragehediethioghountsiotpecitic 4050, ahsuemasplisitiod?aied SolutiorDreconsedre
oxidizin ents are included in the.compositions. Such oxidizing agents include, but are not limited to,
T e

rm I . m
hydrogen pero héreof, C ates, pero yo?ganei\g acids, p%r%anganate
salts, sotfunsdiyqaichloets)spohpeTiEs eanmbneey chibrant, Agnisedithemgbalis tthierguéciiiestdate,

perbromeS’fﬁ%%@oqsggﬁggjtﬁﬁ@g%%8%%rﬁ%ﬁé’%‘&%{‘@n‘?@s@{ﬁe‘i‘é‘aﬁ?g&ﬂ?cﬂéﬁtéén&%ﬁv%fe‘?-OES%

to 5% or such as
°C = degrees Centigrade; A = amperes; dm = decim&te= microns; nm = nanometers; SEM

= scanning electron micrograph; UV = ultravioletgdR = infrared. All percentages and ratios
are by weight unless otherwise indicated. All ntiozé ranges are inclusive and combinable in

any order, except where it is logical that such enoal ranges are construed to add up to 100%.

Compositions include one or more deasaif ammonia, one or more sources of fluoride
ions, one or more sources of oxidizing agents aoid af less than 7. The compositions are
agueous acidic solutions. The compositions arstanbally free of alkali metal hydroxides.

The acidic compositions isotropically texture poistalline semiconductor wafers without
substantially exposing grain boundaries, thus rdgoation and shunting are reduced or
prevented. Incident light reflectance is also meglin comparison to many conventional acidic

as well as alkaline texturing compositions and roésh On the average light reflectance is 22%



Optionally, the aqueous acidic compositions may include one or more surfactants. Surfactants include
nonionic, anionic, cationic and amphoteric surfactants. Conventional surfactants may be used. Such
surfactants are generally commercially available. Typically the surfactants are low foam surfactants.
When surfactants are included in the compositions, they are included in amounts of 0.5% to 10%.
The components included in the aqueous acidic texturing compositions may be added in any order.
They may be mixed together and then solubilized in a sufficient amount of water. Alternatively, they
may be added to a sufficient amount of water one at a time. If needed heating may be employed to
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embodintépitdathetad coainepisceppllietheyent Facitesikerialanifesas mostaihirzlpmoriuctive paste,
such as aiélp(gﬁﬁgmﬁigiag(p@%tﬁra%%@mmglum-containing paste or a silver and aluminum-containing

paste; however, other suitable pastes known in the art also may be used. Such conductive pastes
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pastes may be applied to the wafer by a variety of techniques, such as screen printing. After the paste
is appliefIPWIREIERPFBMBUBYIR organic binder. When a conductive paste containing aluminum is
used, the aluminum partially diffuses into the back silge of the wafer, or if used in paste form also
containing silver, may alloy with the silver. Optionally,1a seed layer may be deposited on the back side
of the polycrystalline semiconductor wafer and,.a mefakcoating may be deposited on the seed layer by
electroless or electrolytic plating.  An anti-reffective layer 18 added to the front side or emitter layer of
the wafer. In addition the anti-reflective layer may seTve as a passivation layer. Suitable anti-reflective
layers include, without limitation, silicon oXiké IayersRs‘uch as Si0", silicon nitride layers such as Si3N4,
a combination of silicon oxide and silicon nitride layers, and combinations of a silicon oxide layer, a
silicon nitride layer with a titanium oxide layer such as TiOx. In the foregoing formulae, x is an integer
representing the number of oxygen atoms. Such anti-reflective layers may be



deposited by a number of techniques, such as by various vapor deposition methods, for example,
chemical vapor deposition and physical vapor deposition.  The front side of a polycrystalline
semiconductor wafer contains a metallized pattern. For example, the front side of a wafer may be
composed of current collecting lines and current busbars. Current collecting lines are typically
transverse to the busbars and typically have a relatively fine-structure (i.e. dimensions) relative to
current busbars.  The pattern reaches through the antireflective layer to expose the surface of the
semiconductor. body of the wafer. Alternatively trenc ay be formed_in the openings to create a
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transmittance of 40% to 60%.  The imageable material may be removed using any suitable polymer
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Ao, 1 o Rt B A R SR R el
oxygen-duiatimixiche zimch obehytdiethyrarraomiosp hyspsidesi®iaghathogphtew)ary aconaingion of any

of these. J5a¢ Rl ABEdITRG Qﬁ%ﬁﬂﬁﬂgﬁ%ﬁ@ﬁf?ﬁﬁgéﬁﬁ%@gﬂm R arbatRo ﬁﬁ‘étfj%ﬂ?-‘i”i”g

little oxygen and then at a second temperature under an )sphere or under a reduci
atmospheyereyereyrRnyBesHiMdnigerdis @ansdgnaythindimmenitimbedsedide.  Following the firing
process, the wafer may optionally be contacted with a buffered acid solution, such as a buffered
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on a silvécaodésinugltanductive estgotassium fluorideeferably, bifluoride compounds are included

in the compositions. Sources of fluoride ionsiactuded in amounts of 1% to 40% or such as

from 5% t015%.

One or more oxidizing agents are inctlishethe compositions. Such oxidizing agents
include, but are not limited to, hydrogen peroxaael salts thereof, hypochlorite, persulfates,
peroxyorganic acids, permanganate salts, sodiuradiyprite, sodium percarbonate, chlorate,
nitric acid and salts thereof, periodate, perbr@matate, perchlorate and bromate. Such

oxidizing agents are included in amounts of 0.06%% or such as from 0.5% to 1%.



Silver may deposited by light induced plating (LIP) or conventional silver electroplating methods well
known in the art. When LIP is used, the rear side of the semiconductor wafer is connected to a source
of external current (rectifier). A silver anode placed in the silver plating composition is connected to the
rectifier such that a completed circuit is formed between the components. Typical current densities are
from 0.1 A/dm2 to 5 A/dm2. The total current requirement is dependent upon the particular size of the
wafer used. Additionally, the silver anode provides a ready source of silver ions to replenish the silver
plating composliéi‘ﬁn Witﬂgil er ions without the need to use an external source. A Iight source is
positioned to ill Hena é&f‘eﬁﬁb‘SHHa&SH'/&?a%P\Hﬁﬁﬁl&?ﬂyew&#tjé?ﬂﬁ'& I%HP%%F‘(% 88}%@' for
exampleSarfiacteessantiad & BDramio, vehichipr edtiesie aatgiiotithinstinéasantde nQthrs/émtidniah the
semiconductor wafer is photovoltaically sensitive. A variety of other light sources be used, such
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Alternatively, the wafer can be positioned horizontally in the plating cell and illuminated from above the
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transmittaRgmativélyatfien 8 HogimeNt e Mais seatdar of Makperiieprsitpreontthedtud Rilfing
conductive Qattern instead of a metal rg)aste_._'I'_ﬁg(icall the metal seed layer is nickel. The nickel seed
AR ep

layer mall'Bé R FEYRAYGH, 1 RPEISHIL 8 FEPBLRBN method known in the art. Typically, the

nickel seed layqr s deposiied byiqhl assisted nickel geposiion ihe spurce of e pickel 830y o
electroless nickel compasition, plating 1Is dene without application of external current. I the source of

the nickadistidnaaifirete Groydionmsciohl 8o mmposditnb ddally gk pogestidd feectiflenhisalesliedtibe the
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UV and X628, F9RLRGHICESINANG RoMB iR HAlGHitd REAMEBRRRI MR LERdghiR fight

emitting diodes), infrared lamps, fluorescent lamps, halogen lamps and lasers.  Typically, nickel is

depositetdRb YRS jRRIRgRaH ALK ISR 8Ty RRRERY AL s RseNs st Yate S TRCReOf
the polyGrygialieg seMRICeDdURR) WafRiodRibe aRERFHRIRHN AJokEIPIRLRG erMROTHRR mtalMes of

commercially available electroless nickel compositions include DURAPOSITTm SMT 88 Electroless

Nickel arf§ RIEOHNERLARORHERFPIPIEE ¢ LEAY RS IRFAMEAICAA YUARMIE FHATHYhmM and Haas
Elect{)oni@r%@@d %ﬁs,m&eMarllhgrmboMmié.M bedﬁﬂﬂt@ﬁ;\b%b&tﬁl@m%ﬂy@'@ m&h?mm?ositions |
may be used. When an electrolytic osition is us n applied rear side potential (rectifier) is use
i vt PRFLLS Bo0aSRALD! TRTBICE dulfori R R St BoS AR SR The
particulasadamEnbf eleipeiperyisisitiap eszneind npoot din evidekivuddrtisizes off thenivafiesusetD iieutes,
electroplating processes used are cagnventignal. Suitable electrolytic. nickel plating.baths are
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commerciptlprabilabiee oitrolgie midkits i el tyisar ISHECoGH EAM Wal&lés tetitieNidkel products

Obtainabb‘?&%'&g@ DE?@&H@&%E#%&W&HM@W{H@ nftreaot photovoltaic devices, such as solar

cells.

Reflectance of incident light by thettered polycrystalline semiconductor wafers is 22%
and less, typically 20% and less, more typicallyelts 20% at incident light wavelengths of
400nm to 1100nm. The polycrystalline semicondwctektured with the acidic agueous
compositions may be used in devices which conwertient light, such as light from sunlight,
lasers, fluorescent light, as well as other souotdight, into electric energy. Such devices
include, but are not limited to photovoltaic dedcsuch as solar cells, optical and



By illuminating the front of the polycrystalline semiconductor wafer with light energy, plating occurs on
the front. The impinging light energy generates a current in the semiconductor. The rate of plating on
the front is controllable by adjusting the light intensity, bath temperature, reducing agent activity,
starting wafer conditions, doping level as well as other parameters which are known to workers in the
art. If the plating bath is an electrolytic bath the rate of plating may also be adjusted by the rectifier. A
nickel layer of 20nm to 300nm thickness is typically desired, with the exact thickness depending on

' fact h | th lication, Si tt d try. After the nickel s d ited
through BB B AL T HHER e RIS AR LA REER B By RS S i R R
substrateysilicccinthess, dafeosirdeatigedntty Suhoitiebedvuke ntntite et opiadigesibréc

compositigrrhs may be used. The silver compositions may be cyanide containing silver compositions or
cyanide-?ree%ﬂver compositions.  Silver may be deposited on the nickel by light induced plating

(LIP) or CO”VG”RRB?{E%';@& & Qlﬂl?éigggﬁgé%%éw ) KRR Bl rc?,‘i?%“lr&rtﬂfek”: plating

is similar to that for p ilver past scr ove. A silver layer of' lpm to 30pm thickness is

typically deRfedo Rigvine @k duieliersdf dep ootinty BrEMal! S Aol Kierad ohiutipgresson,
size, pattgry-ABPALANEINHs withibRirdne PIbPTURRER & tiechasipjanctiBAiarS Préias cuakel, the

semiconductor Is then sintered to form nickel silicide. interin% is done with the silver deposited onto

the nickel&MIFROE Y IPR FRYVEHIRESRP SRR IS ESinpem hal AREP TRk an Hl8ce @B RRIFEbetween
the nickeligadthigesilisft tereaadbaRiebRBEY (af-ashesigihiaitue hetyrentifonickal Hhcidraad the

silver. Further, silver is not incorporated into the silicide by the sintering temperatures, thus nickel
silicide idGAMEE RMTEIRAEr protecting the nickel from oxidation during sintering. A furnace

providing a wafer peak temperature, of 380 C tg 550 C may be . Typically, peak temperature times
Fange from 2 sdbd o 18 PEPCILa 6L RH AT e e e e e e T R ace .
Since theaiyorydtaitng serits toe ciokelfiormeyideatioe teiied g sapeitign sintbarimokasideerdandén
oxygen ini Vj Il as,in . o r iptering is
done for T A S e O e e o) S e

may varptigsénding sratsenay aeelasedriarortbepaamibntafidrerfiaptigidtonktie aetaimileane
approprigia ding peaeh haialbathg HSppReaddSH e th K TIRUIB QSR AT Wsnductiyier the

polycrystalline semiconductor wafer’is metallized additional conventional steps may be performed on
the metal38 SRR AURTYR TS QOINPIERRAG o RNAIMEPHRIDREIBASIRRY detive! SUERIWEIAYAS are

well knowsnifa g @Paste; HsvaloM e dURRES SastBYRmRaH du v IR iiap thatadbg. inyigerion but are
not intended to limit the scope of the invention. Example 1 _ )
conductive pastes typically include conductive iples embedded in a glass matrix and an
organic binder. Conductive pastes may be apptiebd wafer by a variety of techniques, such
as screen printing. After the paste is applies, fired to remove the organic binder. When a
conductive paste containing aluminum is used, binmiaum partially diffuses into the back side
of the wafer, or if used in paste form also contayrsilver, may alloy with the silver.
Optionally, a seed layer may be deposited on tlo& b@e of the polycrystalline semiconductor
wafer and a metal coating may be deposited ondabé yer by electroless or electrolytic

plating.

An anti-reflective layer is added to the front sateemitter layer of the wafer. In
addition the anti-reflective layer may serve assspration layer. Suitable anti-reflective layers
include, without limitation, silicon oxide layerach as SiQ, silicon nitride layers such as;Sk,

a combination of silicon oxide and silicon nitridgers, and combinations of a silicon oxide
layer, a silicon nitride layer with a titanium orithyer such as TiO In the foregoing formulae,

X is an integer representing the number of oxydems. Such anti-reflective layers may be



An aqueous isotropic texturing solution was made up containing 10% hydrofluoric acid and 50% nitric
acid. The pH of the acid mixture texturing solution was less than 1. A bulk-doped polycrystalline silicon
wafer 125mmz2 was weighed using a conventional analytical balance and its weight was recorded. The
wafer was then immersed into the aqueous isotropic texturing solution for 3 minutes at 10 C. The
wafer was then removed from the solution and rinsed with deionized water for one minutes and dried
at room temperature. The wafer was weighed. The amount of etching on both sides of the wafer was

calculated to be 4.51.1m usjng a conventional method from the weight loss during texturing, area of
oo woleN SRR E N TGS, QLR HES, S50 S I Br A e PR P BB so P ERar P Borc
were no cirseicablaexpdspdsifiaindmliplysiesl vapbhddiiisictance of the wafer was then measured

using a MacBeth ColorEyeTm Reflectometer. Reflectance was recorded in IOnm increments from an
incident light wavedraythsidagyd afpbloystadsers O cliifevaeitajesta rediedliaadepatiarthen

Ca'C“'atqﬁ'o%g%ﬁ@.g?%'HSFﬁrsfi%tBPa{@v%Sr %%%?z?e‘?lﬂ?@lﬂ%#@@élf&@ﬁﬁ ﬂfé’é‘%ﬂa gﬁF?éPﬂi”ed to

be 25.44% whi as above the preferred reflectance of 20% and less. Example 2 The following

isotropickushRy aqGatitsaleringdings mrdynicalim®r seiadhe Casbee RENYRgathLNaYE Jveight
% Tetramahiyian MR idIifmesions) relatio current busbars.

The pattern reaches through the antireflectiverlayexpose the surface of the
semiconductor body of the wafer. Alternativelynches may be formed in the openings to
create a selective emitter. These trenches magdiens of high doping. A variety of processes
may be used to form the pattern, such as, buimdet to, laser ablation, mechanical means,
and lithographic processes, all of which are wethkn in the art. Such mechanical means
include sawing and scratching. Typical photolittagdnic processes include disposing an
imageable material on the surface of the wafetepaihg the imageable material to form
openings in the anti-reflective layer, transferrthg pattern to the wafer, depositing a nickel
layer in the openings and removing the imageabkemah In one embodiment, the imageable
material is removed before the step of depositingetal layer in the openings. In another
embodiment, the imageable material is removed Hftestep of depositing a metal layer in the
openings. When the imageable material is presamigithe metal deposition step, such
imageable material typically avoids any dyes, sagleontrast dyes, that absorb in the
wavelength of radiation used during the nickel doan step. Imageable material present
during the plating step typically contains a dyaalithas a minimum light transmittance of 40%
to 60%.

The imageable material may be removed using argtdaipolymer remover. Such

removers may be alkaline, acidic or essentiallytra¢and are well known in the art.

The front side of the wafer may be metallized usirgpnductive paste, which may be the
same as or different from any conductive paste osdtie rear side of the wafer. Any
conductive paste used to metallize the front sidewafer typically does not contain aluminum.
The temperature used in the firing of the pasteeddp on the particular paste used, the thickness
of any antireflective layer used, among other fexctd he choice of such temperature is well
within the ability of those skilled in the art. 4, it is appreciated by those skilled in the faat t



Hydrogen peroxide 1% Ammonium bifluoride 15% Water Balance A bulk-doped polycrystalline
silicon wafer was weighed and its weight was recorded. It was then immersed into the solution for 10
minutes at 80 C. The pH of the solution was 4. The wafer was then removed from the solution and
rinsed with deionized water and air dried. The wafer was then weighed and the amount of silicon
etched from each side of the wafer was determined to be 4.731.1m. Figure 2 shows a surface of the
textured wafer. There were no observable exposed grain boundaries.  The reflectance of the wafer
was then miﬁsured using a MicBeth ColorE%eTm Reflectometer. Reflectance was recorded in |IOnm

incremertS A R QRIRGERG N FU RGPS L WY IBBHR HHE QOGS AL AR thén
calculateedhycihg eefiecioheeteiofos tumbingdon lné ave tdghdrmidsaintiplet thlidtiageaayasedetermined to

be 15.37%. Texturin vvtj.tht e composition disQIosed in Table 1% ove rovide&i gol cgstalling wafer
. erfocime ata tirst iehiperatire in an afmosp {ng[ll e?ﬁfen { n%{ secon

which shdwed reduced ineiden Ight reflectance in“contrast tothat o acid mixture Tormufation of

ExampletdmBgeatipie Bhder an inert atmosphere or undefugireg atmosphere, where the second

temperature is higher than the first temperature.

Following the firing process, the wafer may optiltywae contacted with a buffered acid
solution, such as a buffered hydrofluoric acid ohy to remove any oxide produced during the
firing procedure. Such contact may be by spratiregsolution on the wafer or by dipping the

wafer into such solution or by any other suitablsams.

After the front side pattern and rear side of tladevare metallized using conductive
paste, a layer of metal is then deposited on th& Bide conductive pattern. Such layer of metal
may be any suitably conductive metal such as gallekr or copper, and is typically silver. Such
metals may be deposited by methods known in thelane embodiment, the deposited metal
layer is composed of the same metal used in théumtive paste. For example, a silver layer is

deposited on a silver-containing conductive paste.

Silver may deposited by light induced plating (Lt?)conventional silver electroplating
methods well known in the art. When LIP is uséé,rear side of the semiconductor wafer is
connected to a source of external current (reclifié silver anode placed in the silver plating
composition is connected to the rectifier such thebmpleted circuit is formed between the
components. Typical current densities are fromAJdin? to 5 A/dnf. The total current
requirement is dependent upon the particular dizeeowafer used. Additionally, the silver
anode provides a ready source of silver ions tenggh the silver plating composition with
silver ions without the need to use an externat@muA light source is positioned to illuminate
the semiconductor wafer with light energy. Théligource can be, for example, a fluorescent
or LED lamp which provides energy within the wavejths to which the semiconductor wafer is
photovoltaically sensitive. A variety of otherhigsources may be used, such as, but not limited
to, incandescent lamps such as a 75 watt and 2680angs, mercury lamps, halogen lamps and
a 150 watt IR lamp. Examples of commercially ubksilwer plating compositions are available
as RLIGHT™ Silver Plate 600 and 620 from Rohm and Haas Elet Materials, LLC

Marlborough, Massachusetts.



The following isotropic acidic aqueous texturing solution was prepared. Table 2 COMPONENT
AMOUNT - Weight % Tetramethylammonium hydroxide 5.25% Hydrogen peroxide 0.7% Ammonium
bifluoride 10.25%

The plating cell is of such a material as to bawbally inert with respect to the silver
plating composition and has a minimum light trarttamice of 40-60%. Alternatively, the wafer
can be positioned horizontally in the plating @it illuminated from above the silver plating
composition, in which case the plating cell neetihave at least the minimum light

transmittance.

In another embodiment a metal seed layer may besiteg on the front side conductive
pattern instead of a metal paste. Typically théatreeed layer is nickel. The nickel seed layer
may be deposited by any conventional nickel defwsinethod known in the art. Typically, the
nickel seed layer is deposited by light assiste®#alideposition. If the source of the nickel is an
electroless nickel composition, plating is donehaiit application of external current. If the
source of the nickel is from an electrolytic nickemposition, a rear side potential (rectifier) is
applied to the semiconductor wafer substrate. |iiw may be continuous or pulsed. Prior to
depositing nickel, surface oxides are typically osed from the conductive pattern using a

solution of 1% hydrofluoric acid.

Light which may be used in the plating processudes, but is not limited to, visible
light, IR, UV and X-rays. Light sources includeitlare not limited to, incandescent lamps, LED

lights (light emitting diodes), infrared lamps,dhescent lamps, halogen lamps and lasers.

Typically, nickel is deposited through the openingthe anti-reflective layer and onto
the exposed textured surface of the polycrystaemiconductor wafer using an electroless
nickel plating composition. Examples of commeilgialailable electroless nickel compositions
include DURAPOSIT™ SMT 88 Electroless Nickel andP®ISIT™ PM 980 and PM 988
Electroless Nickel. All are available from Rohndafiaas Electronic Materials, LLC,
Marlborough, MA, U.S.A.

Alternatively, electrolytic nickel compositions mbag used. When an electrolytic
composition is used, an applied rear side pote(rgatifier) is used in addition to light to deptosi
the nickel. Typical current densities are from A/dm? to 2 A/dnf. The particular current
requirement is dependent upon the particular dizleeowafer used. The electroplating
processes used are conventional. Suitable elgiitraickel plating baths are commercially
available as well as many which are disclosedenitarature. Examples of commercially
available electrolytic nickel baths are the NICKELEAM™ Electrolytic Nickel products
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Water Balance A bulk-doped polycrystalline silicon wafer was weighed and its weight was
recorded. It was then immersed into the solution for 12 minutes at 85 C. The pH of the solution was 4.
The wafer was then removed from the solution and rinsed with deionized water and air dried. The
wafer was then weighed and the amount of silicon etched from each side of the wafer was determined
to be 4.421.1m. The surface of the etched silicon wafer had a similar appearance as that of Figure 2.
Also, there were no observable exposed grain boundaries.  The reflectance of the wafer was then
measured usin acB Co orEyeTm Reflectometer. lectance was recorded in IOnm
mcremel‘%g vréﬂgh %81%6 LR Y5 . The average % reflectance was then

caloulated by e Bl Wlﬁ{pﬁgg 2508 1376 o ANGLAGE lngnons IR Vefsciafchiies dsigmined o

be 17.68%. Te composi tion d ove prowd chrys Hine wafer
which sholatésredeigisdoin tiketio g hil fefl soringis gnlighieeay Dengrates metmmdtrmmﬂesemnmqmtmiaﬁ

Examplorl, Exanle, e olaung U TRRIG ARBlEAgHSM dR RS Ralgion iRt RiRpafatdable 3

COMPONENT AMOUNT - Weight
reducing agent activity, starting wafer conditiodgping level as well as other parameters which

are known to workers in the art. If the platinghbes an electrolytic bath the rate of plating may
also be adjusted by the rectifier. A nickel lagé20nm to 300nm thickness is typically desired,
with the exact thickness depending on various factach as on the application, size, pattern
and geometry.

After the nickel is deposited through the openiagd adjacent to the exposed surface of
the polycrystalline semiconductor wafer substrsileer is then deposited adjacent to the nickel.
Conventional electroplating silver compositions rbayused. The silver compositions may be

cyanide containing silver compositions or cyaniceefsilver compositions.

Silver may be deposited on the nickel by light icel plating (LIP) or conventional
silver electroplating methods well known in the afhe procedure of LIP plating is similar to
that for plating the silver paste described abodesilver layer of um to 3Qum thickness is
typically desired, with the exact thickness depegdin various factors such as on the

application, size, pattern and geometry.

After the silver metal is deposited onto and adjatiee nickel, the semiconductor is then
sintered to form nickel silicide. Sintering is @owith the silver deposited onto the nickel
surface to improve adhesion between the silvemaaicel. The improved bonding between the
nickel and the silicon reduces the probability dfi@sion failure between the nickel silicide and
the silver. Further, silver is not incorporatetbithe silicide by the sintering temperatures, thus
nickel silicide is formed with the silver proteatithe nickel from oxidation during sintering. A
furnace providing a wafer peak temperature of°’38@ 550 C may be used. Typically, peak
temperature times range from 2 seconds to 20 secchid example of a suitable furnace is a
lamp based furnace (IR).

Since the silver layer protects the nickel fromdation during sintering, sintering may be
done in oxygen containing environments as welhasgtigas atmosphere or vacuum. In general,

sintering is done for 3 minutes to 10 minutes Lspeeds at which the semiconductor passes
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Ammonium hydroxide 2.89% Hydrogen peroxide 1% Ammonium bifluoride 15% Water Balance A
bulk-doped polycrystalline silicon wafer was weighed and its weight was recorded. It was then
immersed into the solution for 10 minutes at 80 C. The pH of the solution was 4. The wafer was then
removed from the solution and rinsed with deionized water and air dried. The wafer was then weighed
and the amount of silicon etched from each side of the wafer was determined to be 4.261.1m. The
surface of the etched silicon wafer had a similar appearance as that of Figure 2. Also, there were no

observab e expo rain boundaries.
rou %1 fgrnace may vary depending on the fignsed. Minor experimentation may be

done to determine the appropriate line speed. cBylyi the line speed is from 330 cm/minute to

430 cm/minute.

After the polycrystalline semiconductor wafer istaléized additional conventional steps
may be performed on the metallized semiconductootoplete the formation of the

photovoltaic device. Such methods are well knowthe art.

The following Examples are intendedudHer illustrate the invention but are not
intended to limit the scope of the invention.

Example 1

An aqueous isotropic texturing solutweas made up containing 10% hydrofluoric acid
and 50% nitric acid. The pH of the acid mixturetteing solution was less than 1. A bulk-
doped polycrystalline silicon wafer 125rmas weighed using a conventional analytical
balance and its weight was recorded. The wafertivasimmersed into the agueous isotropic
texturing solution for 3 minutes at 10° C. The &ralvas then removed from the solution and
rinsed with deionized water for one minutes anédlat room temperature. The wafer was
weighed. The amount of etching on both sides ®@fwhfer was calculated to be 4.5um using a
conventional method from the weight loss duringugrg, area of the wafer and density of
silicon. Figure 1 is a 5000X SEM of the surfacehaf textured wafer. There were no

observable exposed grain boundaries.

The reflectance of the wafer was theasue=d using a MacBeth ColorEye™
Reflectometer. Reflectance was recorded in 10mmements from an incident light wavelength
range of 1100nm down to 400nm. The average %ctafiee was then calculated by the
reflectometer for the range. The average incitight reflectance was determined to be 25.44%
which was above the preferred reflectance of 2080less.

Example 2

The following isotropic acidic aqueoesgturing solution was prepared.

12



The reflectance of the wafer was then measured using a MacBeth ColorEyeTm Reflectometer.
Reflectance was recorded in IOnm increments at a wavelength range of 1200nm down to 400nm. The
average % reflectance was then calculated by the reflectometer for the range. The average incident
light reflectance was determined to be 18.11%. Texturing with the composition disclosed in Table 3
above provided a polycrystalline wafer which showed reduced incident light reflectance in contrast to
that of the acid mixture formulation of Example 1. Example 5 The following isotropic acidic aqueous
texturing solution was prepared. Table 4 COMPONbE[NT AMOUNT - Weight % Monoethanolamine 10%
Hydrogen peroxide Table 1

COMPONENT AMOUNT — Weight %
Tetramethylammonium hydroxide 7.5%
Hydrogen peroxide 1%
Ammonium bifluoride 15%
Water Balance

A bulk-doped polycrystalline silicon veafwas weighed and its weight was recorded. It
was then immersed into the solution for 10 minaite80° C. The pH of the solution was 4. The
wafer was then removed from the solution and rirnvgidd deionized water and air dried. The
wafer was then weighed and the amount of silicchezt from each side of the wafer was
determined to be 4.73um. Figure 2 shows a sudaties textured wafer. There were no
observable exposed grain boundaries.

The reflectance of the wafer was theasne=d using a MacBeth ColorEye™
Reflectometer. Reflectance was recorded in 10mmements at a wavelength range of 1100nm
down to 400nm. The average % reflectance wasdakenlated by the reflectometer for the
range. The average incident light reflectance dedsrmined to be 15.37%. Texturing with the
composition disclosed in Table 1 above providedlggoystalline wafer which showed reduced
incident light reflectance in contrast to that leé tacid mixture formulation of Example 1.

Example 3

The following isotropic acidic aqueoegturing solution was prepared.

Table 2
COMPONENT AMOUNT — Weight %
Tetramethylammonium hydroxide 5.25%
Hydrogen peroxide 0.7%
Ammonium bifluoride 10.25%
Water Balance
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1% Ammonium bifluoride 20% Water Balance A bulk-doped polycrystalline silicon wafer was
weighed and its weight was recorded. It was then immersed into the solution for 10 minutes at 60 C.
The pH of the solution was 4. The wafer was then removed from the solution and rinsed with deionized
water and air dried. The wafer was then weighed and the amount of silicon etched from each side of
the wafer was determined to be 2.611.1m. The surface of the etched silicon wafer had a similar
appearance as that of Figure 2. There were no observable exposed grain boundaries.  The
reflectance of the wafer was then measured usin eﬁtwc}]\/ll\%cBetkc!ﬂﬁol rEyeTm Reflectometer. Reflectance
s recorciot VBB EE N F BRG4GBl B U8 HEia0: Mo Ruad then
calculatedadytiies iaflaetsateintoftdlen hatngefof 2 anienag8Sh Adertidiphi offlleetsvict ovasatetermied to
be 19.82%. Texturing with the c osition disclosed 'n.Taﬂe 4. above prqvided a polycrystalline wafer
hich shO S e L T e R e G A R ARl N o o
ExampleniafExaapibeh AvegesbaiscalkelmaaunisofreiicoteiUrion salchisitevat hadeisy wasposed of
9% determined to be 4.42um. The surface of the etshiedn wafer had a similar appearance as

that of Figure 2. Also, there were no observakfgsed grain boundaries.

The reflectance of the wafer was theasnesd using a MacBeth ColorEye™
Reflectometer. Reflectance was recorded in 10mmements at a wavelength range of 1100nm
down to 400nm. The average % reflectance wasdakenlated by the reflectometer for the
range. The average incident light reflectance dedsrmined to be 17.68%. Texturing with the
composition disclosed in Table 2 above providedlggoystalline wafer which showed reduced

incident light reflectance in contrast to that o tacid mixture formulation of Example 1.
Example 4

The following isotropic acidic aqueousttging solution was prepared.

Table 3
COMPONENT AMOUNT — Weight %
Ammonium hydroxide 2.89%
Hydrogen peroxide 1%
Ammonium bifluoride 15%
Water Balance

A bulk-doped polycrystalline silicon veafwas weighed and its weight was recorded. It
was then immersed into the solution for 10 minete80° C. The pH of the solution was 4. The
wafer was then removed from the solution and rirveigldl deionized water and air dried. The
wafer was then weighed and the amount of silicohezt from each side of the wafer was
determined to be 4.26um. The surface of the etshiedn wafer had a similar appearance as

that of Figure 2. Also, there were no observaklgsed grain boundaries.

The reflectance of the wafer was theasue=d using a MacBeth ColorEye™
Reflectometer. Reflectance was recorded in 10mmements at a wavelength range of 1100nm
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tetramethylammonium hydroxide. The pH of the texturing solution was greater than 13. A bulk- doped
polycrystalline silicon wafer was weighed using a conventional analytical balance and its weight was
recorded. The wafer was then immersed into the agueous anisotropic texturing solution for 5 minutes
at 70 C. The wafer was then removed from the solution and rinsed with deionized water for one minute
and dried at room temperature. The wafer was weighed. The amount of etching on both sides of the
wafer was calculated to be 4.381.1m. Figure 3 is a 2500X SEM of the surface of the textured wafer.

The f d of the SEM sh id structures formed by the alkaline TMAH texturing. Th
aren ber P R S RIRdh IR BB PEYSHECAP i R SHLAE LA by e

TMAH alisaltpee stiatiaveragehrgidenbigindafiestaece dwbobierdad beths. isosopietaxtnangidf the
Examples. .5 e ellediance of he walcrwas ien meosiipdsing 4 MagRelh, coloryel
Reflectomater RefeCtance was recordad i ionm Nerenterts from-1100nm dowi 1 hm- The
average ieddfieidight eefleciahen ratmuitiasd toyttiat vé feattomisterddotmel ledingeoTRheaaveled e incident
light reflectance was determined to be 27.10% which was much higher than the average incident light
reflectance of isotropic texturing solutions of EX2¥apIeB5, in particular, Examples 2-5 which had
average incident light reflectance values below 20%. What is claimed is: 1. A composition comprising
one or more alkHiRELEMIBEURAY OBIfAGI ARG URRRBREIBERANTRNIVRS BiRPBISore sources of
oxidizing agents and a pH of less than 7. 2. Theﬁoglgosition of claim 1, wherein the one or more
alkaline compounds are chosen from alkanolami & |4d guaternary ammonium compounds. 3. The

wharat ava- o Aacanaral L1

compositten-of-ctaim ZCBWB“NEﬁTaIkanGIammeS Rav gcl|E\|’iﬂ68’[{‘ﬁu@l'\/\%3|gﬁ{\%c.h'2.(0ﬂ i
Monoethanolamine 10%
Hydrogen peroxide 1%
Ammonium bifluoride 20%
Water Balance

A bulk-doped polycrystalline silicon veafwas weighed and its weight was recorded. It
was then immersed into the solution for 10 minete80° C. The pH of the solution was 4. The
wafer was then removed from the solution and rirnvgidd deionized water and air dried. The
wafer was then weighed and the amount of silicohezt from each side of the wafer was
determined to be 2.61um. The surface of the etshiedn wafer had a similar appearance as

that of Figure 2. There were no observable expgsaid boundaries.

The reflectance of the wafer was theasue=d using a MacBeth ColorEye™
Reflectometer. Reflectance was recorded in 10mmmements from 1100nm down to 400nm.
The average % reflectance was then calculateddéoyeftectometer for the range. The average
incident light reflectance was determined to bé82%. Texturing with the composition
disclosed in Table 4 above provided a polycrystallvafer which showed reduced incident light

reflectance in contrast to that of the acid mixtiarenulation of Example 1.
Example 6

An aqueous alkaline anisotropic textgsolution was made up composed of 9%
tetramethylammonium hydroxide. The pH of the texiy solution was greater than 13. A bulk-

doped polycrystalline silicon wafer was weighethgs conventional analytical balance and its
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wherein R is a hydrogen atom or an alkyl group having 1 to 4 carbons, m is an integer of 2 to 4 and n
is an integer of 1 to 3. 4. The composition of claim 2, wherein the quaternary ammonium compounds
have a general formula: Ri Is R2ZNR3 OHR4 wherein Ri to R4 are independently hydrogen,
(Ci-Ce6)alkyl group, (Ci-C6)hydroxyalkyl group, (C6-Cio)aryl group or (C7-Cii)alkylaryl group. 5. The
composition of claim 1, wherein the one or more fluoride ions are chosen from bifluorides and fluoride
salts. 6. The composition of claim 1, wherein the one or more oxidizing agents are chosen from

cats, SoG B TSHIEE ol 1 PBIEREn e ISR CAL ARt R G Bebcte,

perbromateyiiotieler, penthicratat 70d Gromatedafér Wastienmooesitidroof tHaisolLitivhenedrithsephvithfrom 3
oS, deionized water for one minute and dried at roompeerature. The wafer was weighed. The
amount of etching on both sides of the wafer wasutated to be 4.38um. Figure 3 is a 2500X
SEM of the surface of the textured wafer. Thedooend of the SEM shows pyramid structures
formed by the alkaline TMAH texturing. The aredimel the pyramid structures shows the
undesirable exposed grain boundaries caused biyMiAdH alkaline solution. Such grain

boundaries were not observed in the isotropic texguof Examples 1-5.

The reflectance of the wafer was theasue=d using a MacBeth ColorEye™
Reflectometer. Reflectance was recorded in 10rmmements from 1100nm down to 400nm.
The average % reflectance was then calculateddéoyeftectometer for the range. The average
incident light reflectance was determined to be@% which was much higher than the average
incident light reflectance of isotropic texturingjgtions of Examples 1-5, in particular,
Examples 2-5 which had average incident light otflece values below 20%.

16



8. A method comprising: a) providing a polycrystalline semiconductor wafer; and b) contacting the
polycrystalline semiconductor wafer with a composition comprising one or more alkaline compounds,
one or more sources of fluoride ions, one or more sources of oxidizing agents and a pH of less than 7
to isotropically etch the non-doped semiconductor wafer. 9. A polycrytstalline semiconductor wafer
treated according to the method of claim 8, wherein the polycrystalline semiconductor wafer has an
incident light reflectance of 22% or less at an incident light wavelength of 400nm to 1100nm. 10. The

polycrystalline. semiconductor wafer of claim 9, wherein the incident light reflectance is 20% or less at
an incid h of 400nm to 1100nm. 11. The polycrystalline semiconductor wafer of

g'jg;‘ d%ri"gg qrein 3sHPaSTa DS ipRlYy SRR SR N ARt BRatA M Res3l R spd grain
fluoride ions, one or more sources of oxidizingragexnd a pH of less than 7.

2. The composition of claim 1, wherein the one or nalkaline compounds are chosen

from alkanolamines and quaternary ammonium compaund
3. The composition of claim 2, wherein the alkanolagsihave a general formula:
R3_nN(CmH2m(OH))n

wherein Rs a hydrogen atom or an alkyl group having 1 tarbons, m is an integer of 2 to
4 and n is an integer of 1 to 3.

4. The composition of claim 2, wherein the quaterraanymonium compounds have a
general formula:
R

o
Ry,——N

OH Ry

R3

wherein Rto R4 are independently hydrogen,;Cg)alkyl group, (G-Cs)hydroxyalkyl
group, (G-Cig)aryl group or (G-Cyp)alkylaryl group.

5. The composition of claim 1, wherein the one or enftworide ions are chosen from
bifluorides and fluoride salts.

6. The composition of claim 1, wherein the one or nwlizing agents are chosen from
hydrogen peroxide and salts thereof, hypochlopgesulfates, peroxyorganic acids,
permanganate salts, sodium hypochlorite, sodiurcepeonate, chlorate, nitric acid

and salts thereof, periodate, perbromate, iodatehforate and bromated.
7. The composition of claim 1, wherein the pH is fr8rto 5.
8. A method comprising:

a) providing a polycrystalline semiconductor wafergan
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b) contacting the polycrystalline semiconductor waféh a composition
comprising one or more alkaline compounds, oneaemsources of fluoride
ions, one or more sources of oxidizing agents api af less than 7 to

isotropically etch the non-doped semiconductor wafe

9. A polycrytstalline semiconductor wafer treated adowg to the method of claim 8,
wherein the polycrystalline semiconductor wafer &iasncident light reflectance of

22% or less at an incident light wavelength of 46Qo 1100nm.

10. The polycrystalline semiconductor wafer of claimwderein the incident light
reflectance is 20% or less at an incident light @@ngth of 400nm to 1100nm.

11.The polycrystalline semiconductor wafer of claimnerein a surface of the

polycrystalline semiconductor is substantially fofexposed grain boundaries.
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