LOW TEMPERATURE DEPCSI TION OF SILICON OXIDE FILMS FIELD OF THE | NVENTI ON
(1) The present invention relates to nethods of depositing silicon oxide
films at wowotxmp®Bat ure usi ng wet chem stry techni ques PCBAGKGRGRNE: OF THE
I NVENTION (2) Silicon oxide filnms are deposited onto silicon surfaces for
use in many applications, including as masking | ayers for sem conduct or
manuf acturing and as anti-reflective coatings for solar cells. There are a
nunber of chemnical vapor deposition (CVD) techniques that have been used,
particularly in the sem conductor industry, to produce thin oxide films. In
general, CVD processes formthe OXI de film by exposing the substrate to one
or nore vol ati ] . he substrate
surface to prodd ; e ) use differ
in how t he chem cal reactl ons are initiated (e.qg. actlvatl on process) and

by the process conditions enpl oyed. For exanple, atnospheric pressure CVD
(APCVD), ul trahigh vacuum Wnaiﬁil@ﬁliﬂﬁmgmﬂhanced CVD (PECVD) and
atom c |ayer CVD (ALCVD) are sone of the CVD techniques used to deposit
oxide films. (3) Silicon dioxide (Si02) my be deposited using a CVD

t echni que(00by Tisi pregpeanyvanien oflatsetpancthodsod demsyiag spicec uxidofilpoattowat i ons.
One such conbi t| on use: Sl I ane and oxygen according to the foll ow ng
reaction ﬁ‘efﬂpﬁ‘ﬁ © U Wl GEY e%‘?§u& (solid) + 2142 A second conbi nation
uses oxygen dichlorosil ane (S| C12H2) and nitrous oxide (N20) according to

the foll ow ng reaction forrrul
ACKGROUND OF THE INVENTION

(002) Silicon oxide films are deposited onto silicon surfaces for use in many
applications, including as masking layers for semiconductor manufacturing and as anti-
reflective coatings for solar cells. There are a number of chemical vapor deposition
(CVD) techniques that have been used, particularly in the semiconductor industry, to
produce thin oxide films. In general, CVD processes form the oxide film by exposing the
substrate to one or more volatile precursors that react with or decompose onto the
substrate surface to produce the desired oxide film. The CVD processes in use differ in
how the chemical reactions are initiated (e.g. activation process) and by the process
conditions employed. For example, atmospheric pressure CVD (APCVD), ultrahigh
vacuum CVD (UHCVD), plasma enhanced CVD (PECVD) and atomic layer CVD
(ALCVD) are some of the CVD techniques used to deposit oxide films.

(003) Silicon dioxide (Si0,) may be deposited using a CVD technique, by using any

one of several source gas precursor combinations. One such combination uses silane and

oxygen according to the following reaction formula.

SiHy (gas) + O = Si0; (solid) + 2H,

A second combination uses oxygen dichlorosilane (SiCloHs) and nitrous oxide (N>O)

according to the following reaction formula.



Si C12H2 + 2N20 4 Si 02 + 2N2 + 2HC1 Anot her possible precursor source gas is
tetraethylorthosilicate (TECS: Si (0C2H5)4) according to the follow ng
reacti on worzme/@1908i (0C2H5)4) 4 Si 02 + byproducts (4) Phe/ushaizosiief source
gas depends on the thermal stability of the substrate. In particular,

sil ane deposits between 300C and 500C, dichlorosilane deposits at about
900C and TECS deposits between 650C and 750C. Deposition tinmes generally

| ast for about fifteen mnutes, with the full heating and cooling cycle

| asti ng about forty five mnutes. (5) The known oxi de deposition processes
have several disadvantages. These processes require high tenperatures and
vacuum processi ng before introduction of the precursor gases, particularly
those that are hazardous. Further, the deposition equi pment is expensive,

has a rel atively | osicwel, er 2tN)00o8gIspoY + 7¢qw 2SI f requent cl eani ng and
mai nt enance and demands highly trained operators. As a result, deposition
of silicon oxide filnms demands substantial capital and operating expense,

whi ch i ncheaResSyRYiBleMrdcufiBY ks ec%gﬁs teﬂcr&rthﬁmilga&I('?E@§i§ig(21@{l—gz;2eati ng

anti-reflective coatings int % hot ovol tal ¢ 1 ndustry. ksi de

cont act pedontdimgio thé folowingmeantion dermallaini nunt gol d, is normal |y perforned
after the deposition of the oxide, and therefore requires higher
tenperatures for diffusion of the contacts and reduction in proper contact
whi ch coul d i nter f e3i@OWH;h) teSioy er alyproahdts ci ency of the device. (6) There
remains a need in the art for inprovenents to nmethods of depositing oxide
films, such as silicon oxide filns.

(004) The choice of source gas depends on the thermal stability of the substrate. In
particular, silane deposits between 300°C and 500°C, dichlorosilane deposits at about
900°C and TEOS deposits between 650°C and 750°C. Deposition times generally last
for about fifteen minutes, with the full heating and cooling cycle lasting about forty five

minutes.

(005) The known oxide deposition processes have several disadvantages. These
processes require high temperatures and vacuum processing before introduction of the
precursor gases, particularly those that are hazardous. Further, the deposition equipment
is expensive, has a relatively low wafer throughput, requires frequent cleaning and
maintenance and demands highly trained operators. As a result, deposition of silicon
oxide films demands substantial capital and operating expense, which increases overall
device cost, for example the cost for creating anti-reflective coatings in the photovoltaic
industry. Also, backside contact printing, with aluminum or aluminum/gold, is normally
performed after the deposition of the oxide, and therefore requires higher temperatures
for diffusion of the contacts and reduction in proper contact which could interfere with

the overall efficiency of the device.

(006) There remains a need in the art for improvements to methods of depositing oxide

films, such as silicon oxide films.



SUMVARY CF THE | NVENTI ON (007) The present invention provides | ow

t enperature net hods of depositing silicon oxide filnms using wet chem stry.
BRI EF DESUBI2PV1@NOOF THE DRAWNGS (8) Figure 1 is a graph/ushaeiosg2t he
refl ectance of p-type textured silicon wafers foll ow ng processing
according to the present invention. (9) Figure 2 is a graph show ng the
refl ectance textured silicon wafers doped with phosphor follow ng
processi ng according to the present invention. (10) Figure 3 is a graph
showi ng the reflectance of textured nulti-crystalline silicon wafers
foll ow ng processing according to the present invention DETAI LED
DESCRI PTI ON OF THE INVENTIEﬁ#%&%éigggf¥gﬁggggigﬁégﬁ|des nmet hods of
depositing silicon oxide fi sing wet chem stry
techni ques. In accordance with the present invention, a wet chem stry

m xture of sodi um hypo. chl ori de éﬁ 0Cl), tetra nethy I ammpni um hydr oxi de
(TMAH) an@ydibg @63%1? Ivenilog praviess o tamperatpre metheds Of denpsidigg pidicor he | ow

t enper at upgigeXiHEuFEPIS! chbMRiry.

BRIEF DESCRIPTION OF THE DRAWINGS

(008) Figure 1 is a graph showing the reflectance of p-type textured silicon wafers

following processing according to the present invention.

(009) Figure 2 is a graph showing the reflectance textured silicon wafers doped with

phosphor following processing according to the present invention.

(010) Figure 3 is a graph showing the reflectance of textured multi-crystalline silicon

wafers following processing according to the present invention

DETAILED DESCRIPTION OF THE INVENTION

(011) The present provides methods of depositing silicon oxide films at low temperature
using wet chemistry techniques. In accordance with the present invention, a wet
chemistry mixture of sodium hypo chloride (NaOC]l), tetra methyl ammonium hydroxide
(TMAH) and hydrated silicate (such as silicic acid) is used for the low temperature oxide

deposition.

(012) NaOCl is a strong oxidizing agent that ionizes in water to give hypochlorous acid
(HOCI) and hypochlorite ions (OCI'). If applied to a silicon substrate, the silicon etching
rate is low because of the relative lack of availability of OH ions. However, the silicon
does react with the hypochlorite ions to form Si0,. The process of forming a Si0; film

using a NaOCl solution alone is a slow process and the film produced is of poor quality.



(12) NaOCl is a strong oxidizing agent that ionizes in water to give
hypochl orous acid (HOCl1) and hypochlorite ions (0OCl-). If applied to a
silicon swbzbramest he silicon etching rate is | ow becars@/ustoiaiieel ati ve
| ack of availability of OH ions. However, the silicon does react with the
hypochl orite ions to form Si 02. The process of formng a Si02 filmusing a
NaOCl solution alone is a slow process and the film produced is of poor
quality. Further this filmdoes not adhere strongly to the silicon
substrate. A summary of the reaction sequence is set forth bel ow. NaOClNa+
+ ocr(1l) 20C1- + H2,0HOC1I + OFf + OFf(2) Si + 20Cl1-Si 02 + 2Cl1-(3) Diluted

TMAH (and_ot.her, .hydrgxi de  sgl uti on uch as KOH and exhipit strong
silicon ef E‘Flherréﬁl%égn R%esa{lﬂt ?(ﬁ'iefei Sérlonélé’ 3%&‘%%5“?’% Tpig- P@gﬂ%‘éﬁyf)g orm
hydroxyl @tson sbhihdnct & stofoltBweldwby reaction of the hydroxyl ions with
silicon atons at the substrate surface to form oxidized silicates, such as

Si (OH)22+ and four electrons are injected fromeach silicon atominto the
conduction bang nFhersf g€, (kg overal | reactiop;yrust bal ance the ions and
the el ectrons. 5i mul t aneously, water is reduced t'o provide nore hydroxyl

i ons whi ch in 2Q€h atkObéniedOGD + KX Isitl OHat es f(drned in the second step.

This reaction pr S I e, siljcic acid, w hydr ogen gas as a

by- pr oduct . Us:?lngd#ﬁ(gl 'I%%H%E(é’f dt ?Jaln al one, unli kg NaOCl, would result in
etching of the silicon substrate rather than deposition of an oxide film
This reaction sequence is set forth below (CH3)4NOH(CH3)4N+ + OH(4) Si +

20H Si ( OHhZditd rTMEH(@1d other hydroxide solutions such as KOH and NaOH) exhibit strong
silicon etch rates. As an initial step, the TMAH is reduced to form hydroxyl ions. This is
followed by reaction of the hydroxyl ions with silicon atoms at the substrate surface to
form oxidized silicates, such as Si (OH)Z2+ and four electrons are injected from each
silicon atom into the conduction band. Therefore, the overall reaction must balance the
ions and the electrons. Simultaneously, water is reduced to provide more hydroxyl ions
which in turn are bonded to the silicates formed in the second step. This reaction
produces soluble silicic acid, with hydrogen gas as a by-product. Using the TMAH
solution alone, unlike NaOC], would result in etching of the silicon substrate rather than

deposition of an oxide film. This reaction sequence is set forth below.

(CH3)sNOH €= (CH:;4N* + OH )
Si + 20H € SOH)* + 4e (5)
Si(OH)>" + 4e + 4H,0 <> Si(OH)s > + 2H, (6)

(013) By combination of the above solutions, the deposition of an oxide can be
accomplished at low temperatures. In particular, By combining dilute TMAH (or another
hydroxide solution) having the capability to etch the silicon substrate, with NaOCl that is
capable of forming a oxide, and silicate that provides an additional source of silicon for
oxidation and deposition, in appropriate amounts, according to the present invention and
applying such mixture to a silicon substrate, simultaneous etching of the silicon substrate

and deposition of oxide can be accomplished at temperatures between 60°C and 90°C.



Si(OH) 22+ + 4e 4H20 <-4 Si(OH)6 2H2(6) (013) By conbination of the above
sol utions, the deposition of an oxide can be acconplished at | ow

t enper at we012m1arti cul ar, By conbi ning dilute TMAH ( @cTarsetikes1iRydr oxi de
solution) having the capability to etch the silicon substrate, with NaOCl
that is capable of formng a oxide, and silicate that provides an

addi tional source of silicon for oxidation and deposition, in appropriate
anounts, according to the present invention and applying such mxture to a
silicon substrate, sinultaneous etching of the silicon substrate and
deposition of oxide can be acconplished at tenperatures between 60C and
90C. The_oxide coatings produced according to the present invention have

the propelhs @%fesRtaBPTRHYSE AFGOENNg (9 toe Prracnd MvaRiqn fiaye fReg¥oRFE IXBHE | ngs f or
sol ar cel L%t prdhigiddth SERE 88 arli-reliBRivRth8lfhgs BsbRB cARN THE tAtknkiFdhdy changi ng
tenperature or chem cal exposure tinmes to obtain optinal coatings that have
| ow ref | ectidnemting can ki dliwstddi yrrthanging temperagire or ¢hentided exigisisetiynesfo devi ces
with these coati.n to captuyre the ropri.at e, s r ith

er eased uf el BRc - BrE Rl Hafs W BRRARELE e BT IR 1 00 i1t e
descr i bedability@f datiess wiet thede oshtidpsnetapnande dpprdphigtefsolat gatthgn edtnpl es.
Initially, a single cryztal fi (100) wafer may be textured using either
KOH+ PA, ~ rsieesedsiligency of ghesglanetlbns such as nitric acid nixed with
hydrof l uori c acid. The native oxide of the wafer is first renoved in a 4%
HF solution for several mnutes. The wafer is then exposed in accordance
with the (Mdkechie iregeaninventionavill bg desgribeshingreatgraetnl withxefesmge txthe a di ssol ved
Si or add BTGl ig..This. ' ' ] i de
o1 ca (PSP SoEaRS, Rl F SRUERAE ol O30} bive RafpeORNOGGl UGO8,
ref ract i oHOEH+dBR&, TMABPA dr aeid salotors shick bs nitr{ckb)d ixgd méthhydtvdiwsri¢ he

refl ectance, properties. of .p-type.silicon fer a.fungtion of exposure
at 75C t otdhoTROIE BRIRPK T St DL T 4 0 ST OB IR b descr i bed
above. AspGiiesDEhs @Qkor if Bbh 81080 absorddndd with@Rdirbdent BUMARE twht h as little
a five mnutes eéggfure, while even better results are achieved with

thirteen falwisned NeO@xPYdF end gxgradisselved Pign eddeddlicag sidygEhip gxResusyi | d-up i s
63 nm for_fi i : S en P HL8S BXROSHEe and 120
urn for tﬁ%‘?l%égrelglcgn&%ﬂ%t% efg&grg%(b)%lgcrae(?&y%%g%fhgs tefl%a@td;I vveare pﬁ](?)sp oar-di ffused
usi ng POOiIBingemendexedirefthction ologd ofiDg itehabopt £4&2nt i nventi on using the
solution m xture noted above, i.e. a solution of NaOCl, TMAH and extra

di ssolved Si or added silicic acid. The results are shown in figure 2. In

par ti cul agisMuib@ctiRBows e refpRtdnge sropatisd 6fai-typa sisit@vealeishe ademeishbfon rate,
the significant reduction jin reflectance was still achieved. The rate of
deposi t i oFPEsTH Iab’fﬁc’g t) H};S%hlgpn mixture according to the present imvention described

above. As can be seen, reflectance is significantly reduced with as little a five minutes
exposure, while even better results are achieved with thirteen minutes of exposure. In
simulations, the average oxide build-up is 63 nm for five minutes exposure, 93 nm for

eight minutes exposure and 120 nm for thirteen minutes exposure.

(016) Wafers that were phosphor-diffused using POCI; were treated according to the
present invention using the solution mixture noted above, i.e. a solution of NaOCl,
TMAH and extra dissolved Si or added silicic acid. The results are shown in figure 2. In
particular, while the high doping concentration slowed the deposition rate, the significant

reduction in reflectance was still achieved. The rate of deposition on highly phosphor



doped substrates was reduced by a factor of up to two conpared to
deposition rates on | ow boron doped (p-type) substrates. (17) In a simlar
manner mMMWOi20cypsd08l | i ne (nc-Si) silicon surfaces were PcediSed2asner di ng to
the present invention with a solution of NaOClL, TMAH and extra di ssolved S
or added silicic acid. Figure 3 conpares the refl ectance properties of the
nc-Si surface prior to treatnent and after exposure for ten mnutes at 80C
The refl ectance properties shown in Figure 3 are averaged over a few grains
orientation. However, it appears the val ue does not change appreciably with
the location on the wafer. These results suggest that the deposition rate

of oxide coating is weakly dependent on the crystal ographi.c orientation of
Si wafer E9sdsubpraten agfedheed h}iaﬁggt% YRdig dyo P?%Paf?ﬂk@ %Bgﬁlﬁl?fgraheétoﬁod of the

present i RMeRlrbi@Bopfedtp RpefRMsirfis.to me-Si as well a single crystal silicon
substrates. (18) The present invention of depositing silicon oxide
coatings by exposure to wet chem cal solutions, has several advantages of
the CVD F’ﬁﬂ?f]' ! 1SS hé}]'ngﬁ%ﬁhﬂ%%alpﬂe {nﬁ'ﬁe-sﬁlgltlfaénaﬁ% ced &er%fe%ﬂeéiu' ar, the
present ihvention can be Carried out at [ow tenperatures and provides
faster deprsiding thapresent innerdtibaivwithonsolitha of Na©&R EMARYewdi dxiradissdval si npl er

process apd requjres |ess_expensive equi nt and fewer .utility costs.

Mbr eover , E’t ?fé‘%_g?‘is%]é%‘f a‘f“irv@‘rgf‘ eoan"%%esglb“t I%H_g‘ﬁ%ﬂcf" SLOPSHIPS ﬁgg’ﬁ %%@I%%f’s eous
precur sur pehiapteent aHaQreLeSPolie 0fr tdhBinuds RO8G°0S THe @SR tankOM@Ptien are

| ower reffectance in the high enerqgy wavel ength band of natural |ight and

overal | r&wdadd Figughd areay pragedoiee a e sraingroaigriationy Bewess itapeears dist spect rum
0 re”ﬁrl thg% %@ggﬁ%ﬁgﬁﬁ%ﬁ%wﬁﬁ YL SNoh gﬁe%ﬁ%ﬂ %Es%rrleéﬁu@g?(%g&?‘geous In

solar c ere e deposition oxl de anti re tive
coat i ng bthawht defusition raty ofaxidbeoatiag is veshkiyuteptreleor an the crysfalogeasphmf t er cont act

print film.deposition..The so ions used j.n the present inyentino do not
D oni 11 calTiTAEE of ST eREPIORG: atistararent broelBied e B PEMe BRPSTPERE 1 s
resul ts i preb@it 9EntCANLABE apificdRemcldias Akll @kindle ikt @1Hcag hibsaies.t he dopped
silicon and therefore inproves the electrical properties of the solar cell.

(019) It will be understood that the enbodi nents descri bed herein are
merely exgip) arne R0t B8RS diobiiRg siliBort HEdAEJatifiEVLy BEEsufald il Ons and
nodi fi cations d%?ﬁou?l epérting&?f& Pﬁé)spirit énd gg%%embf t he present

i nvent i oncheadi¢al selutonsalds stvenrl adwanthgendi the €MD deposisipr tdchhiguasaded o the

i ncl uded wi.thin the.squﬁlof %h ention as. hed above. Fu&ther, al
re

. %or &rt Hggrgau e H)r?s ntem{ferlllYion czrn e carrtl %eosu?r low el%lPeratures an .
enbodi man? (IS} ol necessarrly in e alternative, as varil ous

enbodi menpsvidks faker depesitibn atesay adiBtie) Hai gederit dnvehidioh thea $iti@legl@iced resul t.
CLAI M5 What, is clained is: , .

and requires less expensive equipment and fewer utility costs. Moreover, the present

invention does not requires any hazardeous gaseous precursur chemicals. The results of

the using the present invention are lower reflectance in the high energy wavelength band

of natural light and overall reduced light reflectance when integrated across the light

spectrum of 400nm to 1000 nm. The present invention is particularly advantageous in

solar cell application, where the deposition of oxide anti reflective coating by wet

chemistry can be carried out before as well as after contact print film deposition. The

solutions used in the present inventino do not significantly etch either the aluminum or

gold used for contacts. This results in better contact between the Al or Al/Ag contacts

and the dopped silicon and therefore improves the electrical properties of the solar cell.



1. A nethod of depositing a silicon oxide filmconprising: exposing a
silicon wafer to a wet chem cal solution of sodi um hypochl ori de,

t et r amet hbDanteorieem hydr oxi de and a hydrated silicate tecrarseoa/obager of
hydride silica on the surface of the wafer; and dry heating to forma
silicon oxide film 2. The nmethod of claim wherein the hydrated silicate
is silicic acid. 3. The nethod of claim1 wherein the deposition is
acconpl i shed at tenperatures between 60C and 90C. 4. The nethod of claim1l
wherein in the wafer is a solar cell wafer and the silicon oxide filmis an
anti-reflective coating. 5. The nmethod of claim1 further conprising

2 U 0B, TS5 B SO S5 e SR 0 REL T
crystal Shnd h@neWRfiied in the art may make variations and modifications without departing

from the spirit and scope of the present invention. All such variations and modifications

are intended to be included within the scope of the invention as described above. Further,

all embodiments disclosed are not necessarily in the alternative, as various embodiments

of the invention may be combined to provide the desired result.



7. The nethod of claiml1 wherein the wafer is a multi-crystalline wafer.

8. The nmethod of claiml wherein the wafer is a phosphor doped wafer. 9.
The met hosoabixid4zdom 1 further conprising exposi ng the waCerusta2obea2net
chem cal solution contact print filmdeposition is perfornmed on the wafer.
WO 2012/ 141908PCT/ US2012/ 031122 10. A silicon oxide filmdeposited by the
met hod conpri si ng exposing a silicon wafer to a wet chem cal solution
of sodi um hypochl ori de, tetranmethyl anmoni um hydroxi de and a hydrat ed
silicate to forma layer of hydride silica on the surface of the wafer; and
dry heating to formthe silicon oxide film

CLAIMS

‘What is claimed is:

1. A method of depositing a silicon oxide film comprising:

exposing a silicon wafer to a wet chemical solution of sodium hypochloride,
tetramethylammonium hydroxide and a hydrated silicate to form a layer of hydride silica
on the surface of the wafer; and

dry heating to form a silicon oxide film.

2. The method of claim] wherein the hydrated silicate is silicic acid.

3. The method of claim 1 wherein the deposition is accomplished at temperatures
between 60°C and 90°C.

4. The method of claim 1 wherein in the wafer is a solar cell wafer and the silicon

oxide film is an anti-reflective coating.

5. The method of claim 1 further comprising adjusting the thickness of the silicon

oxide film by changing temperature or exposure time.

6. The method of claim I wherein the wafer is a single crystal Si (100) wafer.

7. The method of claim 1 wherein the wafer is a multi-crystalline wafer.

8. The method of claim 1 wherein the wafer is a phosphor doped wafer.

9. The method of claim 1 further comprising exposing the wafer to the wet chemical

solution contact print film deposition is performed on the wafer.



11. The silicon oxide filmof claimo wherein the hydrated silicate is
silicic acid. 12. The silicon oxide filmof claim10 wherein the wafer is
a sol ar cwbl20wafseeosand the silicon oxide filmis an antiPcrafSh@csme
coating. 13. The silicon oxide filmof claim 10 having a thickness of 63
nmto 120 nm 14. The silicon oxide filmof claim10 wherein the wafer is
a single crystal Si (100) wafer. 15. The silicon oxide filmof claim10
wherein the wafer is a multi-crystalline wafer. 16. The silicon oxide film
of claim 10 wherein the wafer is a phosphor doped wafer. 17. The silicon
oxide filmof claim 10 mherein the oxide filmis deposited after contact
print f|In1deposlt|on ' Bgrforne on the

A silicon ox1de film deposited by the metho\ﬁacomprlsmg

exposing a silicon wafer to a wet chemical solution of sodium hypochloride,
tetramethylammonium hydroxide and a hydrated silicate to form a layer of hydride silica
on the surface of the wafer; and

dry heating to form the silicon oxide film.
1.  The silicon oxide film of claimlo wherein the hydrated silicate is silicic acid.

12. The silicon oxide film of claim 10 wherein the wafer is a solar cell wafer and the

silicon oxide film is an anti-reflective coating.

13. The silicon oxide film of claim 10 having a thickness of 63 nm to 120 nm.

14. The silicon oxide film of claim 10 wherein the wafer is a single crystal Si (100)
wafer.

15. The silicon oxide film of claim 10 wherein the wafer is a multi-crystaliine wafer.
16. The silicon oxide film of claim 10 wherein the wafer is a phosphor doped wafer.

17.  The silicon oxide film of claim 10 wherein the oxide film is deposited after

contact print film deposition is performed on the wafer.



