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FOR
METHOD OF DOPING SILICON WITH PHOPHORUS AND GROWING OXIDE

ON SILICON IN THE PRESENCE OF STEAM

BACKGROUND OF THE INVENTION

The present invention is concerned generally with methods of doping a silicon wafer
with phosphorus and subsequently growing an oxide on the doped silicon wafer. More
particularly, the present invention is concerned with a method of doping a silicon wafer with
phosphorus using a solid dopant source and then growing an oxide layer on the surface of
the doped silicon wafer in pyrogenic steam or in a wet oxygen enﬁronment in the presence
of the solid phosphorus source to accomplish an ix situ oxidat_ion of the doped silicon
surface. As used herein, “in situ oxidation” means oxidation of the doped silicon in the
presence of the solid dopant sources.

Several conventional methods of doping silicon wafers exist. In one of these
methods, the silicon wafer is first doped at a high temperature, usually ranging from about
950 - 1156 °C, using phosphorus oxychloride (POCI3) or phosphine (PH3). The gaseous
POCI; or PH; is carried down the diffusion tube with nitrogen containing some oxygen.

This results in the deposition of phosphorus oxide on the silicon surface. The phosphorus



oxi di zing the doped silicon wafer with wet oxygen or pyrogenic steamat a
second tenperature |lower than the first tenperature. The silicon wafer is
mai ntai ned in spaced rel ationship to the solid phosphorus H8pft 28bur ce
during the oxidizing step. The tenperatures are selected such that the
sol i d phosphorus dopant source evolves Plerr](Jerr] at the first
tenperature and the second tenperature is suffi- ciently |lower than the
first tenperg;qﬁﬁmég decrease evolution of Plerr]O[err] fromthe solid
phosphorus d&ga urce during the oxidizing step. 2 gFPSEBSU#ERI WO

01/ 73828 PCTI US01109200 1 APPLI CATI ON FOR UNI TED STATES LETTERS PATENT FOR
METHOD OF DOPI NG SI LI CON W TH PHOPHORUS AND GROWN NG OXIDE ON SILICON IN
THE PRESENCE OF STEAM BACKGROUND OF THE | NVENTI ON The present invention is
concerned generally with nethods of doping a silicon wafer wth phosphorus
and subsequently growi ng an oxide on thé doped silicon wafer. Mre
particularly, the present invention is concerned with a nethod of doping a
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silicon in the presence of the soli opant sdéurc eve conventi onal
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concentration and the depth of the diffused phosphorus within the silicon wafer are

proportional to the time and temperature of the entire deposition process. The thickness of
the resulting oxide layer formed on the surface of the silicon wafer during the steam
oxidation step is proportional to the time and temperature in steam.,

There are a number of difficulties associated with the use of POCls and PH;. These

 include non-uniform doping of large diameter silicon wafers (because the dopant gas cannot
easily get between the silicon wafe;rs), gereration of particles in the diffusion tube that cause
silicon damage, toxicity and corrosivity of the gases, and other handling difficulties.

Solid dopant sources that evolve phosphorus pentoxide (P2Os) upon heating, such as
those described in United States Patent No. 3,998,668 to Florence ef al., were developed to
overcome some of the problems associated with gaseous dopants. The P;0; is deposited on
the silicon wafers during the deposition step. United States Patent Nos. 4,175,988, and
4,141,738 to Rapp, the contents of which are incorporated herein by reference, describe
exemplary solid dopant sources and methods of using the solid dopant sources to dope a

silicon wafer,



met hods, the silicon wafer is first doped at a high tenperature, usually
rangi ng from about 950 - 1150 C, using phosphorus oxychl %iﬂ§° 13) or
phosphi ne (PH3). The gaseous POCl3 or PH3 is carried do t fusi on
tube with nitrogen containing sone oxygen. This results in the deposition
of phosphorus oxide on the silicon surface. The phosphorus 2 8 S E P 2004
WO 01/73828 PCTItJS01/09200 2 oxide then reacts with the silicon surface
to formele tal @hosphorus, which in turn diffuses to a controlled depth
within the si @gﬁzﬁafer. | mredi ately following the dep8S§TUSYA9398 a steam
oxi dation of the doped silicon wafer, usually near the deposition
tenperature, for about 30 - 60 mnutes to grow the desired oxide.

Generally, the <concentration and the depth of the diffused phosphorus
within the silicon wafer are proportiogal to the tinme and tenperature of
the entire deposition process. The thickness of the resulting oxide |ayer
formed on the surface of the silicon wafer during the steam oxidation step
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diffusion tube and heated to the deposition temperature under nitrogen using a conventional

furnace ramping technique. The oxidation of the doped silicon wafers can be done in sity at
temperatures near 1050 °C because dry oxygen does not change the evolution rate of the
sources.

When silicon wafers are doped using solid dopant sources followed by oxidation
with dry oxygen, much more time is required to produce the desired oxide thickness because
oxygen oxidizes the silicon more slowly than stcam. This longer oxidation time at about
1050 °C also results in excessive diffusion of phosphorus into the silicon wafer. Unless the '
desired junction is very deep, the additional diffusion time results in too deep of a junction
and often destroys the device being made.

Another method of doping silicon using solid dopant sources involves doping the
silicon wafers at about 1050 °C, removing the silicon wafers from proximity to the solid
dopant sources, and oxidizing the silicon wafers with steam. After deposition, the silicon
watfers are removed from the boat (and proximity to the solid dopant sources) and re-

inserted into the diffusion furnace for the steam oxidation. The separate steam oxidation can



the silicon wafers during the deposition step. United States Patent Nos.
4,175,988, and 4,141,738 to Rapp, the contents of which aég gﬂggﬁporated
herein by reference, describe exenplary solid dopant sourtés™ and net hods
of using the solid dopant sources to dope a silicon wafer. 2 8 SEP 2004
WO 01/73828 PCTI1JSO1/ 09200 3 One nethod of doping silicon wafers using
solid dopant sources involves doping the silicon wafer at about 1050 C
followed by an in situ oxidation with dry oxygen at about the sane

tenper at ure. YUY AYBt he deposition step, the silicon waf FCIUEEWPaced with
their surfaces parallel and in close proximty to the surfaces of adjacent
solid dopant sources, e.g., in a solid dopant source boat. The solid
dopant sources and silicon wafers are inserted into a diffusion tube and
heated to the deposition tenperature un%er nitrogen using a conventi onal
furnace ranping techni que. The oxidation of the doped silicon wafers can be
done in situ at tenperatures near 1050 C because dry oxygen does not
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destroys the JeVice el ng
operator handhng. It also exposes the hygroscopic silicon surface containing P;0Oj5 to humid

room air, which can produce silicon surface damage.

The thickness of the qxide layer desired on a silicon wafer may vary with the
application from a few huudred angstroms (A) to 20,000 A or more. In most emitter
diffusions, the oxide thickness will be in the range of about 1500 - 6000 A and preferably in
the range of about 2000 - 5000 A. A typical emitter diffusion will require an oxide
thickness of about 4300 - 5000 A. Oxide layers of the preferred thickness for emitter
diffusions typically are grown at or near the deposition temperature, which typically is in the
range of about 950 - 150 °C. Acceptable sheet resistivities for emitter diffusions typically
are in the range of about 5.35 - 6.15 ohms/sq. but may be as high as about 15 chms/sq. and
as low as about 1 ochm/sq. For example, a deposition temperature and time of around 1025
°C for 60 minutes commonly is used for bipolar transistors to give sheet resistivities of
about 5 ohms/sq.

It is an object of the present invention to provide a method for doping a silicon wafer
using a solid phosphorus dopant source in which the doped wafer is oxidized while in close

proximity to the solid source in situ while maintaining the useful life of the source.



Anot her et hod of dopi ng silicon using solid dopant.sources involves doping
the silicon wafers at about 1050 C, renoving the silicon wafers from
proximty to the solid dopant sources, and oxidizing the 92 | i ggp falter s
with steam After deposition, the silicon wafers are rennvec? rom the boat
(and proximty to the solid dopant sources) and re- inserted into-the

di f fusion furnaeg diis;d he steam oxi dation. The separate st S oshthskad i on can -
2 8 SEP 2004 WO 01/73828 PCTN501/09200 4 be done at tenperatures simlar
to those in the first nmethod described above to grow the desired oxide. .:
The solid. dopant sources nmust be isolated fromthe silicon wafers during

st eam oxi dati on because noisture at high tenperatures causes P20s to evol ve
rapidly from the source. This nethod yielgs satisfactory results but is
ti me consum ng and requires nmuch operator handling. It also exposes the
hygroscopi ¢ silicon surface containing P205 to humd roomair, which can
produce silicon sur idseftbrRbict of i phddint kRaHidn & prévid (B fhrab@inidgesi red on
a silicon wafer may vary with the application froma few hundred angstrons
(A) ‘to 20,000 Asaﬁsfamyeﬁdmicmnaﬂ%ﬁhgﬁospmfdéﬁé&nﬁm%&&io%rt'hi ckness
will be in the range of about 1500 - 6000 A and preferably in the range of
about 2000. 5000tefperétuic)iRin@ohveBiinbl oXidaflérl hafidds Hrithduk bxcb &ty I6hg JRARIh ¥hues; -
“thickness of about 4300 - 5000 A. Oxide |ayers of the préferred thickness
ifor—emtter di bddjmiteaisdy ¥ metasd foy oiMingsP0MeAye PSS alf adsintd \ic y'sbie@idn
.tenperature, which typically is in the range of about 950 - 150 C -~ -

. Accept abl e sheebfthesppsdptite wetskidation @ dtiiRNowkirkdnypeiagils typically are in the
‘range of about 5.35 - 6.15 ohns/sq. but nmay be as high as about 15 ohns/sq.
“and : Li is another object of the invention to provide 2 method for oxidizing a phosphorus-

doped silicon wafer that maintains the diffusion of phosphorus into the silicon at a depth
comparable to that observed when using doping method;s such as POCI3 or PH; that use
conventional wet oxidation methods at elevated témperatm. |

It is yet another object of the invention to provide a method for doping and oxidizing
a silicon wafer that reduces handling of the silicon wafers and exposure of the silicon wafers _
to humid room air compared to conventional wet oxidation methods usmg solid dopant
sources, |

These and other objects of the present invention will be apparent from the

' specification that follows, the appended claims, .and the drawings.

SUMMARY OF THE INVENTION

The present invention can overcome the problems associated with conventional solid
source doping methods. It can allow doping of silicon wafers with a solid phosphorus dopant
source followed by a steam oxidation of the doped silicon wafers without first removing the

wafers from the diffusion farnace and without drastically decreasing the life of the solid



as |l ow as about | ohnisg. For exanple, a deposition tenperature and tine of
around 1025 C for 60 m nutes commonly is used for bipolar.tra§€§%qus to
gi ve sheet resistivities of about 5 ohns/sq. It is an obj cB t ‘
present invention to provide a nethod for doping a silicon wafer using a
sol i d phosphorus dopant source in which the doped wafer is oxidized while
in close proxi woysest he solid source in situ-while maintpemigogostdoe
-useful life of the source. i .2 g SEP 2004 WO 01373828 PCUt TS01109200 5 It
‘is a further object of .the present invention to provide a nethod for
obtaining a . satisfactory oxide thickness |ayer on a phosphorus-doped
.Silicon wafer at a | ower teraperature than conventional oxidation nethods
Wi thout excessively long oxidation tinmes, €@nd particularly a nethod for
‘obtaining an oxide | ayer of any desired thickness by selection . of the
appropri at @opuat sowk¢edati on tine at the lower tnperature. It is another
object of the invention to provide a nethod for oxidizing a phosphorus-
doped silicon wafer that naintains the diffusion of phosphorus into the

silicon at a dentiyy GOIRAFA frelfh bBkioRRISS jdh A0RLOG, JeLhiods
such as POC 3 or PH3 that use&egonve%h 0 acf(?“a\//'&\"/gt(g ﬁlcl)\g?o a%&?%o gWe? ﬁh&‘g‘ ‘X?iler’
el evat ed t eAmpEisig fheseps| of plcipen silivon Ivefer dibjspretd ofatibhehipn tove sdlidoshotphofus ovi de
a met hod f @dpagRihidg el é@@ﬁ&&gg) TR fer that,reduces handling
of the silicon wafers ang posur erao&et e c%‘l%ﬁo\(/:g% PSAPET honflsdcoﬁﬁwalﬁ%eﬁl air
conpar ed t 8 Esrieaneios ke waten ovidizihgttheodoped siticaiswafed byga et oxldatiop athod at 2
second temperature lower than the first temperature, and maintaining the silicon wafer in spaced
relationship with the solid phosphorus dopant source during the oxidizing stép. The first and
second temperatures may be selected such that the solid phosphorus dopant source may evolve
POs at the first temperature and the second temperature may be sufficiently Iower than the first
temperature to decrease evolution of P,0s from the solid phosphorus dopant source during the
oxidizing step. The second temperature may be selected to be less than or equal to about 900°C
and particularly in the range of about 600 to 900°C.

The step of maintaining the silicon wafer in spaced relationship to the solid phosphorus
dopant source may include placing the silicon wafer in close proximity and substantially parailel
to the solid phosphorus dopant source, with the silicon wafer being maintained in this position
during the oxidizing step. The temperatures may be selected such that the solid phosphoms

dopant source may evolve P,Qs at the first temperature and the second temperature may be

sufficiently lower than the first temperature to



-sourcés., These and ot her objects of the present invention will be apparent
fromthe specification that follows, the appended clains, -and the -
drawi ngs. SUMVARY OF THE | NVENTI ON The present invention Zaﬁl SR rdfbe the
probl-ens associated with conventional solid source doping nmethods. It can
al | ow doping of silicon wafers with a solid phosphorus dopant source
followed by a steam oxidation of the doped silicon wafers w thout first
removi ng the wWHPAFE8Brom the di ffusion furnace and wit hourcrwsaswiwal 'y
decreasing the life of the solid .2 g SEP- 2004 . WD 01173828
PCT{US01109200 6 dopant sources. A first aspect of the present invention
provi des a nethod of doping a silicon Wafer, conprising the steps of.
placing a silicon wafer in spaced relationship to a solid phosphorus
dopant source at a first tenperature for a tine sufficient to deposit a
phosphor §écreasaewlutionyf PQy/ferm the solidiphosphiorhadapantisotredunag eic oxidiidiskpng t he

doped si kine QoBES erm{re% 2‘% fe?&keg% b th%er%r{]gg%ﬁ%?at 600 do éeg(ﬁn tenperature

| ower than the fir ure con wafer in
spaced rel ationshi p W|th the solid phosphorus dopant source during the

oxi di zi ng ste on e ures may be sel ected such
that the soli ospig]?fﬁér glg;rlﬁd%%c ggé’?% E”éﬁ/‘?) dﬁ%ﬁ@"%‘?"d’[ﬁ?&‘ first
t enper at @Pi@lzam wilieve exypad atdanjietiat wlepwrwgysmb etesitifif wbich Bkiidtioh QM@ Iwet han the
first QRRRh 1 eval 05 fr mthe soI i d phosphorus
dopant sour ce%g‘z rrﬁﬂﬁigoﬁgﬂoom °’?’gﬁ’§;g‘§{bgg th“f'fgg QEgHT b PSF’ray be
sel ect ed ™3y igsdude digsstep lefseleotingsopobid ddpantabarod thXQ@decompose at high tempcratures

the solid dopant source may be selected from an aluminum metaphosphate (A1{PO;);) dopant

source, a rare earth metaphosphate (Ln(PO;);, where “Ln” may refer to a rare earth element)

dopant soﬁrce, and a rare earth pentaphosphate (LnP50;4) dopant source.

A second aspect of the present invention provides a method of doping a silicon wafer,
comprising the steps of: maintaining a silicon wafer and a phosphorus solid dopant source for
vapor phase deposition of P,O; in vapor phase communication at a temperature and for a time
sufficient to form a layer of n-type conductivity on the surface of the silicon wafer; and oxidizing
the doped silicon wafer with an oxidizing agent selected from wet oxygen and pyrogenic steam at
a second temperature for a time sufficient to form on the surface of the silicon wafer an oxide
layer having a predetermined thickness, the second temperature being sufficiently lower than the
first temperature to decrease the evolution rate of P05 from the solid dopant source while the
silicon wafer is maintained in vapor phase communication with the solid dopant source during the
oxidation step. The second temperature may be selected to be in the range of about 600 to 900°C.

For example, the oxidation step may be carried out at about 775°C



and partiscularly in the range of about 600 to 900C. The step of maintaining
the silicon wafer in spaced relationship to the solid phosphorus dopant
source may include placing the silicon wafer in close proxi and
substantially parallel to the solid phosphorus dopant so&r&:eﬁl:yﬂmzm}’l t he
silicon wafer being maintained in this position during the oxidizing step.
The-tenperaturesw5§§3§§,selected such that the solid- phosphorus_ dopant .
source may evol ve at the first tenperature and the secd Yature
may be sufficiently lower than the first tenperature to 28SEP2004 Wo

01/ 73828 PCT1US01109200 7 decrease evol uti onof P205 fromthe solid
~phosphorus dopant source during the oxidizigig step. The second tenperature
may be sel ected to be in the range of about 600 to 900C. The nethod further
may inclug ep of selecting a wet oxidation nmethod from oxidization
with wet %Pﬁj‘ Bf%&fOH&PPHWSWf%Cﬁ obe sitjeat veafes me axifle layeriavioga ickekss ofon wi t h

wet  oxygeBowrdy0i ACTHd e tHoN nfgtidAfle Yelsh oni zed
wat er. The,net hod al so n%é??nc ueee g%ﬁ%g%ﬂggHQﬁ+8 ?#ﬁ%&ggggﬂ?% dopant

source t hA{Urann gt ATy, Seykce; eyttt metaphosphateadopait selratopdnirars our ce

may be seleeﬁﬁpﬁtﬁﬁ@ph@gu ophttFhieen et aphosphate (A (PGB)3) dopant source, a
rare earth netaphosphate (Ln(PG3)3, where "Ln" may refer to a rare earth
el enent) dopant source, and a rare earth pentaphosphate (LnP5014) dopant

source. A SECOWthﬁﬂﬁﬁﬁ&to@ﬁwb%erﬁﬁﬁx?%B o@}a%@un omPSfch\Shﬂgﬁ sificdil42qd Of

doping a silicqon wafer, r|5|n$ steps o Irning a Silicon
waf er and camaﬂ%%%ftags °§6‘F§1’Halﬂ7é?§aﬁ IC%err@nd éﬁOIId\PéwhorphmntGetpmnt i on of

- P205 in vapee pRiRGs f60APMpheR dbRRitieh ofP,bE IR Alettfre et PhmBaleh &t to
form a layer of n-type conductivity on the surface of the silicon water, oxidizing the doped silicon
wafer with an oxidizing agent selected from wet oxygen and pyrogenic steam at a second
temperature lower than the first temperature, and maintaining the silicon wafer in close proximity
to the solid phosphorus dopant source during the oxidizing step. The second temperature, which
may be selected to be sufficiently lower than the first temperature to substantially decrease the

evolutionof P,0s from the solid dopant source during the oxidizing step, may be in the range of
about 600 to 900°C. |

The oxidizing step may be catried out at the second temperature for a time sufficient to
form on the surface of the silicon wafer an oxide layer of a predetermined thickness, such as a
thickness of about 4000 A. The method also may include the step of selecting a solid dopant
source that can decompose at a high temperature, the dopant source may be selected from an

aluminum metaphosphate dopant source, a rare earth metaphosphate dopant source, and a rare

earth pentaphosphate dopant source.



sufficient to forma |ayer of n-type conductivity on the surface of the
silicon wafer; and oxidizing the doped silicon wafer with an oxi-dizing .
agent selected fromwet oxygen and pyrogenic steamat a secglaéj tenpﬁé}be:ture
for atime sufficient to formon the surface of the silicon eyEP i de
1l ayer having a predeterm ned thickness, the second tenperature being
sufficiently lower than the first tenperature to decrease the evolution
rate of. P205 frogollmssol i d dopant..source while the silicopcpadofisdes S
mai nt.ai ned i n vapor phase conmunication with the solid dopant source during
“the _oxidation step. The second tenperature may .be selected to be in the
range of about 600 to 900C. For exanple, the oxidation step may be carried
out at about 775C 2 8 SEP 2004 WD 01173828 PCTI USOL/ 09200 8 for about 3
-hours to formon the surface of the siligon wafer an oxide |ayer having a
“thickness of about 4000 A. The method may i ncl ude the step of selecti ng a
solid dopant sour ) - . osph ource, a rar
earth net aphosphai??ﬁa&g{f}ttgﬂge%%%{eﬂl and@rﬁggees “é"'g*% <§v 58P KAk dopant
source. A PWPPW%@E@&PS@?Pbﬁeg @Elbmmaftrmvmatadcdaqanﬂup tibeesoad presfoeisof dopi ng
‘a silicon wafer sin the steps of: maintaining a silicon wafer and
a solid phgg ?‘tﬁ‘é"e&g%éﬁtfe@ frg foryg tm%ﬂ syifisient toLenosit § Phasphoyussentaiping daver

deposi ti on oaftheRa@ieak td ﬂa%ﬂﬁﬁfd&ﬁdﬁtﬁedﬂ@éd&ﬁéon@va&“érﬁ?a% ddatiGthethdy athorm a
| ayer of ngwoﬁg conductivity on the surface of the silicon wafer, oxidizing

t he doped fsippergirelpwey than tafisbdrapesating, and awintainingshe aliconafer iepacsdy gen

and pyr ogenelatiduklan o thé sofid Ed‘sﬁlﬂﬁlusdo 4T SduddcWifingd BYEFidibila Red. fe tfe Sthtures
tenperature, and mlnt&@gﬁ §S|I|con waf er in close prOX|mty to the

solid phos P SeIErs phosphyrusepagksogics panevelve B:Os Fhike fisk on d

t enper at ur @empdidte®d and the second temperature may be sufficiently lower than the first temperature to
decrease evolution of P,Os from the solid phosphorus dopant source during the oxidizing step.
The second temperature may be selected to be less than or equal to about 900°C and particularly
in the range of about 600 to 900°C.

The above-described method may include one or more of the steps of maintaining the
silicon wafer in close proximity and substantially parallel to the solid phosphorus dopant source
during the oxidizing step and selecting a wet oxidation method from oxidation with wet oxygen
and oxidation with pyrogenic steam. The temperatures may be selected such that the solid
phosphorus dopant source can evolve P,0; at the first temperature and the second temperature
may be sufficiently lower than the first temperature to decrease evolution of P,0s from the solid
phosphorus dopant source during the oxidizing step. The second temperature may be selected to

be in the range of about 600 to 900°C. The method further may include



may be selected to be sufficiently lower than the first tenperature to
substantially decrease the evolutionof PZC6 fromthe solid dopant source
during the oxidizing step, may be in the range of abou? EO§E OZUE’POC' The
oxi dizing step may be carried out at the second tenperatu tinme
sufficient Woofmm on the surface of the silicon wafery ﬁb"’ | ayer of a
predeterm ned thickness, such as a thickness of about 4 he met hod -
al so may include the step of selecting a solid dopant source that can
deconpose at a high tenperature, the depant source may be selected from an
al um num nmet.aphosphat e dopant source, a rare earth nmetaphosphate dopant
source, and a rare earth pentaphosphatte dopant source. 2 8 SEP 2004 wo
01173828 PCr1Qs0l | 200 9 A fourth aspect of the present invention provides
a met hod of doping a silicon wafer conprising the steps of: placing a

silicon maﬂléﬁtepﬂfssbmasolﬁi@pammeﬂ&b@ﬁmﬁaﬂalﬁﬁinhﬂﬂ&@ REPR Sopard SRAGL sour ce

at a first tenperature for a time sufficient to deposit a

phosphorusa@mﬁaéhmehghdmdopﬂmsmh&,wiza&%aﬁpchﬁﬁ; SRR do éo%feél ng the
doped silicon wafer by a wet oxidation method at ‘a ‘second tenperature

| ower than the first tenperature, and maintaining the silicon wafer in

spaced rel ati cofifth gspba of he pednt G @h@ﬁ QfdS. £OR e
oxi di zi ng Sﬁ}% g he tpeng_‘era%)uréls Y Elg’ sel ect eﬂtﬁﬁ%ﬁg}%é%{){’
S

phosphor u RSt o st ‘F’Q@S‘n&% densd sfipenswafenap asepetatre and t he
second t enpficiRhto @mvmyndu@ dedrédst te BT ewolhﬁmﬁatefohéﬁbﬁdfbﬁo%h&ﬁé d@ms&% ure to

i decrease evol ut |d(én of P205 fromthe solid lghosp or us pant source during
| the oxi di ZTWHHEILP YaPor Rse eRvypicelmwityihg pilicopavase dudngtbe wet exidities $tess t han
L or equal tThe abm:didﬂﬂ@ﬁrr@ﬂdtu&aﬁiy BelbBéttd/to be less than or equal to about 900°C and

particularly in the range of about 600 to 900°C. The wet oxidizing step may involve exposing the

doped silicon wafer to an oxidizing agent selected from wet oxygen and pyrogenic steam.

The method may include the step of selecting a temperature and time for the wet
) oxldizmg stcp sufficient to form on the sm'face of the doped silicon wafer an oxlde la:ycr
. ha:vmg a predetennmed thickness. The wet omdxzmg temperature may be sclected tobein
the range of about 600 to 900 °C. For exanple, the wet oxidizing step may be carried out at
about 775 °C for about 3 hours. The method also may include the step of forming a doped
silicon wafer by heating a silicon wafer in vapor phase communication with a solid dopant
source. The solid dppant source may be selected from an aluminum metaphosphate dopant

-

source, a rare earth metaphosphate dopaut source, and a rare earth pentaphosphate dopant

source



in the range of about 600 to 900C. The above-descri bed nethod may i ncl ude
one or nore of the steps of nmaintaining the silicon wafer in close
proximty and substantially parallel to the solid phosphé)ra Pd%?nt source
during the oxidizing step and selecting a wet oxidation net om
oxidation with wet oxygen and oxidation with pyrogenic steam The
tenperatures may be sel ected such that the solid phosphorus dopant source
can evolve P205 at the first tenperature and the second tenperature nay be
sufficiently |lower than the first tenperature to decrease evol ution of P205
from the sol MP"B#Bphor us dopant source during the oxi dFSFHYIE2Y. The
second tenperature nay be selected to be in the range of about 600 to
900C. The nethod further may include WO 01173828 10 2 8 SEP 2004
PCTI USO / 09200 the step of selecting a solid dopant source from an al um num
nmet aphosphat e dopant source, a rare Zfrth met aphosphat e dopant source, and
a rare earth pentaphosphat e dopant sdfhce. Afifth aspect of the present

i nvention provides a nmethod of growi ng an oxide layer on a silicon wafer,

conprising the,steps_.of. t oxjdizing a.doped silicaq fer at a
t enperat ure 3%*@?@#% %ﬁ@%ﬁ%@ﬁhW@@W@%@Wﬂ@%ﬁ%%@ﬂ%ﬂonrme
of a soli ??n%#ﬁ horus dopant source maintained in vapor phase

WH%e silicon wafer during the wet oxidizing step. The

conmuni ca

wet oxidizing tenperature nmay be selected to be | ess than or equal to about
900C and particul arl yBk t JarTalel] ) 00C. The wet oxi dizing
step may invol ve exposti doped st 1 , an oxi di zi ng agent

sel ected f romf\i\g}m P é%%?a%h?ﬁ‘o%?g\’gﬁa% Eﬂiﬁﬁcﬁﬁe%éa‘rrrsl time in steam for seiected wet

oxidation temperatures.

Figure 2A is a graph showing the uniformity of the glass film thickness on a silicon
wafer vs. time in steam at various wet oxidation temperatures.

Figure 2B is a detail view of the graph of Figure 2A showing the uniformity of the
glass film thickness on a silicon wafer vs, time in steam at various wet oxidation
temperatures for uniformities from zero to 10 percent.

Figure 3 is a graph showing sheet resistivities vs. tine in steam for selected wet
oxidation temperatures.

Figure 4 is a graph showing the average cumulative perceﬁt weight loss vs. time of a
PhosPlus® TP-470 dopaut source exposed to steam at various temperatures.

Figure 5 is a graph showing the weight loss rate of P,0s from a PhosPlus® TP-470

dopant source in wet oxygen vs. temperature.

SUBSTITUTE SHEET (RULE 26)



The nethod may include the step of selects a tenperature and tine for the
wet oxidizing step sufficient to formon the surface of hpgﬁg%ﬁ@d silicon
waf er an oxide |ayer having a predeterm ned thickness. xi di zi ng
tenperature may be selected to be in the range of about 600 to 900 C. For
exanple, the wet oxidizing step may be carried out at about 775 C for
about 3 hours. The nethod al so may include the step of form ng a doped
silicon wafer by heating a silicon wafer in vapor phase communication wth
a solid dopaMO01E¥AE ce. The solid dopant source nay be s&CEFEMHBZPom an

al um num et aphosphat e dopant source, a rare earth netaphosphate dopant
source, and a rare earth pentaphosphate dopant source 2 8 SEP 2004 WO

01/ 73828 PCT/ USOL/ 09200 1111 These and further objects of the invention
wi |l becone apparent fromthe follow ng detail ed description. BRIEF
DESCRI PTI ON OF THE DRAW NGS Fi gure 111/2 a graph showing glass film
thickness vs. tinme in steamfor selected wet oxidation tenperatures.
Figure 2Ais a graph show ng the unlfornlty of the glass f|In1th|ckness on
a silicon waf E BPHO HEPREBERREBEMBOBIMENT (S nper at ur es.
Figure 2B is a detall view of the graph of Figure 2A shomnng the uniformty
of the gl ass Thelpmsediinyretionprayidesa methpdefislopiag siticapswaless inpolving st eam at

various wet oxidation tenperatures for uniformties fromzero to 10
per cent  subsequent wet oxidation or pyrogenic steam oxidation of the silicon wafers in sitw. The

method allows the silicon wafers to remain in close proximity (e.g., in vapor phase
communication with the solid dopant sources within the diffusion tube) during the oxidizing

step without quickly depleting the useful life of the solid phosphorus dopant source.

SUBSTITUTE SHEET (RULE 26)



Figure 3 is a graph showi ng sheet resistivities vs. tine in steamfor
sel ected wet oxidation tenperatures. Figure 4 is a graph,ghow t he
average cunul ative percent weight loss vs. tine of a Phogalgey(:}guTP-MO
dopant source exposed to steam at various tenperatures. Figure 5 is a graph
showi ng the weight |loss rate of P205 froma PhosPlus(r) TP-470 dopant
source in wet oxygen vs. tenperature. SUBSTI TUTE SHEET (RULE 26) 2 8 SEP
2104 WD 01173828 PCTI US01109200 1112 DETAI LED DESCRI PTI ON OF THE
PREFERRED EVPODILVERST The present invention provides a meCHushuoszodopi ng
silicon wafers involving a subsequent wet oxidation or pyrogenic steam
oxidation of the silicon wafers in situ. The nethod allows the silicon
wafers to remain in close proximty (e.g., in vapor phase conmunication
with the solid dopant sources within the diffusion tube) during the
oxidizing step wthout quickly depleti¥¥g the useful life of the solid
phosphorus dopant source. SUBSTI TUTE SHEET (RULE 26) 2 8 SEP 2004 WO
01173828 PcTius01109200 12 The nethod requires that the dopi ng and

oxi di zi ng st eps & mRehodreqyires fhat thedloping and qxidizing stops e earded Ayt uledi t i ons. The

doping step.is carried out _at a high tenperature, i.
ping pdifferent processing conditions. 'Iheg ing Step ; i

oping step is carried out at a Elgh temperature, i.e.,
about 1050 °C in dry nitrogen with possibly a small amount of oxygen. The steam or wet
oxidation is carried out at a lower temperature, i.e., about 775 °C. Under these conditions,
the P,0Os evolution rate from the solid dopant source is reduced significantly compared to the
evolution rate expected in wet oxidation or pyrogenic steam oxidation at the higher doping
temperature. Careful selection of the oxidation temperature resulés in a P,Os evolution rate
at the low temperature that approaches the P,0Os evolution rate at the higher doping
temperature in nitrogen. The silicon wafer therefore may be oxidized by the wet oxygen or
pjrrogenic steam, in the presence of the solid dopant source, without rapid depletion the
phosphorus in the solid dopant source. The present method also reduces processing time
and operator handling by eliminating the steps of ramping the furnace down to the insertion
temperature, removing the doped silicon wafers from the diffusion boat, and ramping the
temperature back up to the oxidation temperature,

In the method of the present invention, silicon wafers typically are placed adjacent
and substantially parallel to a solid phosphorus dopant source in a diffusion boat. Diffusion
boats of various designs may be used, altilough a four-rail quartz boat with standard paddles
and cantilever systems, compatible with antomatic transfer systems, generally is preferred.

The spacing between the silicon surface and the source surface preferably is constant and in

the range of about 0.06 - 0.10 inch. The slots for the sources preferably are about 0.01 inch



about 1050 Cin dry nitrogen with possibly a small anount of oxygen. The
steamor wet oxidation is carried out at a |ower tenperature, i.e., about
775 T. Under these conditions, the P2C5 evolution rate fx®&mEPhadsol i d
dopant source is reduced significantly conpared to the evolution rate
expected in wet oxidation or pyrogenic steam oxidation at the higher doping
tenperature. Careful selection of the oxidation tenperature -results in a
P26 evolution rate at the |ow tenperature that approaches the P2Cb

evol uti on r a Wf3%8%he hi gher doping tenperature in nitr8gEHSIIIE silicon
waf er therefore may be oxidized by the wet oxygen or pyrogenic steam in
the presence of the solid dopant source, without rapid depletion the
phosphorus in the solid dopant source. The present nethod al so reduces
processing time and operator handling Ry elimnating the steps of ranping
the furnace down to the insertion te rature, renoving the doped silicon
wafers fromthe diffusion boat, and ranping the tenperature backup to the

oxi dation tenperatyre. .ln the method, of e esent inyentiop, silicon

waf ers typi E’é?ef@'a%#‘? ey llﬂSﬁﬁﬁ?ﬁﬁ°ﬂﬁﬁn§?§§t’ﬁﬁleitbﬁgl“9&ﬁ%£¢el to a solid
phosphorus dopant source. ip a.diffusion boat. D ffusion boats of various
desi gns nay“Ha™ ‘%?HQFF%QEBHI thﬁﬁmﬁg?l quartz boat with standard paddl es

qener al y is probepBpontet B sm e St R et o RO BOPPRce. and t he
Soun e U GRSt SRR RSP R BB 0% | o
2000 0, TR ATR R S, o 4P ol
obtained when at least three dopant sources are used per boat, typical semiconductor
production may use 5G to 100 or more sources.
Preferably, a conventional furnace ramping technique is used for the doping or
deposition cycle. This involves slowly inserting the boat containing the wafers and dopant
sources into the diffusion tube at a temperature below about 800 °C and at least 100 °C less
than the deposition temperature. Preferably, the insertion rate is not more than 4 inches per
minute for 100 mm diameter sources. Slower insertion rates are preferred for larger
diameter sources due to the greater mass of material involved.
After the furnace and boat have reached thermal equilibrium the furnace is ramped
up to the deposition temperature. The deposition temperature preferably is in the range of
about 950 -1150 °C, most preferably about 1025 °C, although this may vary with the
application. The deposition step typically is carried out under nitrogen and/or argon,
although small amounts of oxygen may be used at deposition temperatures greater than

about 1000 °C. The preferred oxygen concentration is less than about 1%, although up to

about 5% oxygen may be used at deposition temperatures above about 1100 °C.



expansion of at least 0.01 per inch of diameter. The solid dopant source
may be sel ected from dopant sources nade froman al um num netaphosphate, a
rare earth netaphosphate, a rare earth pentaphosphate (i{@ﬂ iaﬂ‘LaZrPS),
or anot her suitable dopant conposition. Although superior® résul are
obt ai ned when at | east three dopant sources are used per boat, typical

sem conduct or production may use 50 to 100 or nore sources. Preferably, a
conventional furnace ranping technique is used for the doping or

deposition ct®/738hi s i nvolves slowy inserting the boarctosmiasze ng t he
waf ers and dopant sources into the diffusion tube at a tenperature bel ow
about 800 C and at least 100 Cless than the deposition tenperature.
Preferably, the insertion rate is not nore than 4 inches per mnute for
100 mm di anmeter sources. Slower insertion rates are preferred for |arger

di ameter sources due to the greater mas$*of material involved. After the
furnace and boat have reached thermal equilibriumthe furnace is ranped up
to the deposition tenperature, The deposition tenperature preferably is in
the range of abdht&a5Egwrale dyring depasition denendspimiagilyapenthe diffasiomequigmentugh
this may vary with the application. The deposition step typically is
carried out %Wd’élt“ iS’cZFB‘Ej’e"ﬁ‘R S‘ED-aT@(ﬂ??”at&IfﬁqﬁEﬂib’ﬁﬁéﬁh!gEGMFRmﬂ@ﬂ oxygen
may be used at deposition tenperatures greater than about 1000 C. The

preferred oXYYRar aombaristesrngflopa thedifusiqnipbes Flavt ratesanging femghowig to  about

5% oxygen y be.,used at osj tion tenperatures above about 1100 C. 2 8
SEP 2004 ﬁ%‘?}s%‘rfﬁ%ﬁ}fﬁ@%"e e used successRlly i 133 mm diamefer

diffusion tube, with a flow rate of about 3 - 7 liters/minutes being preferred.

The doping step is carried out at the deposition temperature for a time sufficient to
deposit a phosphorus-containing layer on the wafer surface that will diffuse to a desired
depth within the wafer within a reasonable time. The deposition time may vary with the
deposition temperature and other factors well known in the art. For example, the deposition
time for doping a silicon wafer with an aluminum metaphosphate solid dopant source at
about 1050 °C may be about 30 - 60 minutes to obtain a sheet resistivity of about 4 - 5
ohms/sq.

The furnace temperature gradually is reduced to cool the silicon wafers and sources
in preparation for the steam oxidation and the oxidizing agent is introduced into the fumace.
The oxidizing agent may be selected from pyrogenic steam (i.e., steam resulting from the
combustion of hydrogen with oxygen) and wet oxygen {e.g., oxygen bubbled through
deionized water maintained at about 95 °C). The oxidation of the doped silicon wafer with
wet oxygen or pyrogenic steam is referred to as “wet oxidation.” “Wet oxygen” includes
oxygen bubbled through deionized water maintained at a suitable temperature, e.g., about 95

°C, or prepared by any other suitable method.



The gas flow rate during deposition depends primarily upon the diffusion
equi prent, such as tube size and end cap design. The flom/rate nmust at

| east be high enough to prevent roomair fron1backstrea o?ﬁ t he
di ffusion tube. Flow rates rangi ng from about 2 Ilters/nlnute 0 about 15
liters/mnute have been used successfully in a 135 nmdianeter diffusion
tube, with a flowrate of about 3 - 7 liters/mnutes being preferred. The
doping step is carried out at the deposition tenperature for a tine
sufficient t¥O00WEWxit a phosphorus-containing | ayer on PEEUSPEA surf ace
that will diffuse to a desired depth within the wafer within a reasonabl e
tinme. The deposition time may vary with the deposition tenperature and

ot her factors well known in the art. For exanple, the deposition tinme for
doping a silicon wafer with an alun1nu5$netaphosphate sol id dopant source
at about 1050 C may be about 30 - nutes to obtain a sheet resistivity
of about 4 - ohns/sqg. The furnace tenperature gradually is reduced to

and the oxi E?ﬁ&“’ﬁév%ﬁ?m?é‘ud A ted 1 AR R e HE LT B8Ry, o 71 ng
combust T on SO %?t%lﬁ&#téﬁ"ﬁﬁ%&%@%ﬂ 33ep %&%@ﬁe?x@? rugE” JseRPubD] ed
t hr ough delqg'ze v nalnt abput, 95 The ation of the
doped silicBh %@?g?' Ft a3 RASSIPG ?ﬁgﬁ ‘E@? Fé§§¥’ fed to as
e OnL 2 s OB B PN R ss??ﬁeg i gl 2o
by any oth €h s’l?egﬁl:[ tﬁg Jngrqupuh? gje sgu§'§e I%%gnq.‘f{s deMQetQ ll{"hz%%.lc? phlgs%-g‘gr%ss gg'p]ég p200
source may remain in the diffusion tube in close proximity fo the silicon wafer during the
oxidation step because the second temperature is sufficiently lower than the fitst temperature
to decrease the P,Os evolution rate to an acceptable level.
Silicon wafers doped with a PhosPlus® TP-470 dopant source at 1050 °C for 45
minutes may be oxidized in wet oxygen at 775 °C for about 1 - 3 hours at a flow rate of at
least about 1 liter/min. It is believed that somewhat higher flow rates will result in more
uniform oxidation of the silicon wafers from top to bottom. When the oxidation is
completed, the flow of oxidizing agent into the furnace is discontinued, the furnace
temperature gradually is reduced to a temperature in the range of the insertion temperature,
and the boat is slowly pulled from the furnace. The oxidation may be carried out ata
temperature and for a time sufficient to form on the surface of the silicon wafer an oxide
layer having a desired thickness, such as 2000 A or 4000 A.
The lower oxidation temperature of the present method also means that the

additional diffusion of phosphorus into the silicon is very small compared to the diffusion at

or near the high doping temperature of conventional (dry oxygen) oxidation methods at



15 The doped silicon wafer is oxidized at a second tenperature |ower than
the deposition tenperature. The wet oxidation tenperature should be high
enough to keep the oxidation time as short as possible add BB #BHough to
keep P205 from evolving fromthe phosphorus source at too high of a rate.
The nore rapidly the P205 evolves fromthe source in steam the nore
rapidly the source becones depleted. The solid phosphorus dopant source
may remain in the diffusion tube in close proximty to the silicon wafer
during the U9W2#Hn step because the second tenperat ur BCT/ESEGI08 cj ent | y

| ower than the first tenperature to decrease the P205 evolution rate to an
acceptable level. Silicon wafers doped wth a PhosPlus(r) TP-470 dopant
source at 1050 C for 45 mnutes may be oxidized in wet oxygen at 775 C for
about 1- 3 hours at a flowrate of at . |east about 1 liter/mn. It is

bel i eved t hat sonewhat hi gher flow ratelg wWill result in nore wuniform
oxidation of the silicon wafers fromtop to bottom Wen the oxidation is

conpl eted, the. f.llow of oxigdi zing agent into the furnace is .discontinued,
the fur nacede‘faieeﬁ‘rﬁeﬁpéefaa'}’r%s' ﬁﬁéﬁ%ﬁ%&%ﬁﬁgﬁsﬁmﬁf%mﬁdﬂ?e in the range
of the insertion rature and t he boat is slaw lled from.the

f ur nace. Thcéotng?(nltﬂlcsaa? ?%ﬁomn‘%agorb%le%%&r}%?cea eotgﬁiweéto’“?mffnéﬁfé?'gﬂffk‘%‘{j'gﬁﬁ”‘f atine
sufficient h ce.of the.sili.con r an oxide, |ayer
having a de rlgsreét?fﬁ The Stﬁ)ecg’%],fn%{sﬂégﬁ e%%“ﬂ%‘ﬂﬁ"@%&%%ﬁeﬁgmﬂ%d oxi dat i on

tenperaturemg&ﬁgge present nethod al so neans that the additional diffusion
of phosphortus i nto the silicon is very snmall conpared to the diffusion at

or near the hi ouflRp i BIRRLAL M.l G U S0khORHhod kbl SR, B35 03t T 0N

net hods at 2 8
sheet resistivities in the range of about 5 -7 ohms/sq. and glass film (oxide) thickuesses in

the range of about 4000-5000 A. For example, silicon wafers doped with PhosPlus® TP-
470 dopant sources at 1050 °C for 45 minutes and oxidized in wet oxygen (bubbled through
95 °C deionized water} at 775 °C for about 3 hours had a sheet resistivity of about 5.7
‘ohmsfsq. and an oxide thickness of about 4000 A. The solid dopant sources continued to
evolve P2O5 normally at about 1050 °C after the wet oxidation at 775 °C. Testing was
repeated several times with similar results. Thus, the method of the invention is capable of
producing acceptable glass film thicknesses and sheet resistivities without removing the
solid dopant sources from the diffusion tube during the wet oxidation step and without
drastically reducing the useful lifetime of the solid dopant sources.

EXAMPLE:

Silicon wafers (100 mm diameter, 5-20 ohms and 111-p-type boron) were doped with
PhosPlus® TP-470 100 mm diameter planar dopant sources containing a high percentage of
aluminum metaphosphate and oxidized using the following cycle:

Insert boat into the diffusion tube at 3.0 inches/mimute at 700 °C



WO 01/ 73828 PCTI US01/ 09200 16 el evated tenperatures. Handling is reduced
with the present nethod conpared to conventional wet oxidation nethods
because the wet oxidation is acconplished in situ. The pethod al so
elimnates the effect of humdity of roomair between dopirng a

oxidation. Silicon wafers doped and oxi di zed using the present nethod have
been found to have sheet resistivities in the range of about 5 -7 ohns/sq.
and glass film (oxide) thicknesses in the range of about 4000-5000 A For
exanpl e, sil voi7egas er s doped with PhosPlus(r) TP- 470 degamsoigownces at
1050 C for 45 mnutes and oxidized in wet oxygen (bubbled through 95 C

dei oni zed water) at 775 C for about 3 hours had a sheet resistivity of
about 5.7 ohns/sq. and an oxide thickness of about 4000 A The solid
dopant sources continued to evolve P25 normally at about 1050 C after the
wet oxidation at 775 C. Testing was relbeated several times with simlar
results. . Thus, the nmethod of the invention is capable of producing
acceptabl e glass_FI LMt hi cknesses and sheet resistivities w thout renoving

the solid dopanRambyie/minufetyA0I0NE aud held 30 minutesireflening Ng t he wet oxi dati on
step and without drastically reducing the useful lifetinme of the solid
dopant sources. TSuMPIEminug;th weboridatibelemp¢rato®. Xm di anet er, 5-20 ohns and
111-p-type boron) were doped with PhosPlus(r) TP-470 100 nm di aneter
pl anar dopant soldeldebwat onidationitengperatise fpntimertent age of  al umi num
met aphosphat e and oxi di zed using the follow ng cycle: Insert boat into the
di f fusi on tube aRanip H°C/mahed0dPGute at 700 C
Pull boat from the diffusion tube at 3.0 inches/minute.
Wet oxidation temperatures (X)) of 700 °C, 750 °C, 775 °C, 800 °C and 1000 °C and
wet oxidation times (Y) ranging from 1 to 3 hours were evaiuated. For the wet oxidation
step, oxygen was bubbled through deionized water maintained at 95 °C. A new set of
sources was used for each oxidation temperature. Each set of sources was aged prior to use
for approximately 12 hours in N> with about 25% QO,.
Weight loss measurements of the sources were made using an analog balance. The
deposited glassy film thicknesses were measured using a Gaertner ellipsometer. Sheet
resistivity measurements were made on wafers previously etched in a 10:1 HF using a
standard four-point probe.
Sources were held at each wet oxidation temperature in wet oxygen for the specified
time to evaluate the rate of P,Os depletion from the solid source by measuring the weight
loss of the solid sources, The weight loss measurements showed that phosphorus is lost at a
rate of less than 0.01 %/hour in nitrogen at 1050 °C (see Figure 4). When the gas is changed

to wet oxygen, the rate increases fo more than 0.7 %/hour at 1000 °C, The evolution rate in

wet oxygen decreases significantly as the wet oxidation temperature decreases from 1000 °C



2 8 SEP 2004 WO 01/73828 PCTI UTS01/09200 17 Ranmp 5 C/ mnute to 1050 C and
hold 30 mnutes in flowwng N2 Ranp 5 CUmnute to wet oxidation
tenperature, X Hold at wet oxidation tenperature for ti ’SE¥ %@anp 5 Cmn
to 700 C Pull boat fromthe diffusion tube at 3.0 inchés/mnute. Wt

oxi dation tenperatures (X) of 700 C, 750 C, 775 C, 800 C and 1000 000"C and
wet oxidation tinmes (Y) ranging fromi to 3 hours were evaluated. For the
wet oxidation step, oxygen was bubbl ed through dei oni zed water maintai ned
at 95 C. A n¥QuEI2Hf sources was used for each oxi dati ®ETUSHHE00L Ur €.
Each set of sources was aged prior to use for approximately 12 hours in N2
w th about 25% 02. Wei ght | oss neasurenents of the sources were made using
an anal og bal ance. The deposited glassy filmthicknesses were neasured
using a Gaertner ellipsonmeter. Sheet resistivity nmeasurenments were nmade on
wafers previously etched in a 10:1 HH8using a standard four-point probe.
Sources were held at each wet oxidation tenperature in wet oxygen for the
specified time to evaluate the rate of P205 depletion fromthe solid

sour ce by apdbapyreathesthe ate insioyitrogeh as e ofidaticn tewieiatire anpraaches aliiueé3ei ght | oss
measur enents showed that phosphorus is lost at a rate of less than 0.01

% hour i n°@iseeBigamSat 1050 C (see Figure 4). Wien the gas is changed to
wet oxygen, the rate increases to nore than 0.7 % hour at 1000 C. The

evol uti on r at eGiass film thicknesses vs. time in wet oxygen after doping at 1050 °C for 30 minutes

are shown in Figure 1 for each wet oxidation temperature. The deposited glass film
thickness was found to increase with oxidation time in wet oxygen for a fixed temperature as
well as for increased temperature for a fixed time. The method of the present invention
therefore allows for formation of an oxide layer of any desired thickness on the surface of
the siliqon wafer by selecting the appropriate wet oxidation temperature and time.

In this case, a desired glass film thickness of about 4000 A was approached using a
deposition of 1050 °C in nitrogen for about 30 minutes followed by wet oxidation for about
2 hours at 800 °_C. The'unifom:iity decreased rapidly with increased source time in steam at
800 °C. As aresult, a lower oxidation temperature of about 775 °C generally is preferred.

In an effort to increase the sheet resistivity uniformity, the wet oxidation temperature
was decreased from 800 °C to 775 °C and the oxidation time was increased from about 2
houfs to about 3 hours. As shown in Figure 1, these changes resulted in a desired glass film
thickness of about 4000 A. The sheet resistivity uniformity improved substantially, as
shown in Figures 2A. and 2B. Even after 11 hours in steam at 775 °C, the resulting
uniformity of the doped silicon wafers falls within 2 2% range (best shown in Figure 2A).

"This was frue of all other wet oxidations performed at temperatures below 775 °C.

SUBSTITUTE SHEET (RULE 26)



wet oxygen decreases significantly as the wet oxidation tenperature
decreases from 1000 C 2 8 SEP 2004 WO 01/73828 PCTI USOL/ 09200 18 and
approaches the rate in dry nitrogen as the oxidation tengegapugR approaches
about 630 C (see Figure 5). Gass filmthicknesses vs. tine in wet oxygen
after doping at 1050 C for 30 mnutes are shown in Figure 1 for each wet

oxi dation tenperature. The deposited glass film thickness was found to
increase with oxidation tinme in wet oxygen for a fixed tenperature as well
as for incre¥99Bghperature for a fixed tine. The net hoBCHISALRIpPr esent

i nvention - therefore.allows for formation of an oxide |ayer of any desired
t hi ckness on the surface of the silicon wafer by selecting the appropriate
wet oxidation tenperature and time. In this case, a desired glass film

t hi ckness of about 4000 A was approached using a deposition of 1050 C in
ni trogen for about 30 m nutes fol | owed ! y wet oxidation for about 2 hours
at 800 C. The uniformty decreased rapidly with increased source tine in
steamat 800 C a result, a |lower gxidation tepperature of ahout 775 C
generally is pré?-%F@ée&?ﬁ“ﬁH‘%?WHFf“%BﬂPH% V¢ pren ﬁ@%&§¥€§@§ Hgity
uniformty, the wet oxidation te ature __was decreased from800 Cto 775

er
C and t he oW PRPEN prEatiies Ths ek orddation aigify 26 gae ayerageshieet repistivitiout 3

hours. As shown_in Figure 1, these changes resulted in a desired glass film
t hi ckness d#ﬁgﬁbﬁww dﬂphﬂﬂﬁ-Tﬂ%ﬁ“ﬁ@&ﬁﬂﬁﬁﬁ%ﬁmﬁﬁFﬁJFWPPQWmﬂﬁoved
substantial |.y, .as shown in Figures 2A and 2B. Even after 11 hours in steam

at 775 C, t ®Sulting uniformity of the doped silicon wafers falls

within a 2% ran best shown in Figure 2A).
° %set (oxidaigon tljx.lnes of about 5 hgours at 775) °C have been found to result in glass

films with a thickness in excess of about 5100 A. However, the thicker glass film is
achieved at the expense of sheet resistivity (in the range of about 6.3 ohms/sq.). The higher
sheet resistivity is believed to result from oxidation of more of the phosphorus-containing
silicon, thus reducing the amount of active phosphorus present above tﬂe p/n junction. Itis
believed that an increase in the deposition hold time at about 1050 °C followed by wet
oxidation at about 775 °C under the conditions described above may allow for the formation
of the thick oxide layer while still maintaining acceptable uniformity.

Recent tests suggest that solid dopant sources other than PhosPlus® TP-470 dopant
sources containing a high percentage of aluminum metaphosphate also may be used
effectively in the method of the present invention. As described below, rare earth
metaphosphate sources may be used with the method of the present invention. A lanthanum
metaphosphate (La(POs)3) dopant source was prepared by firing three 100 mm PhosPlus®
TP-250 (predominantly lanfhanum pentaphosphate, LaPs014) dopant sources at 975 °C for
about 16 hours and then at about 1050 °C for an additional two hours. The high

temperatures caused the pentaphosphate to convert to the metaphospbate. Similar firings



This was true of all other wet oxidations perforned at tenperatures bel ow
775 C. SUBSTI TUTE SHEET (RULE 26) 28SEP2004 WD 01173828 PCTI TJS01109200 19
In Figure 3, the sheet resistivities vs. tine in steam Bdv8EMEBH pl ot t ed
for each of the wet oxidation tenperatures. The wet oxidation at 775 C
gave average sheet resistivity values between 5 and 6 ohns/sq., which is
within the range preferred for sone emtter diffusions. Wt oxidation
times of about 5 hours at 775 C have been found to result in glass filns
with a thi ckW&4/7#88 excess of about 5100 A. However, thePEWUEN®204] ass film
Is achieved at the expense of sheet resistivity (in the range of about 6.3
ohns/sqg.). The higher sheet resistivity is believed to result from

oxi dation of nore of the phosphorus-containing silicon, thus reducing the
anount of active phosphorus present abgﬁp the p/n junction. It is believed
that an increase in the deposition hold tinme at about 1050 C fol | owed by
wet oxidation at about 775 C under the conditions described above may
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acceptable uniformty. Recent test sour ces ot her
t han PhosPl §ﬁ&% -4@gﬁ99 [0 ﬁﬁgg ﬁﬂgpge of
aluninun]nepaphog%ﬁgﬁe a ngﬁ%§£%§U§§§§ﬂﬁ%?%g%?%egpé1I tugﬁﬁﬁt od of the
present invegike adﬁf(icﬁlﬁ‘égg%' et A mﬁé"&d‘?‘g&%%ﬂmﬁ@f&g%@@, e sources

may be used mﬁthﬁ%he met h of the present 1nvention. um
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be in the metaphosphate form based on weight loss data obtained during the initial firing,

The above-identified rare earth metaphosphate sources were weighed before and
after aging in N; at about 1050 °C (1100 °C for the Ex(PO3); source) to obtain a weight loss
rate. They were then weighed before and after aging in wet oxygen (oxygen bubbled
through 95 °C deionized water) to obtain another weight loss rate. Weight loss ratios
(grams/hr/in” of surface area) in wet oxygen at 775 °C to nitrogen at 1050 °C (1100 °C for

the Er source) were calculated to determine the effect of wet oxygen on the P,Os evolution

rate. The resulis of these tests are shown in Table 1.

TABLE 1

Weight loss in N, at 1050 °C,
x 107
g/hr/in®




TP-250 (predom nantly | ant hanum pent aphosphate, LaP50 4) dopant sources at
975 C for about 16 hours and then at about 1050 C for an additional two
hours. The high tenperatures caused the pentaphosphate 28 86t to the
met aphospbate. Simlar firings 2 8 SEP 2004 WD 01173828 PCTI USO01/ 09200 20
were made with 2-inch dianmeter neodym um pent aphosphate (NdP5014) and
gadol i nium pentaphosphate (GJdP5014) sources to convert themto the
correspondi ng net aphosphates (Nd(P03)3 and GI(PO3)3). Tests al so were
conduct ed usM@p1238%ch di aneter erbi um netaphosphate (EPCRUSNAI204Nd
praseodym um net aphosphate (Pr(PO3)3) sources, believed to be in the

nmet aphosphat e form based on wei ght | oss data obtained during the initial
firing. The above-identified rare earth metaphosphate sources were wei ghed
before and after aging in N2 at about 1050 C (1100 C for the Er(PQ3)3
source) to obtain a weight loss rate. ey were then wei ghed before and
after aging in wet oxygen (oxygen bubbled through 95 C deionized water) to

: " C e ) . =0 .
obt ai n angt-her—weight—}lossrat-e—\VWoi-ght loss ratios—(granslthr/in2of

surface 4 . J.n wet oxygen . a 175 C to| nj ogen 10p0,. (. .(1300.C fof the
Er source %&%gﬁhﬁépﬁﬁﬁgﬁgﬁﬂﬁobdetep° ne Eﬁéﬁeffecﬁggf el ygenlgﬁ t he
P205 evol lition rat® The resul{s of thlese test|s are shown iniTable 1

TABLE 1 LBRNdGdEr*P ght lossjin N2 at 1050 ¢, 0.0440| 0160. 0440. 016*9. 075
x 10" 20. Op10--015

Ratio, wet 0,/N; 15 28 15%

*Aging in N, at 1100 °C rather than 1050 °C.

The weight loss ratios ranged from 5 to 28, with the dopant sources having the lower
ratios being more likely to perform satisfactorily when used in the present method. Based
on these limited tests, the Er, Nd, Pr and Gd metaphosphate sources were less resistant to
wet oxygen than the aluminum metaphosphate source (weight loss ratio about 5.0) and the
lanthanum metaphosphate source had about the same resistance to wet oxygen.

Each source was used to dope silicon wafers at 1050 °C for 45 minutes in N; to
obtain sheet resisitivities and deposited glass film thickness. The sources were then used to
dope silicon at 1050 °C for 45 minutes followed by 775 °C for 3 hours in wet oxygen to
obtain sheet resistivities and the film thickness of the oxidized silicon surface. Finally, the
sources were used to dope silicon one more time in nitrogen at 1050 °C for 45 minutes to
sée how the deposited film thickness had changed as a result of exposure of the sources to

wet oxygen. The results of these tests are shown in Table 2.



g/hr/in2 2 8 SEP 2004 WO 01/ 73828 21 PCT/US01109200 Wi ght loss in wet 02
at 775 C,0.210.2970.550.253*1.04 x 10-2 ~, g/l~r/in2 Ratio, wet
021N25152815*14 *Aging in N2 at 1100 C rather than 1050 G, gThep wagtght | oss
ratios ranged fromb5 to 28, with the dopant sources having the | ower

ratios being nore likely to performsatisfactorily when used in the present
nmet hod. Based on these |[imted tests, the Er, Nd, Pr and Gd netaphosphate
sources were less resistant to wet oxygen than the al um num et aphosphate
source (wei gMOMEERSrati o about 5.0) and the | ant hanum RETAPHONPNAt e
source had about the sane resistance to wet oxygen. Each source was used to
dope silicon wafers at 1050 C for 45 mnutes in N2 to obtain sheet
resisitivities and deposited glass filmthickness. The sources were then
used to dope silicon at 1050 C for 45 ggnutes followed by 775 C for 3
hours in wet oxygen to

TABLE 2

R, ohms/sq. (doping test, in N> at
1050 C for 45 min., before H,O)

t, A {doping test, in N, at 1050 C
for 45 min., before H>O)

| R, ohms/sq. (doping test, in N at
1050 C for 45 min., after H,0)

I t, A (doping test, in N, at 1050 C
' for 45 min., after H,O)

| R., ohmsfsq. (doping test, in N, at
1050 C for 45 min. followed by
wet O at 775 C for 3 hrs)

)| t, A (doping test, in N, at 1050 C
] for 45 min. followed by wet O, at
i 775 Cfor 3 hrs.

As shown in Table 2, the deposited glass film thickness when doping in N; for all
sources averaged about 590 A. The average film thickness when doping in N, after the

sources had been used in wet oxygen was about 530 A. The 60 A decrease in film thickness



obtain sheet resistivities and the filmthickness of the oxidized silicon
surface. Finally, the sources were used to dope silicon one nore tine in
nitrogen at 1050 C for 45 minutes to see how the deposi bedgEp st hi ckness
had changed as a result of exposure of the sources to wet oxygen. The
results of these tests are shown in Table 2. 2 8 SEP 2004 WD 01/ 73828 22
TABLE 2 PC | CCS01/ 09200 LaNdGdErPr R, ohns/sq. (doping test, in N2
at3.14.16.25.04.8 1050 C for 45 mn., before H20) t, A (doping test, in N2
at. 1050 C 600¥Y##3850590 for 45 min., before H20) Rd, oRFEUEHN093%%opi ng
test, in N2 at6.94.85.15.85.4 1050 C for 45 mn., after H20) t, A (doping
test, in N2 at 1050 C470600570480550 for 45 min., after HRO R$, ohns/sq.
(doping test in N2 at4.75.27.06.96.1 1050 C for 45 mni. followed by6.1 wet
02 at 775 Cfor 3 hrs) t, A (doping tesfs in N2 at 1050
C41903850382038954025

is regarded as small and shows that the dopant sources continued to dope silicon effectively
even after holding them in wet oxygen for 3 - 6 hours.

The sheet resistivities measured were in the range of about 5-6 ohms/sq. These sheet
resistivities were in the range expected for deposition at 1050 °C for 45 minutes with a
single source. (When only a single source is used to dope the silicon, the sheet resistivity
usually is higher than if three or more sources are used.)

The silicon wafers all grew about the same amount of glass during the 1050 °C
deposition for 45 minutes followed by 3 hours in wet oxygen at 775 °C. The film thickness
averaged 3960 A. The sheet resistivities of the doped and oxidized silicon wafers were
about 6 ohms/sq., which again was within the range expected for use of a single dopant
source. These experimental data indicate that doping rare earth metaphosphate sources in
dry nitrogen and oxidizing at a low temperature in wet oxygen for the rare earth
metaphosphate sources produces results similar to those obtained from the aluminum
metaphosphate source.

The invention also provides a method of rapidly oxidizing the silicon wafer.
Typically, the oxide thickness on an undoped silicon wafer after about 3 hours in steam at
775 °C would be less than 1000 A. When the oxidation is carried out in wet oxygen or in
pyrogenic steam at 775 °C after doping at about 1050 °C, the oxide thickness may be
increased to about 4000 A for the same oxidation time. Becanse the silicon surface is

heavily doped with phosphorus (active and inactive), the oxidation rate is very high at low



for 45 mn,. followed by wet 02 at3990 775 C for 3 hrs. As shown in Table
2, the deposited glass filmthickness when doping in N2 for all sources
averaged about 590 A. The average filmthickness when dop2 RSEPN 2R after
the sources had been used in wet oxygen was about 530 A. The 60 A decrease
in filmthickness 2 6 SEP 2004 WD 01/ 73828 PCTI USOLr 09200 23 is regarded
as snmall and shows that the dopant sources continued to dope silicon
effectively even after holding themin wet oxygen for 3 - 6 hours. The
sheet resist WAY{7EB npasured were in the range of about BCHUSHEAEq. These
sheet resistivities were in the range expected for deposition at 1050 C
for 45 mnutes with a single source. (Wen only a single source is used to
dope the silicon, the sheet resistivity wusually is higher than if three or
nore sources are used.) The silicon mafg%s all grew about the sane anpunt

of glass during the 1050 C deposition r 45 mnutes followed by 3 hours

I n wet oxygen at 775 C. The filmthickness averaged 3960 A. The sheet

istiviti f the_doped and i di zed. S|.|i f bout 6
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1986), Vol. 1, p. 214, does not seem to indicate as high of an enbhanced oxidation rate as the

silicon that has been doped with solid sources.

‘While not wishing to be bound by theory, this significant increase in oxidation rate at
775 °C may be partially attributable to the enhanced oxidation rate of the phosphoras-doped
silicon surface. The rapid increase in oxidation rate may also be partially related to
electrically inactive phosphorus often present in the surface of silicon wafers that have been
doped at the higher temperature deposition cycle.

The present invention has been described with reference to a method that yields
particular results when carried out under defined conditions. Other deposition temperatures,
oxidation temperatures, and other reaction conditions are expected to produce a range of
sheet resistivities and oxide thicknesses.

Throughout this specification, when a range of conditions or a group of substances is
defined with respect to a particular characteristic (e.g., temperature, pressure, titme and the
like) of the present invention, the present invention relates to and explicitly incorporates
every specific member and combination of subranges or subgroups therein. Any specified

range or group is to be understood as a shorthand way of referring fo every member of a



The invention al so provides a nethod of rapidly oxidizing the silicon
wafer. Typically, the oxide thickness on an undoped silicon wafer after
about 3 hours in steamat 775 C would be |ess than 1000 A g\3kenpshe
oxidation is carried out in wet oxygen or in pyrogenic steamat 775 C
after doping at about 1050 C, the oxide thickness may be increased to
about 4000 A for the sane oxidation tinme. Because the silicon surface is
heavi |y doped with phosphorus (active and inactive), the oxidation rate is
very hi gh at WOdW73828 SEP 2004 WO 01/73828 PCT/ C) S01/ 09280T/US4/09200
tenperatures, thus shortening the required oxidation tinme conpared to the
oxi dation of undoped silicon. This high oxidation rate also m ght occur
Wi th gas doping, but published literature, such as S. WIlf and R Tauber,
Silicon Processing for the VLSI Era (Lattice Press 1986), Vol. 1, p. 214,
does not seemto indicate as high of a ’enhanced oxidation rate as the
silicon that has been doped with solid sources. While not wishing to be
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sheet resistivities and oxide thicknesses. Throughout this specification,
when a range of conditions or a group of substances is defined with
respect to a particular characteristic (e.g., tenperature, pressure, tine
and the like) of the present invention, the present inveh®i P Z@ates to
and explicitly incorporates every specific nmenber and conbi nation of
subranges or subgroups therein. Any specified range or group is to be
understood as a shorthand way of referring to every nenber of a 2 8 SEP
2004 WO 01/ VOME3SECT| USOI / 09200 25 range or group i ndi OFHUSMORGES wel | as
every possi bl e subrange and subgroup enconpassed therein; and simlarly

W th respect to any subranges or subgroups therein. Al though a specific
enbodi nent of the invention has been described in detail, it is wunderstood
that variations may be nade thereto by %?ose skilled in the art wthout
departing fromthe spirit of the invenfion or the scope of the appended
clains. 2 s SEP 2004 WO 01/ 73828 PCT/[JSOL/ 09200 26 What is clained is: 1
A et hod ofqﬁﬁpgl.amfjjicon waf er, conprising the steps of: placing a
silicon wafe N P céﬁ'relationship to a solid phosphorus dopant source at
a first tenperature for a time sufficient to deposit a
phosphorus-contai ning | ayer on the

1. A method of doping a silicon wafer, comprising the steps of:

placing a silicon wafer in spaced relationship to a solid phosphorus dopant source at
a first temperature for a time sufficient to deposit a phosphorus-containing layer on the
surface of the wafex;

oxidizing the doped silicon wafer by a wet oxidation method at a second temperature
fower than the first temperature; and

maintaining the silicon wafer in spaced relationship to the solid phosphorus dopant

source dﬁring the oxidizing step.

2. The method of claim 1, farther comprising the step of:

selecting first and second temperatures such that the solid phosphorus dopant source
evolves P20s at the first temperature and the second temperature is sufficiently lower than
the first temperature to decrease evolution of P2Os from the solid phosphorus dopant source

during the oxidizing step.

3. The method of claim 2, wherein the second temperature is selected to be less

than or equal to about 900 °C,



surface of the wafer; oxidizing the doped silicon wafer by a wet oxidation
nmet hod at a second tenperature |ower than the first tenperature; and

mai ntai ning the silicon wafer in spaced relationship to E%ég)md
phosphorus dopant source during the oxidizing step. 2. e nmethod of claim
1, further conprising the step of selecting first and second tenperatures
such that the solid phosphorus dopant source evolves P20s at the first
tenperature and the second tenperature is sufficiently lower than the
first tenper MAUMERH decrease evol ution of P20s from t hePEHISMOBOSphor us
dopant source during the oxidizing step. 3. The nethod of claim2, wherein
the second tenperature is selected to be | ess than or equal to about 900 C.
2 8 SEP 2004 WO 01/73828 PCTI US01/ 09200 27 4. The met hod of claim 3,
wherein the second tenperature is selec7ed to be in the range of about 600
to 900 C. 5. The nethod of claim1, furt’her conprising the steps of.
selecting a first tenperature sufficient to cause the solid phosphorus

dopant source to, evqlve P205: .and sel ecting a,second tenperatuye,
sufficiently | owkr ! ket e, & %ﬁﬁ?@“ﬁﬁ?@ﬂ%@ﬁ%&&ﬂal ution of
P205 fromt %nﬁ%éh dBQﬁ%BQﬂ&M%chpant source during the oxidizing

5. The method of claim 1, further comprising the steps of:

selecting a first temperature sufficient to cause the solid phosphorus dopant source to
evolve P,Os; and

selecting a second temperature sufficiently lower than the first temperature to
decrease the evolution of P»Os from the solid phosphorus dopant source during the oxidizing .

step.

6. The method of claim 5, wherein the second temperature is less than or equal

to about 900 °C.

7. The method of claim 6, wherein the second temperature is selected to be in

the range of about 600 to 900 °C.

8. The method of claim 1, wherein the step of maintaining the silicon wafer in
spaced relationship to the solid phosphorus dopant source further comprises the step of
placing the silicon wafer in close proximity and substantially parallel to the solid phosphorus

dopant source.



step. 6. The nethod of claim5, wherein the second tenperature is | ess than
or equal to about 900 C. 7. The nethod of claim®6, wherein the second
tenperature is selected to be in the range of about 600 _to gpqﬂﬁ. 8. The
met hod of claim11, wherein the step of nmintaining the 3i% PEort Vafer in
spaced relationship to the solid phosphorus dopant source further conprises
the step of placing the silicon wafer in close proximty and substantially
parallel to the solid phosphorus dopant source. 2 8 SEP 2004 WD 01/ 73828
PCTI USO-J0928® 012828, The nmet hod of claim 1, further conP€IESME20the step of
mai ntaining the silicon wafer in close proximty and substantially parallel
to the solid phosphorus dopant source during the oxidizing step. 10. The
nmet hod of claim9, further conprising the step of : selecting first and
second tenperatures such that the soIid@ghosphorus dopant source evolves
P205 at the first tenperature and the s€tond tenperature is sufficiently

| ower than the first tenperature to decrease evolution of P205 fromthe
sol i d phosphorus dopant source during the oxidizing step. 11. The nethod
of claim 10, wherein the second tenperature is selected to be in the range

of about 600 to 8.00 ci’he method of claim 1, further comprising the step of:
maintaining the silicon wafer in close proximity and substantially parallel to the solid

phosphorus dopant source during the oxidizing step.

10.  The method of claim 9, further comprising the step of :

selecting first and second temperatures such that the solid phosphorus dopant source
evolves P»0s at the first temperature and the second temperature is sufficiently lower than
the first temperature to decrease evolution of P,Os from the solid phosphorus dopant source

during the oxidizing step.

11.  The method of claim 10, wherein the second temperature is selected to be in

the range of about 600 to 900 °C.

12.  The method of claim 1, further comprising the step of:
selecting a wet oxidation method from oxidization with wet oxygen and oxidation

with pyrogenic steam.

13.  The method of claim 12, wherein oxidation with wet oxygen comprises

oxidation with oxygen bubbled through deionized water.



12. The method of claim1, further conprising the step of: selecting a wet
oxi dati on nmethod from oxidi zation with wet oxygen and oxidation wth
pyrogeni c steam 13. The nethod of claim 12, wherein OXid%Hi%EP it h wet
oxygen conprises oxidation with oxygen bubbl ed t hrough dei“oni ter. 2 8
S E P 2004 WD 01/ 73828 PCTItJSOL/ 09200 29 14. The nethod of claim1l
further conprising the step of: selecting a solid dopant source that
deconposes at high tenperatures. 15. The nethod of claim 14, further

conpri si ng tﬁ@”@g 8 of selecting a solid dopant source fPERIEHOROUNM num

met aphosphat e dopant source, a rare earth nmetaphosphate dopant source, and
a rare earth pentaphosphate dopant source. 16. A nethod of doping a silicon
waf er, conprising the steps of: maintaining a silicon wafer and a solid
phosphorus dopant source for vapor phasg deposition of P205 in vapor phase
comuni cation at a tenperature and for a tine sufficient to forma |ayer
of n -type conductivity on the surface of the silicon wafer; and oxidi zi ng
t he doped silicon wafer with an oxidi zi ng agent sel ected from wet oxygen
and pyrogeni c steam at a second tenperature for a time sufficient to form

on the surface ofs, t W SkbhbEotala SRl cOtihiiing iRl Jravi ng a predet er ni ned
t hi ckness, the second tenperature "~being suffrciently |lower than the first

tenperature to ORRERASBoAGpaUQbitd BR PR aRfRempd@iet Ne sol i d dopant
source while the silicon wafer is nmaintained in vapor phase

15.  The method of claim 14, further comprising the step of:

selecting a solid dopant source from an aluminum metaphosphate dopant source, a

rare earth metaphosphate dopant source, and a rare earth pentaphosphate dopant source.

16. A method of doping a silicon wafer, comprising the steps of:

‘maintaining a silicon wafer and a solid phosphorus dopant source for vapor phase
deposition of P05 in vapor phase communication at a femperature and for a time sufficient
to form a layer of n-type conductivity on the surface of the silicon wafer; and

oxidizing the doped silicon wafer with an oxidizing agent selected from wet oxygen
and pyrogenic steam at a second temperature for a time sufficient to form on the surface of
the silicon wafer an oxide layer having a predetermined thickness, the second temperature
being sufficiently lower than the first temperature to decrease the evolution rate of P20
from the solid dopant source while the silicon wafer is maintained in vapor phase

communication with the solid dopant source during the oxidation step.



comuni cation with the solid dopant source during the oxidation step. 2 8
SEP 2004 WD 01/73828 PCT/ USOL1®200 30 17. The net hod of cl aim 16,
wherein the second tenperature is selected to be in the rangesgd sggbout 600
to 900 C. 18. The nethod of claim 17, wherein the oxidation step is carried
out at about 775 C for about 3 hours to formon the surface of the silicon
waf er an oxide |ayer having a thickness of about 4000 A. 19. The nethod of
claim16, further conprising the step of: selecting a solid dopant source

t hat deconmpo¥@dVa i gh tenperatures, the dopant sour cePEEUMYO%8S ect ed
froman al um num net aphosphat e dopant source, a rare earth metaphosphate
dopant source, and a rare earth pentaphosphate dopant source. 20. A nethod
of doping a silicon wafer, conpri-sing the steps o maintaining a silicon

waf er and a solid phosphorus dopant sot#,ce in close proximty for vapor
phase deposition of P205 at a tenperatudre and for a tinme sufficient to form
a layer of n-type conductivity on the surface of the silicon wafer;

“oxygen and pyr adeni Siupaih PR Woie R atkeruiR RS <BReTR B itmor ot ur o

bei ng | ower_t han tthg fwt%tobggper ature; and 2 8 SEP 2004 WO 01/73828
PCT/ UsQ1/ 0g2ptiaee of about 690 0500 7C. |

18.  The method of claim 17, wherein the oxidation step is carried out at about
775 °C for about 3 hours to form on the surface of the silicon wafer an oxide layer having a

thickness of about 4000 A.

19.  The methed of claim 16, further comprising the step of:
selecting a solid dopant source that decomposes at high temperatures, the dopant
source being selected from an aluminum metaphosphate dopant souzce, a rave earth

metaphosphate dopant source, and a rare earth pentaphosphate dopant source.

20. A method of doping a silicon wafer, comprising the steps of:

maintaining 2 silicon wafer and a solid phosphorus dopant source in close proximity
for vapor phase deposition of P2Os at a temperature and for a time sufficient to form a layer
of n-type conductivity on the surface of the silicon wafer;

oxidizing the doped silicon wafer with an oxidizing agent selected from wet oxygen
and pyrogenic steam at a second temperature, the second temperature being lower than the

first temperature; and



31 maintaining the silicon wafer in close proximty to the solid dopant
source during the oxidizing step. 21. The nethod of claim 20, further
conprising the step of. selecting a second tenperature subfg Gerrddsy | ower
than the first tenperature to substantially decrease the evolution of P20s
fromthe solid dopant source during the oxidizing step. 22. The nethod of
claim 21, wherein the second tenperature is selected to be, in the range of
about 600 to 900 C. 23. The nethod of claim 21, wherein the oxidizing step
is carried oWPO0Yi38%he second tenperature for a tine suf PCHUSM9200 f or m on
the surface of the silicon wafer an oxide |ayer of a predeterm ned

t hi ckness. 24. The nmethod of claim 23, wherein the oxidizing step is
carried out at the second tenperature for a tine sufficient to formon the
surface of the silicon wafer an oxide %ayer havi ng a thickness of about
40001. 25. The nethod of claim 20, farther conprising the step of. 2 8 SEP
2004 WD 01/73828 PCT1US01/ 09200 32 selecting a solid dopant source that

deconposes at a ﬂ%&gg%gjn oSer iflbl%s%f?mrytostﬁ?f]o(iﬂ #gﬁgggﬂm&gldﬁ@ from an

al um num net aphospha sour ce, rare” ear ospha opant
sour ce, andomgepgarth pent aphosphat e dopant source.

21.  The method of claim 20, further comprising the step of:
selecting a second temperature sufficiently lower than the first temperature to
substantially decrease the evolution of P2Os from the solid dopant source during the

oxidizing step.

22,  The method of claim 21, wherein the second temperature is selected fo be in

the range of about 600 to 900 °C.,

23.  The method of claim 21, wherein the oxidizing step is carried out at the
second temperature for a time sufficient to form on the surface of the silicon wafer an oxide

layer of a predetermined thickness.
24.  The method of claim 23, wherein the oxidizing step is carried out at the
second temperature for a time sufficient to form on the surface of the silicon wafer an oxide

layer having a thickness of about 4000 A,

25.  The method of claim 20, further comprising the step of:



26. A nethod of doping a silicon wafer, conprising the steps of placing a
silicon wafer in spaced relationship to a solid phosphorus dopant source at
a first tenperature for a tinme sufficient to deposit a
phosphorus-containing | ayer on the surface of the wafe|2B 3§?d%2|ng t he
doped silicon wafer by a wet oxidation nethod at a second tenperature

| ower than the first tenperature; and nmaintaining the silicon wafer in
spaced relationship to the solid phosphorus dopant source during the
oxi di zi ng st 890123828 The net hod of claim 26, further conpPCEUSFMe steps of
selecting a first tenperatures sufficient to cause the solid phosphorus
dopant source to evolve P205 during the deposition step; and selecting a
second tenperature sufficiently lower than the first tenperature to
decrease the evolution of P205 fron1th§ sol i d phosphorus dopant source
during the oxidizing step. 2 8 SEP 28 2 WO 01173828 PCTI USOLI 09200 33
28. The net hod of clain127 wherein the second tenperature is selected to

be) 255 N O SR 300 o ool PRl kR 1 S

t he second tenpera e€l1s's nge

C. 30. The n%%ch%g'm ];ele%{ ﬁlﬁn}nza% all%.glirg eta}:ho%phalteed%pgnt sor{gcepg eaﬂg the silicon

wafer in
metaphosphate dopant source, and a rare earth pentaphosphate dopant source.

26. A method of doping a silicon wafer, comprising the steps of:

placing a silicon wafer in spaced relationship to a solid phosphorus dopant source at
a first temperature for a time sufficient to deposit a phosphorus-containing layer on the
surface of the wafer;

oxidizing the doped silicon wafer by a wet oxidation method at a second temperature
lower than tﬁe first temperature; and

maintaining the silicon wafer in spaced relationship fo the solid phosphorus dopant

source during the oxidizing step.

27.  The method of claim 26, further comprising the steps of:

selecting a first temperatures sufficient to cause the solid phosphorus dopant source
to evolve P05 during the deposition step; and

selecting a second temperature sufficiently lower than the first temperature to
decrease the evolution of PoOs from the solid phosphorus dopant source during the oxidizing

step.



spaced relationship to the solid phosphorus dopant source further conprises
the step of: maintaining the silicon wafer in close proximty and
substantially parallel to the solid phosphorus dopant squrce. 31.
met hod of claim 26, further conprising the step of. sel egtéi REF 200kt
oxi dation nethod from oxidization with wet oxygen and oxidation wth
pyrogeni c steam 32. The nethod of claim 31, further conprising the step
of : maintaining the silicon wafer in close proximty and substantially
paral lel to WPIEEREd phosphorus dopant source during t BETESAUE299 ng st ep.
2 8 SEP 2004 WO 01/73828 PCT/US01109200 34 33. The nethod of claim 32,
further conprising the step of selecting first and second tenperatures such
that the solid phosphorus dopant source evolves P205 at the first
tenperature and the second tenperature %; sufficiently lower than the
first tenperature to decrease the evol ution of P205 fromthe solid
phosphorus dopant source during the oxidizing step. 34. The nethod of

cl ai m 33, whereipg,the,secqn ture i,s selected to.be,i the range of
Shout 600 1o 90028 o HEA ok RRCH A hlin nf SRnEBBPRbR LRI | he st op
of : selecti sol i d .dopan Qurce from an al um num net aphosphat e dopant
source, a i%?gm%3V?ﬁﬂ%%¥?B%%®pﬁate dopant source, and a rare earth

pent aphosphat e dopant source. -

The

29.  The method of claim 28, wherein the second temperature is selected to be in

the range of about 600 to 900 °C.

30. . The method of claim 26, wherein the step of maintaining the silicon wafer in
spaced relationship to the solid phosphorus dopant source further comprises the step of:
maintaining the silicon wafer in close proximity and substantially parallel to the solid

phosphorus dopant source.

31.  The method of claim 26, further comprising the step of:
selecting a wet oxidation method from oxidization with wet oxygen and oxidation

with pyrogenic steam.

32.  The method of claim 31, further comprising the step of:
maintaining the silicon wafer in close proximity and substantially parailel to the solid

phosphorus dopant source during the oxidizing step.



36. A nethod of growi ng an oxide |layer on a silicon wafer, conprising the
step of: wet oxidizing a doped silicon wafer at a tenperature sufficient to
substantially decrease the P205 evolution rate of a solid phosphorus
source mmi ntai ned in vapor phase conmmunication with they$i$ifc@Wtwaf er
during the wet oxidizing step. 37. The nethod of claim 36, wherein the wet
oxidizing tenperature is selected to be I ess than or equal to about 900 C
2 8 SEP 2004 WO 01/ 73828 PCT/US01109200 35 38. The nethod of claim 37,
wherei n the W01G%i zi ng tenperature is selected to bePFHUSMEZPhNge of
about 600 to 900 C. 39. The nethod of claim 36, wherein the wet oxidizing
step further conprises the step of exposing the doped silicon wafer to an
oxi di zing agent selected fromwet oxygen and pyrogenic steam 40. The

met hod of claim 36, further conprising ?be step of selecting a tenperature
and tinme for the wet oxidizing step sufficient to formon the surface of
the doped silicon wafer an oxide |ayer having a predeterm ned thickness.

41. The nethod of3 cl ajyn | | (7 enperature i s
selected to be i%&the rg%%gd@?&%%%ﬁ%h%@ﬂ%?%@ﬁ%@?%@k%é@ﬁThe met hod of claim
41, wherein the WalqOXhd AhR%oRd fhpbsinfd hich 8kt BY Solfphosphorus dopant source

evolves P,0s at the first temperature and the second temperature is sufficiently lower than

the first temperafure to decrease the evolution of P,Os from the solid phosphorus dopant

source during the oxidizing step.

34,  The method of claim 33, wherein the second temperature is selected to be in
'the range of about 600 to 900 °C.

35.  The method of claim 26, firther comprising the step of:

selecting a solid dopant source from an aluminum metaphosphate dopant source, a

rare earth metaphosphate dopant source, and a rare earth pentaphosphate dopant source.

36. A method of growing an oxide layer on a silicon wafer, comprising the step
of:

wet oxidizing a doped silicon wafer at a temperature sufficient to substantially
decrease the P,Os evolution rate of a solid phosphorus source maintained in vapor phase

communication with the silicon wafer during the wet oxidizing step.

37.  The method of claim 36, wherein the wet oxidizing temperature is selected to

be less than or equal to about 900 °C.



about 775 C for about 3 hours. 2 8 SEP 2004 WD 01/73828 PCTI US01/ 09200 36
43. The nethod of claim 36, further conprising the step of: forting a doped
silicon wafer by heating a silicon wafer in vapor phase, ,C jcation with
the solid dopant source. 44. The nethod of claim43, fuzph%:pﬂé f'rpri sing the
step of selecting a solid dopant source from an al um num net aphosphate
dopant source, a rare earth netaphosphate dopant source, and a rare earth
pent aphosphat e dopant source.
WO 01/73828 PCT/US01/09260
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38.  The method of claim 37, wherein the wet oxidizing temperature is selected {o

be in the range of about 600 to 900 °C.

39.  The method of claim 36, wherein the wet oxidizing step further comprises the
step of
exposing the doped silicon wafer to an oxidizing agent selected from wet oxygen and

pyrogenic steam.

40.  The method of claim 36, further comprising the step of:
selecting a temperafure and time for the wet oxidizing step sufficient to form on the

surface of the doped silicon wafer an oxide layer having a predetermined thickness.

41. The method of claim 40, wherein the wet oxidizing temperature is selected to be

in the range of about 600 to 900 °C.

42.  The method of claim 41, wherein the wet oxidizing step is carried out at

about 775 °C for about 3 hours.
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43.  The method of claim 36, further comprising the step of:
forming a doped silicon wafer by heating a silicon wafer in vapor phase

communication with the solid dopant source.

44.  The method of claim 43, further comprising the step of:
selecting a solid dopant source from an aluminum metaphosphate dopant source, a

rare earth metaphosphate dopant source, and a rare earth pentaphospbate dopant source.
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