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(57) Abstract: A method of doping silicon that involves placing a silicon wafer in spaced relationship to a sclid phosphorus dopant
=~ source at a first temperature for a time sufficient to deposit a phosphorus-containing fayer on the surface of the wafer and subsequently
oxidizing the doped silicon wafer with wet oxygen or pyrogenic steam at a second temperature lower than the first temperature. The
silicon wafer is maintained in spaced relationship to the solid phosphorus dopant source during the oxidizing step. The temperatures
are selected such that the solid phosphorus dopant source evolves P,Os at the first temperature and the second temperature js suffi-
ciently lower than the first temperature to decrease evolution of P05 from the solid phosphorus dopant source during the oxidizing

step.



source at a first tenperature for a tinme sufficient to deposit a
phosphorus-contai ning | ayer on the surface of the wafer and subs uently
oxi di zi ng the doped silicon wafer with wet oxygen or pyrogedi SERt®Am at a
second tenperature lower than the first tenperature. The silicon wafer is
mai ntai ned in spaced relationship to the solid phosphorus dopant source
during the oxidizing step. The tenperatures are selected such that the
solid phosphorus dopant source evolves Plerr](Jerr] at the first

t enperat ure Y W@Esecond temperature is suffi- cientlyBCOHEENPWEN t he
first tenperature to decrease evolution of Plerr]O[err] fromthe solid
phosphorus dopant source during the oxidizing step. 2 8 SEP 2004 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 PHCPHORUSIAND GRON NG OXIDE ON SILICON I N
THE PRESENCE OF STEAM BACKGROUND OF THE | NVENTI ON The present invention is
concerned generally with nethods of doping a silicon wafer w th phosphorus

and subsequently gr ol Mor e
particularly, the pgggg |nvekﬁlon I's C%E@gﬁgéﬁhvﬁﬁﬁﬂ%ﬁﬁéﬁtod of doping a

silicon wafer with phosphorus using qgiﬁlid dopant source and then grow ng
an oxi de Iayer on the surface of the ed silicon wafer in pyrogenic

;ngg]hgius source ?o accow ]% g%bggﬁ] o@?@?@g}g@. l i con

surface. As used herei meﬁ.ﬁdﬁ'n@i‘h‘iﬁﬁﬁéﬁﬁfﬁﬁﬁ‘fﬂat' on of the doped

silicon in the

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



presence of the solid dopant sources. Several conventional nethods of
doping silicon wafers exist. In one of these nethods, the silicon wafer is
first doped at a high tenmperature, usually ranging from abb8tSEPOM04 - 1150
C, using phosphorus oxychl ori de (POC13) or phosphine (PH3). The gaseous
POC13 or PH3 is carried down the diffusion tube wth nitrogen containing
sone oxygen. This results in the deposition of phosphorus oxide on the
silicon surfaﬁ) ’g?f phosphorus 2 8 S E P 2004 WO 01/73828 PCTItJS01/ 09200
2 oxide then VeAW* & with the silicon surface to form el eRERESIVORNYsphor us,
which in turn diffuses to a controlled depth within the silicon wafer.

| medi ately following the deposition is a steam oxidation of the doped
silicon wafer, usually near the deposition tenperature, for about 30 - 60
m nutes to grow the desired oxide. Genenally, the concentration and the
depth of the diffused phosphorus within“the silicon wafer are proportional
to the tinme and tenperature of the entire deposition process. The thickness

of | the 1 eSulisb i REORith BXSiokPAREL @b Mool el ASSH8h WISk hikeon waf er

during the steam oxidation step I's propor

t enper at ur ediﬁ?m&ttgé%nu-gﬁ&i&ﬁﬁrvﬁthﬂ;ﬂé'ffﬁ%e ‘&}erdm H‘J’n&g@%ﬁgﬁgm at ed WI th

t he use of POCl3 and PH3 ese 1nc non-uni | arg

di aneter si lgkgRitodai8teamCREGAH qusﬁﬁpﬁ &ﬁﬁp et bet ween
the silicon 5g$e?s)a generatlon g% es 1A the §&$ usﬁ%ﬁﬁggbe t hat

cause Si |'Qé?ﬁbe%ﬁ@ggrab&R)SDQBéﬂmﬁfégtcpﬁﬁ%%'d‘éélfe){oﬁﬁet@&eﬁﬁ?ﬁﬁe and ot her
handling difficulties.

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,



Sol i d dopant sources that evol ve phosphorus pentoxi de (P205) upon heati ng,
such as those described in United States Patent No. 3,992,6g§2é® Fl orence
et al., were developed to overcone sone of the probl ens gs kd with
gaseous dopants. The P205 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
exenpl ary solid qpant sources and net hods of using the solid dopant
sources to d%"“‘ Zilicon wafer. 2 8 SEP 2004 WD 01/ 738SEURPPI00 SOL/ 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 same tenperature. During the deposition step,
the silicon wafers are placed with theig surfaces parallel and in close
proximty to the surfaces of adjacent solid dopant sources, e.g., 1in a
solid dopant source boat. The solid dopant sources and silicon wafers are

inserted into a ogifhddtil#8o \ﬁ’%)ﬁlc%ﬂq’&gFurn S&&&Ohe de (%gg%’hfaf&p%ﬁ&ature

under nitrogen using a con I ona ce ra

oxi dati on OfiibdSuAiRResbot 1056 WeNBRETY HHBOHRRG I fcj,gygg}hat SRS al ur es

near 1050 C because dry oxygen ange e ev t he

sour ces. WighnoSiuhh ke VBhESt @aegugﬁm@?uammi%&sgg 4GSO | oned

by oxidation wth dry oxygen, e 'S requ Poduce the
desired oXi ggmbtdipailQ38d Q%ﬁﬁb'ﬁl%mty 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 info a
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



oxygen oxidizes the silicon nore slowy than steam This |onger oxidation
time at about 1050 C also results in excessive diffusion ff §§p§ﬂ@orus
into the silicon wafer. Unless the desired junction is ve 9 eep, the
additional diffusion time results in too deep of a junction and often
destroys the device being nmade. Another nethod of doping silicon using
solid dopant sources involves doping the silicon wafers at about 1050 C,
renoving the silicon wafers fromproximty to the solid dopant sources,
and oxi di zi ng*YWE*EB i con wafers with steam After deposiBGTEHIVEHE si|icon
wafers are renoved fromthe boat (and proximty to the solid dopant
sources) and re- inserted into the diffusion furnace for the steam

oxi dation. The separate steam oxidation can 2 8 SEP 2004 WD 01/73828
PCTN501/ 09200 4 be done at tenperatureg simlar to those in the first

met hod descri bed above to grow the desired oxide. The solid dopant sources
must be isolated fromthe silicon wafers during steam oxidation because
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operator handling. It also exposes the hygroscopic silicon surface containing P05 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.



t he Fangé of about 2000.5000 A. A typical emtter diffusion will require an
oxi de thickness of about 4300 - 5000 A. Oxide layers of the preferred

t hi ckness for emitter diffusions typically are grown at or 'gEPtﬁB4
deposition tenperature, which typically is in the range of out 950 - 150
C. - Acceptabl e sheet resistivities for emtter diffusions typically .are in
the range of abewtoeisssdd - 6. 15 ohms/.sq. but may be as hi gh pesrosiReshe 15
ohnms/sq..and as |ow as about. | ohm sq. For exanple, a deposition
tenperature and tinme of around 1025 C for 60 m nutes commonly is used for
bi pol ar transistors to give sheet resi.stivities of about 5 ohns/sqg. It is
an obj ect of the present invention to provide a nethod for doping a silicon
waf er using a solid phosphorus dopant sougce in which the doped wafer is
oxi di zed while in close proximty to the solid source in situ while

mai ntai ning the useful life of the source. i .2 g SEP 2004 WD 01J73828

PCUt TS01109200 5 |t IiSa futhetiobjeetof HoipREdnt Riveritiof toPrS3R A M AT ob@hidpQ Provi de

a method for obtaining a satisfactory oxide thickness |layer on a

‘phosphor us- dOpeshﬁsfadtdryeﬁdm&ﬁwﬁay@ohﬁpﬂ{spﬂoﬁfsﬁﬁﬁéd%m%@wﬁf@?ﬁaﬁﬂyem | onal
oxi dation nethods w thout excessively [ong oxidation tines, nd

a
particularly a temipbasieten coifcafiohltai@RortidilAls WRNGE c:bssRlY 168 Skitffn g KNESS

by selection . of the appropriate wet oxidation tine at the |ower

citnperature. |t wslpanblbty o S8hedtor Sitaihifad ARMyePSF shP ddirQMhitness bFREIAGHD or
. oxi di zi ng a phosphorus- ’ : o
: - ~of the appropriate wet oxidation time at the lower temperature. '

It is another object of the invention to ﬁrovide a method fbr o:-ddiﬁng 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 POCl; 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



doped sil'i con wafer that maintains the diffusion of phosphorus into the
silicon at a depth conparable to that observed when using,dopj qhods
such as POCl 3 or PH3 that use conventional- wet oxidation ﬂeﬁhs@g@ﬁ ‘

el evated tenperatures. It is yet another object of the invention to provide
a nethod for doping and oxidizing. a silicon wafer that reduces handling
of ‘the silicon Waewssand exposure of the silicon wafers tpciwssi/@ioom air
~conpared to conventional wet oxidation nmethods using solid dopant sources.
-These and ot her objects of the present invention will be apparent fromthe
specification that follows, the appended clains, -and the draw ngs. SUMVARY
.OF THE | NVENTI ON The present. invention can overcone the probl ens associ ated
-with conventional solid source doping nethods. It can all ow doping of
‘silicon wafers with a solid phosphorus dopant source followed by a steam
oxi dat i on @bépanbsovieged silicon wafers without first renoving the wafers
fromthe diffusion furnace and w thout drastically decreasing the life of
the solid .2 g SEP- 2004 . WD 01173828 PCT{US01109200 6 dopant sources. A

R R e

rel at i onshfqnntising Beosters 9fhplepihe ausicod oypdantin spased elaibnahip ior £ solideghoghaiur e

for a timeqshiboloita 49 tQﬁ&?ﬂr& & agﬂ%ssﬁﬁf%{eﬁtgfo%%%m l r;]) Qs%h(l)r;ﬁ‘sy-c%gltairﬁng layer
on the surface of the wafer, oxidizing the doped silicon wafer by a wet oxidation method at a
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



on thé surface of the wafer, oxidizing the doped silicon wafer by a wet -
oxi dati on nethod at a second tenperature |ower than the.{irst tenperat.ure,
and maintaining the silicon wafer in spaced. relationship w8 t SER R0k ol i d
phosphor us dopant source during the oxidizing step.. The first and second

t enperatures nmay be sel ected such that the solid phosphorus dopant source
may evolve P205 at the first tenperature and the second tenperature may be
sufficiently | oWBOYEBEEN the first " tenperature to decreaserenashumdon of
P205 fromthe solid phosphorus dopant source during the oxidizing step.
The second tenperature may be selected to be | ess than or equal to about
900C and particularly in the range of 7about 600 to 900C. The step of

mai ntai ning the silicon wafer in spaced relationship to the solid
phosphorus dopant source may include placing the silicon wafer in close
pr oxi ni t Weerrie spbiioae{b@d from {basalid phbsphéros ddpentsobibdkduing Siekeidizmgdrpant

source, Wt BecbiiEiesibd;] bei.ng .mai nt ai ned in_thi sition during

t he oxi di zi ng st g%béréfﬁrg'ﬁ%aﬁ%gé(g%ﬁrt%ge lflraf r%tégeé’g&é)&ftt@ t%g@ﬁ that the solid

phosphorus dopant source may evolve P205 at the first tenperature and the

second tenper gk fRicient!ly.l r than the first tenperature to

28SEP2004 wo Qly E}_‘%@'g@ﬁﬁ@%fﬁ%%}ﬁ%%@‘w?f B P B AT B BOBDS f r om ¢ he

sol i d ph@sidhatienswitopd oty g endoeidition with fybezeni s@h) if @hich 6Ridatioh Rethseeond

t enper at Lo _be | range of apout 600 to 900C. The

met hod f ur %‘?g?‘%ﬁa%h‘?% lé’ﬁﬁ‘%tﬁ@g F’ﬁf@ °’é¥g§’bg‘6"#’g§ LN idﬁ’ﬁn‘ﬁeqbﬂ)éﬁtcfoﬁedafttwﬁlsﬁet hod

from oxiteyzrelude thewtep ot sebstctinpaysgbid depant souttelthit cam davbinpose W I§EBInSersh@am i N
whi C h ox 'tﬂashii@&'op%ttsgluw&xay be selected from an aluminum metaphosphate (A1(PO;);) dopant

' source, a rare earth metaphosphate (Ln(PQs)s, 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



oxygeh may include oxidation with oxygen bubbl ed through. deionized water. "
The nmethod also nay include the step of selecting a solid dopant source

t hat can deconpose at high tenmperatures, the solid dopant source may be
sel ected from an al uni num met aphosphate (Al (PC8)3) dopant? E&@bPcéllia rare
earth netaphosphate (Ln(PG3)3, where "Ln" may refer to a rare earth

el enent).. dopant and a rare earth pentaphosphate (LnP5014) dopant. .
source. A secondwg’?glg%% of the present invention provides a"ﬁé@ﬁ%”%‘% '
doping a silicon wafer, conprising the steps of. maintaining a silicon
waf er and a phosphorus solid dopant source for vapor phase deposition of
~P205 in vapor phase communi cation at a tengerature and for a tine
sufficient to forma |ayer of n-type conductivity on the surface of the
silicon vvg.fe%’; tgrlg oxidizing the doped silicon wafer with an oxidizing
agent sel e@tBErGHISIRIOTBRY HisiFuricg 0551\3 sifjeam wafe ep gridalayer dagngotitkecsngfer at ur e
for a ti mabeutlboocA enk nieﬂ;oﬁ%?‘i&'lbd&ﬁﬁ s&H'bf&Té%ti&fa srog@%ltgfjaht!s(aﬁ’r@e H‘@rlﬁgﬁ. an oxide

| ayer havia1li1 .a predeterm ned thickness, the secon nperature being

suf fi ci ent %wlg\?gqeta@wgqu@pw Bousee, 3 wrRrarth metephosphattaiopant seircehandevat ut | on
rate of P2Q&hpen@ihdspruts@phtl sd@pant source while the silicon wafer is

mai nt ai ned in vapor phase comunication with the solid dopant source during
the oxidation step. The second tenperature may be selected to be in the

range of about S0@db&eRQ0%e prds@lt iR %AHIR . I I O be carried
out at about 775C 2 8 Sep 5854 bl S ol P g B B bbern® 020

hours to fOMAYdM the gers o mapiniaiging e pidice) Vaferond aedlidiphospherus dpaitagwee inavi ng a
~ thickness dfse prdRignily f40QFordhast iEpIITLA 8FP,BRY: o t&ﬁﬂe%e EfroS] Bl Qlmagk RCLI Ng a

solid dopafnt source froman .
orm 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 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.



al um num net aphosphat e dopant source, a rare earth netaphosphate dopant
source, and a rare earth pentaphosphate dopant source. A third aspect of,
the present invention provides a.-nmethod of doping a silicon fe .
conprising the steps of: maintaining a silicon wafer and a sgﬂﬂcé%dgﬁyhor us
‘dopant source in close proximty for vapor phase deposition of P205 at a
tenperature and for a tinme sufficient to forma |layer of n-type _
conducti vity on wbeimgssf ace of. the.silicon wafer, oxidizi ngptheseiepad
silicon wafer with an oxidizing agent selected fromwet oxygen and
pyrogenic steamat a second tenperature |ower than the first tenperature,
and nmai ntaining the silicon wafer in close proximty to the solid
phosphorus dopant source during the oxidizing step. The second tenperature,
-which may be selected to be sufficiently |ower than the first tenperature
‘to substantially decrease the evolutionof PZO5 fromthe solid dopant
source during t | S Zd : be in.the ra of. about 600 to
900C. The oxi di z?fﬁ%s{;g%k Qn%}ié%:g&cnadrq%&el% %rh deg? ntmr!l%ﬁ% dng atsglf"?ﬁ%?”ﬁ%ﬁr e for a
time suffi EPBISINEAhe sepp af placinpe siiennfved@ imspatddecistidnsiipto avafi@phoaghorssi de | ayer
‘of a predetermned thickness,”  such as a _thickness of about 4000 A The

met hod al sc?OPPé'flSqufféﬁtmﬁfsifﬁ‘@P%%fﬁ Teyra tisps sufficiento denosit p shageheastoontaiping dayen hat

can deconpeachesirigcedf B WakiRRIin tRe ddpBEsinRINker BPH WeCoxBNoliReRfl £t €d from
an al um num ﬁtﬁ@hos ate dopant source, a rare earth netaphosphate dopant

source, and®® cra Kerfhanths rspmrarauggpd maintdning tbe siico vafEpippesdno
01173828 PGeitignehip 038N phosphorus dopant source during the oxidizing step. The temperatures

may be selected such that the solid phosphorus dopant source can evolve P,O;s at the first
temperature and the second temperature may be sufficiently lower then 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



A fourth aspect of the present invention provides 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 giés§%ﬁqm@ rature
for a tinme sufficient to deposit a phosphorus-containing Payer t he
surface of Wosusmter, oxidizing the doped silicon waferphbysa el oxidation
nethod at a second tenperature |ower than the first tenperayure, and -
mai ntai ning the silicon wafer in spaced relationship to the solid
phosphorus dopant source during the oxidizing step. The tenperatures may
be sel ected such that the solid phosphorus dopant. source can evol ve P205 at
the first tenperature and the second #0enperature may be sufficiently | ower
than the first tenperature to decrease evolution of P205 fromthe solid
phosphorusggo aq% source during the oxidizing step. The second tenperature
maybe sel e plgelsetingaselid dupantaouresifioh ah duaiom ﬁﬁgﬁﬁ eyl arly in
t he range of about 600 to 900C. The above-descr?%%%ﬂﬁgtho %%é&ﬁﬁélude one
or nore ofaﬁﬁﬁﬂﬁhepaﬁmqmnﬁmuﬂmamngawmﬁumgbhﬁqgm@m%?ﬁmg&b&&Qﬁﬁmproxinity
and substantially parallel to the solid phosphorus dopant” source during

t he oxidizing step and selecting a wet oxidation nmethod from oxidation with

wet oxygen andh Akh skpbdt @fthbicSnPYNOBOR blovilb AR MING - be
sel ect ed s%ich thtgt t he. sol hosphoras dopant sour%%%ﬁ%ﬁ@gpﬁ%S at

i d
the first SUERPEFSL GrEPTEHE t{mr%epgeﬁa‘ﬁa%i@#ﬁ&a dengd eiliconayattret 8 tekperatuent | y | ower

than the fsuffisient te BEbRt2Afdly Aedréasel 86 PARAIROIBNG] e 0@ @2 pﬁﬁ%ﬁor[lg EPahiiGurs 0! 1 d
phosphor us dq@g@r& source during the oxidizing step. The seco tenperat ure

may be sel™¥¢t i vanop PRase pqrumynicaien with the slieonspderdsrinpthe wetidsidizing e
further mihe ineCoxidieindNepdrtteb33B; bbQelected 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
) ‘oxidizing stcp sufficient to form on the surface of the doped silicon wafer an oxide layer
.mwhgapmﬂamnﬁmdﬂm$n&m.Iﬁewﬂfmﬁkﬁ@ﬁﬁ#wﬂmnenmybe#i&&dﬁﬁmhz
the range of about 600 to 900 °C, For examyple, 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

&



2 8 SEP 2004 PCTIUSQO /09200 the step of selecting a solid dopant source
froman al um num net aphosphat e dopant source, a rare earth netaphosphate
dopant source, and a rare earth pentaphosphate dopant soygc§ﬂ,ﬁngifth
aspect of the present invention provides a nethod of grow ng af oxide |ayer
on a silicon wafer, conprising the steps of. wet oxidizing a doped silicon
wafer at a tenperature sufficient to substantially decrease the P205
evolution rate of a solid phosphorus dopant source _maintained in vapor
phase comunication with the silicon wafer during the wet oxidizing step.
The wet oxi A" HG*8nperature may be selected to be | essPERENB?2%qual to
about 900C and particularly in the range of about 600 to 900C. The wet
oxi di zi ng step may involve exposing the doped silicon wafer to an
oxi di zing agent selected fromwet oxygen and pyrogenic steam The mnet hod
may include the step of selects a teperature and tinme for the wet
oxi di zing step sufficient to formon he surface of the doped silicon wafer
an oxide layer having a predeterm ned thickness. The wet oxidi zing
tenperature be selected to.be.in . the range of about 6 to 900 C. For
exanpl e, the%ec?ﬁé F‘r?gjegtﬁ%tgﬁﬁ’y"”ﬁ‘@“@'ﬁ]rl? G?H??rcﬁttﬁoné%ggk’m C for
about 3 hquyr.s. .The nethod al so may i nclude the step of form ng a doped
silicon w@%@%d@?mwgﬁFing a silicon wafer in vapor phase communication with
a solid dopant source. The solid dopant source may be selected from an

al um num et aphosphat e RO of t aphosphat e dopant
source, and a rare ear priosptrat : 2 8 SEP 2004

Figure 1 is a graph showing glass film thickness vs. time in steam for selected 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)



WO 01/ 73828 PCT/ USOL/ 09200 1111 These and further objects of the invention
wi Il become apparent fromthe follow ng detailed descrip |og %EIEF
DESCRI PTI ON OF THE DRAW NGS Figure 1 is a graph show ng EP 204+

thickness vs. time in steamfor selected wet oxidation tenperatures.
Figure 2A is a graph showing the uniformty of the glass filmthickness on
a silicon wafer vs. tine in steamat various wet oxidation tenperatures.
Figure 2B is a detail view of the graph of Figure 2A showing the uniformty
of the gl as¥WOrqy7s828 hi ckness on a silicon wafer vs. ti nmePCHUSIOND at

vari ous wet oxidation tenperatures for uniformties fromzero to 10
percent Figure 3 is a graph showi ng sheet resistivities vs. tine in steam
for selected wet oxidation tenperatures. Figure 4 is a graph show ng the
average cunul ative percent weight loss vs. tine of a PhosPlus(r) TP-470
dopant source exposed to steam at vatl/dus tenperatures. Figure 5 is a graph
showi ng the weight [ oss rate of P205 froma PhosPlus(r) TP-470 dopant-

source in wet oxygen vs. t enperature. SUBSTI TUTE SHEET (RULE 26) 2 8 SEP
2104 WO 01173¥/BAKN ESCRIVEION OF THE PREFERRED EMBODIMENT(S)

The present invention provides a method of doping silicon wafers involving a
subsequent wet oxidation or pyrogenic steam oxidation of the silicon wafers in situ. 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)



1112 DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENT The present

I nvention provides a nethod of doping silicon wafers invob&g%@,gmﬁubsequent
wet oxi dation or pyrogenic steam oxidation of the silicon r n situ.
The nethod allows the silicon wafers to remain in close proximty (e.g..

i n vapor phase comunication with the solid dopant sources within the

di ffusion tube) during the oxidizing step wthout quickly depleting the
useful life of the solid phosphorus dopant source. SUBSTI TUTE SHEET ( RULE
26) 2 8 SEP »OOW/738¢0 01173828 PcTi us01109200 12 The net ROTUSEHGM0 es t hat

t he dopi ng and oxi di zing steps be carried out under different processing

conditions. The doping step is carried out at a high tenperature, i.e.,
about 1050 Cin dry nitrogen with possibly a small anount of oxygen. The
steamor wet oxidation is carried out at a |lower tenperature, i.e., about

775 T. Under these conditions, the P23#% evolution rate fromthe solid
dopant source is reduced significantly conpared to the evolution rate
expected in wet oxidation or pyrogenjc steamoxidation _at the higher doping
tenperature. CarBrgretiodrequizesipitdhe doping aud oxidizingstens bpearded b mdes yi ts in a
P2C5 evolutiogn rate at the |low_tenperature that approaches the P2C6

evol ution r gilsregt Proqeesing opditionso Shedppingsiep éycatrisd eut ah a high fegpperturerie, si | i con
waf er therefore may be oxidized by the wet oxygen or pyrogenic steam in

t he presenc @byt 1954eC iy gitrpapruwith Raseibly @ smoll eyt ofoxpeea. dEpfleam envathe

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 siiicon 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



phosphorus in the solid dopant source. The present nethod al so reduces
processing tine and operator handling by elimnating the steps of ranping
the furnace down to the insertion tenperature, renoving 2heEdopdd silicon
wafers fromthe diffusion boat, and ranping the tenperature backup to the
oxi dation tenperature. In the nmethod of the present invention, silicon
wafers typically are placed adjacent and substantially parallel to a solid
phosphorus dopant source in a diffusion boat. D ffusion boats of various
desi gns nay BOWUSE al though a four rail quartz boat w PET/ESMEEr d paddl es
and cantil ever systens, conpatible wth automatic transfer systens,
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 pﬁ@ferably are about 0.01 inch 2 8 SEP
2004 WD 01/ 73828 PCTI US01/ 09200 13 wider than their thickness. The
sources should fit loosely in the boat wwth roomfor expansion of at | east
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furnace ra ngliuxr}lgmhleﬁe n;;hgslf)‘ﬁatie,sa rgrse%grth]c n%tapthgsephgtg,pai rare e3nth pentaphosphate
(including LaZsP3), or another suitable dopant composition. Although superior results are
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.



deposition cycle. This involves slowy inserting the boat containing the
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 gq&ggﬁhure.
Preferably, the insertion rate is not nore than 4 inches %) Lte for
100 mm di anmeter sources. Slower insertion rates are preferred for |arger

di aneter sources due to the greater nmass of material involved. After the
furnace and boat have reached thermal equilibriumthe furnace is ranped up
to the deposmdmiiseenperature. The deposition tenperaturecpusfidsably is in
the range of about 950 -1150 C, nost 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 anpbunts of oxygen
may be used at deposition tenperatures greater than about 1000 C. The
preferred oxygen concentration is |ess than about 1% although up to about
5% oxygen nmay be used at deposition tenperatures above about 1100 C. 2 8
SEP 2004 WO 01173828 PCTI U$41109200 14 The gas flow rate during

deposi ti on dependg &silpte guigdapasitien derendsarimarily Japipihe diffusion equipmest.t ube
size and end %gg esjgn.. The flow rate nust at |east be high enough to
prevent r odHASH FB%@SHPQ§ﬁﬂ@§ﬁ?HE“HBWH3PH@56¥#Fﬂ§Pbﬁhﬁﬂ%ﬁhkﬂﬁﬁmpﬁates
rangi ng from abou liters/mnute to about 15 liters/m nute have been

2 0 c .
used succesdPUR F?%‘Pﬂ backpsssming dowm the diffusiqu tphe, Flasrrates ragingfrom showt Pow rat e of

Do 3 LRSS EE LA RLELET T Sapl 10, LoD 5 can €0 ou
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.



deposit a phosphorus-containing | ayer on the wafer surface that wl|
diffuse to a desired depth within the wafer wwthin a reasonable tine. The
deposition tinme nay vary with the deposition tenperatur gquoﬁﬁpr factors
well known in the art. For exanple, the deposition time Tor doprng a
silicon wafer with an al um num nmet aphosphate solid dopant source at about
1050 C may be about 30 - 60 mnutes to obtain a sheet resistivity of about
4 - 5 ohnms/sq. The furnace tenperature gradually is reduced to cool the
silicon waf eM903A¥2%ources in preparation for the steanPEkU¥an8h and t he
oxidizing agent is introduced into the furnace. The oxidizing agent may be
sel ected from pyrogenic steam (i.e., steamresulting fromthe conbustion
of hydrogen with oxygen) and wet oxygen (e.g., oxygen bubbl ed through

dei oni zed wat er naintai ned at about 95 g). The oxi dation of the doped
silicon wafer with wet oxygen or pyrod nic steamis referred to as "wet

oxi dation." "Wt oxygen" includes oxygen bubbled through deionized water

mai nt ai ned at a.sui,tahl e tenper.atute,. e.g., about 95 C, or prepared by any
ot her suitable HWBSMW‘W%%? BReRsRiTEn 8888 15 The doped
silicon wafer i.s aoxidi zed a_.second .te rature .l r than the

deposi tion &%’ﬂ%ﬁ%?‘ﬂ?e 3‘“%2&%? 053%‘?'??&*?‘5‘?? ﬁﬂ@?@%%ﬁ%ﬁﬁ?%%gh enough
to keep the .oxidation.tinme as short as i bl d | ow enqugh,to keep
P205 11 om cVATUPRE? Poot REPopE ntigwisiolgh i eee B0 iom SiPlE Ikt ot e, The
more rapidi f{hotqu]%ng %c())tgceea\{ %loﬁgﬁl off Lo t'ﬂ% 15008 rragiﬁly the P05 evolves from the source

in steam, the more rapidly the source becomes depleted. The solid phosphorus dopant

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



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 oxidation step?2feS&Rsilit he
second tenperature is sufficiently lower than the first tenperature to
decrease the P205 evolution rate to an acceptable level. Silicon wafers
doped with a PhosPlus(r) TP-470 dopant source at 1050 C for 45 m nutes may
be oxidized in wet oxygen at 775 C for about 1- 3 hours at a flow rate of
at |east ab¥&PGter/nmin. It is believed that sonewhaPCHUSHEI20¢ | ow r at es
Will result in nore wuniformoxidation of the silicon wafers fromtop to
bottom When the oxidation is conpleted, the flow of oxidizing agent into
the furnace is discontinued, the furnace tenperature gradually is reduced
to a tenperature in the range of the iqgertion tenperature, and the boat
Is slowmy pulled fromthe furnace. The "Oxidation may be carried out at a
tenperature and for a tine sufficient to formon the surface of the silicon

waf er an OXIde | a e',’ a desi.re cknes h as 00 A or 4000 A
The | ower oXrGSEI GRS m?@ d?d¥ﬁg“%£g§ mﬁﬁ?ﬁ%@ 2%ans that the
addi ti onal r | nt SJ|LCOn s very, snal | conpared
to the di ff%osr%ln %agwepom&r%g%r ?‘ﬁ al‘ﬁ’ 35 ?W@lﬂi}%ﬁ %55 et onal
(dry oxyge tho SER..20 8 PCT] USO1/ 09200
16 el evat edgrte%ﬁ{p'ge&% dﬁa?gé)g?ﬁm&'ggeg r?gz(itgﬂ?%ﬂ °%4rﬂﬁ%ﬁr€%‘gwb‘%§g’8ﬁ?n t hod

conpared to, &% yentional wet OX|dat|on met hods because the wet oxidation
S acconpllgﬂ I'n situ. The

Silicon wafers doped and oxidized using the present method have been found to have

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



present nmethod also elimnates the effect of humdity of roomair between
doping and oxidation. Silicon wafers doped and oxi di zed using the present
met hod have been found to have sheet resistivities in t?g ﬁﬁﬁgﬁ of about 5
-7 ohns/sq. and glass film (oxide) thicknesses in the range o 5bout

4000- 5000 A. For exanple, silicon wafers doped with PhosPlus(r) TP- 470
dopant sources at 1050 C for 45 m nutes and oxidized in wet oxygen (bubbled
through 95 C deionized water) at 775 C for about 3 hours had a sheet
resistivity sfombesz¢ 5.7 ohns/sq. and an oxi de thi cknes®cafusaimozd 4000 A.
The solid dopant sources continued to evolve P20 normally at about 1050 C
after the wet oxidation at 775 C. Testing was repeated several tinmes with
simlar results. Thus, the nethod of the invention is capable of producing
acceptabl e glass FILM thi cknesses and sheet resistivities wthout renoving
the solid dopant sources fromthe difflfsion tube during the wet oxidation
step and.without drastically reducing the useful lifetine of the solid
dopant sources. EXAMPLE: = Silicon wafers 6100 nm di aneter, 5-20 ohns and

111- p- t ype bor onffamis} &/maptsde WI0C and baldp myinufes pflapyigg o0 nm di anet er
pl anar dopant sources containing a high percentage of alum num
met aphosphat e anenend ¥i/mimitets watosidation telnpewioegXcycl e: I nsert boat into the
di ffusion tube at 3.0 inches/mnute at 700 C 2 8 SEP 2004 WO 01/73828
PCTI UTS01/ 09200 Hald at wet oxidation temperature for time, Y
Ramp 5 °C/min to 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



Ranp 5 Cmnute to 1050 C and hold 30 mnutes in flowng N2 Ranp 5
C/mnute to wet oxidation tenperature, X Hold at wet oxidation tenperature
for time, Y Ranp 5 CUmn to 700 C Pull boat fromthe (yéi%@éw tube at 3.0
i nches/ m nute. Wet oxidation tenperatures (X) of 700 C, ' "775 C, 800 C
and 1000 000"C and wet oxidation tines (Y) ranging fromi to 3 hours were
eval uated. For the wet oxidation step, oxygen was bubbl ed through

dei oni zed water maintained at 95 C. A new set of sources was used for each
oxi dation teM1§3%2% e. Each set of sources was aged pri oPCTASU#8200f Or
approximately 12 hours in N2 with about 25% 02. Wi ght | oss neasurenents of
the sources were nade using an anal og bal ance. The deposited glassy film
t hi cknesses were neasured using a Gaertner ellipsoneter. Sheet resistivity
measurenents were made on wafers previously etched in a 10:1 HF using-a
standard four-point probe. Sources wel8e held at each wet oxidation
tenperature in wet oxygen for the specified tine to evaluate the rate of
P205 depletion fromthe solid source by nmeasuring the weight |oss of the

sol i d sourudapprofithss the rajghin drsbeitogen asthe exidation tesipowbue arfpedachh ebuh@0us i s | ost
at a rate of less than 0.01 % hour in nitrogen at 1050 C (see Figure 4).
When t he §@s¢seeBigoleahged to wet oxygen, the rate increases to nore than 0.7
% hour at 1000 C. The evolution rate in wet oxygen decreases significantly
as the wet oxi@hssfihn thicknpsesdsuilte bdowt eagasafter dspidd 0030 °2 f9r HBaRnweH 4

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)



WO 01/ 73828 PCTI USOL/ 09200 18 and approaches the rate in dry nitrogen as

t he oxi dation tenperature approaches about 630 C (see Figure 5). d ass

fil mthicknesses vs. tine in wet oxygen after doping at 210%Pp Ggjor 30

m nutes are shown in Figure 1 for each wet oxidation tenperature. The
deposited glass film thickness was found to increase with oxidation tinme

i n wet oxygen for a fixed tenperature as well as for increased tenperature
for a fixed time. The nmethod of the present invention therefore allows for
formati on of W18 %e | ayer of any desired thickness on PABUSM{O928€e of the
silicon wafer by selecting the appropriate wet oxidation tenperature and
time. In this case, a desired glass filmthickness of about 4000 A was
approached using a deposition of 1050 Cin nitrogen for about 30 m nutes
foll owed by wet oxidation for about 2 hours at 800 C. The uniformty
decreased rapidly with increased sourcd’tine in steamat 800 C. As a
result, a |lower oxidation tenperature of about 775 C generally is

preferred. In ag effort . to increase the sheet resistivjt niformty, the
wet oxidation t @Fﬁ?u@ggmﬁﬁgmﬂggFéﬁ%Eﬁquﬁﬁ?ﬁ%ﬁeé??@kﬁz%ETf%ﬁafﬁ%e
oxidation tine was increased fromabout 2 __hours to about 3 hours. As shown
in Figure 1‘?’%%“&%%&?@3@“{3&@“ onat{dd /' ggregrerase sheat psisiityckness of
about 4000 A, The sheet resistivity uniformty inproved substantially, as
Shown i GHeE BhyRER R S helo i 1 K s PR deEsoBie SRTBE C. t e

resul ting | formty of the doped silicon wafers falls within a 2% range
(best shown "®Sgure 2A). This was true of all other wet oxidations

performed at terweratures, bel ow 775 C.
et oxidation times of about 5 hours 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



SUBSTI TUTE SHEET (RULE 26) 28SEP2004 WD 01173828 PCTI TJS01109200 19 In
Figure 3, the sheet resistivities vs. tinme in steam have been plotted for
each of the wet oxidation tenperatures. The wet oxidatRdnSER 205 C.gave
average sheet resistivity values between 5 and 6 ohns/sq., which is within
the range preferred for sone emitter diffusions. Wt oxidation tinmes of
about 5 hours at 775 C have been found to result in glass filns with a

t hi ckness in excess of about 5100 A However, the thicker glass filmis
achi eved at WiE3Bknse of sheet resistivity (in the ran§€rgsigmeut 6.3
ohns/sq.). 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 above the p/n junction. It is believed
that an increase in the deposition hold,f4ine at about 1050 C followed by
wet oxidation at about 775 C under the conditions descri bed above may

all ow for the fornation of the thick oxide Iayer while still maintaining
han Phos Pl (ot pHid R et S8l RO Pﬁ%%%*%"%%ﬁﬁgemen ageof
resent | ﬁ%ﬁ’{%ﬁ@%@%‘%@% PP iR el B 5%4?% H%‘?t e soﬁﬁ ces
2§¥agﬁog;ﬁgte (La PO3 G@?@ﬂgpgﬁ?ﬁggJ?%§§§§§“§9§gg?@§m€§ |r|ng three 100 nm

PhosPl us(r) metaphosphate (Er(POs);) and praseodymium metaphosphate (Pr(POs)s) sources, believed to

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 _af, 175, C tol nijrogdn 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 LBNJGdEr *P ght lossfin N2 at 1050 ¢, 0.0440{0160.0440.016*9. 075

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.



x 10" 20.0210.015 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 021IN25152815*14 *Aging in N2 at 1100 C rather HRgaged Q@ C. The
wei ght loss ratios ranged from5 to 28, with the dopant sources having the
|l ower ratios being nore likely to performsatisfactorily when used in the
present nethod. Based on these limted tests, the Er, Nd, Pr and &

nmet aphosphat e sources were |l ess resistant to wet oxygen than the al um num
met aphosphat ¥ &Y{PE& (wei ght | oss ratio about 5.0) and t RET/UBHHENUM

met aphosphat e source had about the sanme resistance to wet oxygen. Each
source was used to dope silicon wafers at 1050 C for 45 mnutes in N2 to

22 -

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 resisitivities and deposited glass filmthickness. The sources
were then used to dope silicon at 1050 C for 45 mnutes followed by 775 C
for 3 hours in wet oxygen to obtain sheet resistivitiesqpandeppgosfil m

t hi ckness of the oxidized silicon surface. Finally, the sources were used
to dope silicon one nore tinme in nitrogen at 1050 C for 45 mnutes to see
how t he deposited filmthickness 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 \/\éY‘b‘?E/"%% 28 22 TABLE 2 PC | CCS01/ 09200 LaNdGdRBFPUSE@0920phns/ 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-600740470550590 for 45 mn., before H20) Rd,
ohnms/sq. (doping test, in N2 at6.94.85.15.85.4 1050 C for 45 mn., after
H20) t, A (doping test, in N2 at 1050 G#70600570480550 for 45 min., after
H20) R$, ohns/sq. (doping test in N2 at4.75.27.06.96.1

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



1050 C for 45 mni. followed by6.1 wet 02 at 775 Cfor 3 hrs) t, A (doping
test, in N2 at 1050 C41903850382038954025 for 45 min,. foll owed by wet 02
at 3990 775 C for 3 hrs. As shown in Table 2, the depositeH8SERS20¥i | m

t hi ckness when doping in N2 for all sources averaged about 590 A. The
average filmthickness when doping in N2 after the sources had been used

I n 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

t he dopant s®®®E¥2&onti nued to dope silicon effectivel yPCEUSIWORDE er

hol ding themin wet oxygen for 3 - 6 hours. The sheet resistivities
nmeasured were in the range of about 5-6 ohns/sq. These sheet resistivities
were in the range expected for deposition at 1050 C for 45 mnutes with a
single source. (Wen only a single souréﬁ is used to dope the silicon, the
sheet resistivity wusually is higher th If three or nore sources are
used.) The silicon wafers all grew about the sanme amount of gl ass during
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literature, such as 8. Wolf and R. Tauber, Silicon Processing for the VLSI Era (Lattice Press

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



source. These experinental data indicate that doping rare earth

nmet aphosphate sources in dry nitrogen and oxidizing at a |ow tenperature
in wet oxygen for the rare earth netaphosphate sources proglggesppesul ts
simlar to those obtained fromthe al um num netaphosphate source. The
invention also 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 less than 1000 A. Wen the oxidation is
carried out WOOMMEBZHXxygen or in pyrogenic steam at 775 ECHE$MH92000pi ng at
about 1050 C, the oxide thickness may be increased to about 4000 A for the
sane oxidation tine. Because the silicon surface is heavily doped with
phosphorus (active and inactive), the oxidation rate is very high at [ow 2
8 SEP 2004 WO 01/73828 PCT/ C)S01/09200,,. 24 tenperatures, thus shortening
the required oxidation time conpared t &t he oxidation of undoped silicon.
This high oxidation rate al so m ght occur with gas doping, but published
literature, such as

S. ..\l f. and Tauber, . Siljcon Progessing for the VLS
Er (Lot 1 cBOBR 4800 lualy B wells L5817 syt Ie ylrats oo SUBTD UPHERERk ¢ as
hi gh of an gnhanced.oxi dat..on rate as the silicon that has been doped with
solid sourc @W#jsémﬂ%g’ ‘%hsrﬁﬁpﬁcgtt‘i?f‘yﬁgb%‘ﬁ?fsﬂ PHEBIEI t hi s significant
increase in oxidation rate.at ., 775 . be partially attributahle to the
enhanced oxi dat i ‘glh?o?’l%{ 2,P5¢ifiy %b%%?g?ﬂﬁ%’@%g@éﬁ“lbm qy"%‘heé‘ﬁrt‘)if"ﬁ@ét. The rapid
Inerease in m?(félrsgo%a 2 v hs rrrnaa¥ bé Llsage tgeeretg%gr tt]{oglcl sllﬁlealerlt 1%% g.lg w&tlcl)out departing

from the spirit of the invention or the scope of the appended claims.

k& ko



electrically inactive phosphorus often present in the surface of silicon
waf ers that have been doped at the higher tenperature deposition cycle.
_The present invention has been described with reference to a nethod that
yields particular results when carried out under defined28o$kR #80éns. O her
deposition tenperatures, oxidation tenperatures, and other reaction
conditions are expected to produce a range of sheet resistivities and

oxi de thicknesses. Throughout this specification, when a range of

condi tions oMWOPGHIp of substances is defined with resBEFTSHE2H0
particul ar characteristic (e.g., tenperature, pressure, tine and the 1|ike)
of the present invention, the present invention relates to and explicitly

i ncorporates every specific nenber and conbi nati on of subranges or
subgroups therein. Any specified range,or group is to be understood as a
shorthand way of referring to every nen%gr of a 2 8 SEP 2004 WD 01/73828
PCTI USO /09200 25 range or group individually as well as every possible
subrange an bgr oup, enconpassed therein; and simlarly with respect to
any subrangggé%Fg%ﬁ%é%%Ups therein. Although a specific enbodi mrent of the

i nventi on has been described in detail, it is understood that variations
may be nmade thereto by those skilled in the art without departing fromthe
Spirit of the inyentipn fhatPfpiEaRTica wiBScARRERYEE pHE™ 2 S SEP 2004

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,



WO 01/ 73828 PCT/[JSOL/ 09200 26 What is clained is: 1. 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 f'Fsgﬂigmperature
for a tinme sufficient to deposit a phosphorus-containing layer on the
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 the solid
phosphorus d¥9M382&ource during the oxidizing step. 2. TABUMEREH 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 tenperature to decrease evolutio f P20s fromthe solid phosphorus
dopant source during the oxidizing steg. 3. The nethod of claim2, wherein
the second tenperature is selected to be | ess than or equal to about 900 C.

2RERSERE 2004 V\Ql 01/ ﬁg glgthggrtj cpalany v(s)rgezrgg the%Zcond temperature is selected to be in

the range of about 600 to 900 °C.

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.



4. The nmethod of claim3, wherein the second tenperature is selected to be
in the range of about 600 to 900 C. 5. The nethod of claim1, further
conprising the steps of. selecting a first tenperature s§fgbgbﬂnt to cause
the solid phosphorus dopant source to evolve P205; andése ctTng a second
tenperature sufficiently lower than the first tenperature to decrease the
evol ution of P205 fromthe solid phosphorus dopant source during the
oxidizing step. 6. The nmethod of claim5, wherein the second tenperature
is |ess thanWéey01@®ehal to about 900 C. 7. The nethod of cPEIHSOEI2Mher ein t he
second tenperature is selected to be in the range of about 600 to 900 C. 8.
The nmethod of claiml, wherein the step of maintaining the silicon wafer in
spaced relationship to the solid phosphorus dopant source further conprises
the step of placing the silicon wafer | n close proximty and substantially
parallel to the solid phosphorus dopan?ssource. 2 8 SEP 2004 WD 01/ 73828
PCTI USO J09200 28 9. The nethod of claim1, further conprising the step of
mai ntai ning the silicon wafer in close proximty and substantially parall el
to the solid

9, The 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.



phosphorus dopant source during the oxidizing step. 10. The nethod of claim
9, further conprising the step of : selecting first and second tenperatures
such that the solid phosphorus dopant source evolves onéé?% &gﬁnfirst
tenperature and the second tenperature is sufficiently |ower F t he
first tenperature to decrease evolution of P205 fromthe solid 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 900 C. 12WOoHE3&8%t hod of claim 1, further conprising PREUSHERMYT
selecting a wet oxidation nmethod from oxidization with wet oxygen and
oxidation wth pyrogenic steam 13. The nethod of claim 12, wherein

oxi dation with wet oxygen conprises oxidation with oxygen bubbl ed through
dei oni zed water. 2 8 S E P 2004 WO 01/ %3828 PCTItJSOL/ 09200 29 14. The

met hod of claim1, further conprising the step of: selecting a solid dopant
source that deconposes at high tenperatures. 15. The nethod of claim 14,
further conprising the step of selecting a solid dopant source from an

al um num et aphosphat e dopant source, a rare earth netaphosphate dopant

source, and a rage eant RcREIGERIAIPRRME cSaRARy IRM%E:

selecting a solid dopant source that decomposes at high temperatures.

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.



16. A nethod of doping a silicon wafer, conprising the steps of:

mai ntaining a silicon wafer and a solid phosphorus dopant source for vapor
phase deposition of P205 in vapor phase conmunication at agtgapegat ure and
for atinme sufficient to forma layer of n -type conductivity on the
surface of the silicon wafer; and oxidizing the doped silicon wafer with an
oxi di zi ng agent selected fromwet oxygen and pyrogenic steamat a second
tenperature for a tinme sufficient to formon the surface of the silicon
waf er an oxi Y@ W&ABRE having a predeterm ned thickness, tRETHS1HHGO
tenperature being sufficiently lower than the first tenperature to
decrease the evolution rate of P205 fromthe solid dopant source while the
silicon wafer is maintained in vapor phase comunication with the solid
dopant source during the oxidation ste 2 8 SEP 2004 WO 01/73828

PCT/ USOL1™9200 30 17. The nethod of cl 3|n116 wherein the second
tenperature is selected to be in the range of about 600 to 900 C. 18. The

met hod of cIa|n1 n the.oxjidatin i,s carried t at about 775
' C for about 3 holu‘rs %?ﬂogﬁﬁl%ié’ﬁ??egl%e T et 4 e %F%Ptbﬁﬁ“ oxi de

| ayer havin out 4000 A. 19. The nethod of claim 16,
further h@?F?EH855W§%@@@§O8f- sel ecting a solid dopant source that
deconposes at high tenperatures, the dopant source being selected from an
al um num et aphosphat e dopant source, a rare earth

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



nmet aphosphat e dopant source, and a rare earth pentaphosphate dopant source.
20. A method of doping a silicon wafer, conprising the steps o naintaining
a silicon wafer and a solid phosphorus dopant source in ChGsGERra mty

for vapor phase deposition of P205 at a tenperature and for a tine
sufficient to forma |layer of n-type conductivity on the surface of the
silicon wafer; oxidizing the doped silicon wafer with an oxi di zi ng agent

sel ected fromwet oxygen and pyrogenic steamat a second tenperature, the
second t enpeW8UFB2ei ng | ower than the first tenperatuPE/USME200 8§ SEP
2004 WD 01/73828 PCT/ USOL/ 09200 31 maintaining the silicon wafer in close
proximty to the solid dopant source during the oxidizing step. 21. The

nmet hod of claim 20, further conprising the step of. selecting a second
tenperature sufficiently Iower than thg,first tenperature to substantially
decrease the evolution of P20s fromthé solid dopant source during the
oxi di zing step. 22. The nethod of claim2l, wherein the second tenperature

crai m o1, -whor e thog BF A EH0RE i SRR LSt SorpeoutaBuii a0

tenperature%¥ﬂﬁé¥éﬂne suff|0|ent to formon the surface of the silicon
waf er an oxi

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:



| ayer of a predeterm ned thickness. 24. The nethod 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 §Q%$§%Qﬁ# | ayer
havi ng a thi ckness of about 40001. 25. The nmethod of cl &i ,_tarther
conprising the step of. 2 8 SEP 2004 WD 01/73828 PCT1US01/ 09200 32
selecting a solid dopant source that deconposes at a high tenperature, the
dopant source being selected froman al um num net aphosphat e dopant source,
a rare eart hWofdf#@ghosphat e dopant source, and a rare eaPCWUBH/28pbhosphat e
dopant source. 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 time sufficient to deposit a
phosphor us-contai ning |ayer on the sugﬁace of the wafer; oxidizing the
doped silicon wafer by a wet oxidation method at a second tenperature

| ower than the first tenperature; and nmaintaining the silicon wafer in

spaced rel ati onshi Q. h i horus d Nt source during the
oxi di zi ng step. ng?. %%gghr?g%oﬁ%%so* e@ﬁ%@?nco ??selsgt?atatﬁéhrte% 151 %%Oﬁa%e st eps of
sel ecting as%u'rc%%kiné SIRRL RN S50kl fleBiloshiBi RS shllé, SQkd drPhOSPhOT US

dopant sourc

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.



to evol ve P205 during the deposition step; and selecting a second
tenperature sufficiently lower than the first tenperature to decrease the
evol ution of P205 fromthe solid phosphorus dopant source during the
oxidizing step. 2 8 SEP 2804 WO 01173828 PCTI USOLI 09208 8 8BP 284 The

met hod of claim 27, wherein the second tenperature is selected to be |ess
than or equal to about 900 C. 29. The nethod of claim 28, wherein the
second tenperature is selected to be in the range of about 600 to 900 C
30. The net h®® BF38% ai m 26, wherein the step of maintai nPRYUSHE9289 | i con
wafer in 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 source. 31. The

met hod of claim 26, further conprising fe step of. selecting a wet

oxi dation nethod from oxidi zation with vet oxygen and oxidation wth
pyrogeni ¢ steam 32. The nethod of claim 31, further conprising the step

of : mai ntaining e silican fer J | ase proxim t nd substantially
paral el totha 2511 e EeaRE R 4 pint BsRrei RrokaBRin SRR g 2eep.
Yess than or equal to about 900 °C. '

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.



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 is sufficiently | pB8esEr [ the
first tenperature to decrease the evolution of P205 fromthe solid
phosphorus dopant source during the oxidizing step. 34. The nethod of
claim 33, wherein the second tenperature is selected to be in the range of
about 600 t oWSW/7%828 35, The net hod of claim 26, further ESHEIEI2Y t he step
of: selecting a solid dopant source from an al um num net aphosphat e dopant
source, a rare earth nmetaphosphate dopant source, and a rare earth

pent aphosphat e dopant source. 36. A nethod of growi ng an oxide |ayer on a
silicon wafer, conprising the step of: t oxidizing a doped silicon wafer
at a tenperature sufficient to substantially decrease the P205 evol ution
rate of a solid phosphorus source maintained in vapor phase conmunication

with the silicon f (o TFT7T e %pg 8% dindii 7. The met hod of
cl ai m 36, wherei :rj’lyrfhgfh\%et gxig’gfﬂgi?lng ’ en%ﬂgggéﬁ%ﬁﬁéﬁgpe?tgct ed to be less than
or equal to aboufyQh frst srd SecofiltemBH tures such that the solid phosphorus 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.



WO 01/ 73828 PCT/ US01109200 35 38. The net hod of claim 37, wherein the wet
oxidizing tenperature is selected to be in the range of about 600 to 900
C. 39. The nethod of claim 36, wherein the wet oxidizin£ sgﬁpg&frther
conprises the step of exposing the doped silicon wafer 8 Fdi zi ng
agent selected fromwet oxygen and pyrogenic steam 40. The method of claim
36, further conprising the step of selecting a tenperature and tine for the
wet oxidizing step sufficient to formon the surface of the doped silicon
waf er an oxi W@ 0/g3ses havi ng a predeterm ned thickness. A4RCT/U$0e/09280 hod of
claim40, wherein the wet oxidizing tenperature is selected to be in the
range of about 600 to 900 C. 42. The nethod of claim4l, wherein the wet
oxidizing step is carried out at 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 dopeéssilicon waf er by heating a silicon
waf er in vapor phase conmunication with the solid dopant source.

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.



44. The nethod of claim43, further conprising the step of selecting a
solid dopant source from an al um num net aphosphate dopant source, a rare

eart h nmet aphosphat e dopant source, and a rare earth pent aphosghate dopant
sour ce. 2 8 SEP 2004

WO 01/73828 PCT/US01/09200

36

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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