;e3ev?v::;, =Fr=x>6>T?gr+3 '1 JUL 2D03 METHOD AND APPARATUS FOR FORM NG
NATERIAL LAYERS FROM ATOM C GASSES FI ELD OF THE | NVENTI ON The present
invention rel ates to seni conductor device processing and nore i e 'f%ﬁﬁlly

a

to form ng sem conductor device material |ayers fromatonic g
BACK wﬁﬂgﬁ w | NVENTI ON The drive for higher performance, higher
densit S has METADI ANIDRHEBARATET O EFQEMING | at eral di nensi ons

of metal - ospEE- sem conMATERTAIMIR)YBRS i KR AROMIAT e3Zg SEievi ce di nmensi ons
are reduced, a MOS device's gate dielectric thickness (e. g., silicon
di oxi de thickness) al so nust be reduced to maintain sufficient charge
storage capacity fox proper operation of the MOS device. Mydern | ateral
devi ce diEEEBDOOFreHEiEEVENwsoNave forced-gate dielectrics, into the sub-100
angstromreginme wthout a g ortloni decri %e in drive voltage. The

€4 &

combi nation of thinhBf BLE eLBYBPLLORay Er 8 LGSt [fOr FETLSREIRCTONi | ar

drive vol gagese hpsoteadihg bﬁ@rﬂair@dsgé&hﬁﬁcﬁhﬁz o fhirgligy for each
successi ve MOS devi ce gener ation Accordin ot-carrier dama e

aSSOC|ateﬁem}?ﬁnﬁﬁé§%rlﬁ@Vé§§eEa€P6éFﬂ|éaVP€§d§r8Wda&P@P@cQﬁﬁ§e§reakdomn
strength have become major concerns with regard to further scaling of MOS

devices. Additionally, reduced MOS device dinensionality has led to
extensiveEﬁEEEB@QHEbéEQEEEDEEYEHEEQHues such as e-beamIithography and
reactive ion etCh'”@h@haEhvé”PbPYhﬁaﬁégebéﬁfeﬁﬁthEesh@@ﬁe&rQ@H%% n|2|ng
radi ati on that can damage_conventional furnace_grown silicon dIOXI e (Si02)
gate di el eteetrenicyrhasrleadi RosppnEdaualograéing afpsbe Bateirad agai nst
boron di f u L I |1 silicon
gat o el ect ool oD o E b L1 18R IGRPEORIACRSE, RIOBT, YEbELEh B

di el ect ritatevalcdevbpal dimensions nate yedwaed: acMpérdeuies’ sngekeess of
900C. At atuyres, eeds
the t her raf CheagEre of P EFEREE CLULGSy  SLALFOR SLOK1EE EhaBIdlERey [Tk

Furt her, Nu$tnb¢uxﬁdms@duhwfmanmtylnaﬁuéflohsntdobargethéonegeuniforn1mafer

heat i ng qg%% i r i 0 oxi dat n are unacceptably
hi gh for uré9§2%%¢3¥#%ﬁgﬁﬁ§§%%%?%§§ ?g.tgg,ﬁ§%b$§g§gﬁgstron1OX|de

devi ces). Accordi nodexenlaterak @@vicardimendamngEeQUueémentschbveakdomm
strength f | OR. i r t ) C d be
conpensate %g%éﬁ 5%ﬁ%a%#55%§ﬁ€§ %hﬁﬁgé #ﬁ%o%u |%§?d§ﬂ?gtg§% g?8$@8eatable
thicknesswznhbunﬁdipi@pmrtrbnkhedscnaa$ernmtdrleenvoktagehalEhege) A
potential alternative to .the use of n_di oxi d

diel ectri®® T% ?%%‘ﬂ%e fth+P???d%%t%xgﬂ%gechlco @%?f?lHéghagﬂghggégannnnia
or nitrou3foaimkﬂamwmfﬂvmi@mlt@@@sdh@slﬂeadAuOOXndﬂéasédldev$tack

I Si t hi di d th | f

Lo Tor m SohPar Hhat T A6 Tl AT e fefEs 8 oS "apvFeg nonfePrlofiayer - °°
deposit?dA¢¢mrdmngEysdhmhycmerUSEddafmgaﬁqﬂs®c1d$e?anth?ghgge atswal
anount (e om C. perce of .ni.trogen a e_Si,/ Si interface via
ot - or eatsd SO EI S IRl oo ChhTPRER e AP FaRert FEEEhS G o
524) Thehavéebéemmiumadérog@ﬂcémmmozfﬁhhheg&nd ﬁarfmeth?ﬂdzt§Miggloﬁ

anmage r nce of o ri des,. and_enhan nitride's barrier
diffgsioﬁiéﬁ iﬁ%fﬁ%& ﬁ%&i&%ion%&§¥1t???ﬁ%e§3%9% &? 1&@fe furnace grown
silicon dﬁﬁmmmlmy athd Ol&d wobitmiv@nlm@@wﬂgmbﬁpcémoﬂre directly

formed by furnace growth in nitrous i de nd th refore suffer fromthe
one t hi SRR RO o AT LU T LAERY | S8 SR ORTHES Mfron! o

anneal i NG @d15th @ anei @i asmplsly oged garelile gsh et el Onahd appodhedi n t he

oxynitride that deleteriously affect device gerfornance %
ionizing radiation that can damage nventional furnace

grown silicon dioxide (SiO,;) gate dielectrics. Further, thin
silicon dioxide is a poor barrier against boron diffusion,

making its use with boron doped p+ polycrystalline silicon

UMUK

*166166*

gate electrodes problematic.




3 ~ JUL 2D0 Another potential alternative to silicon dioxide is silicon
nitride. Silicon nitride has a higher dielectric constant than silicon

di oxi de so that ‘a thinner layer of silicon nitride has the sang 1chir @003
storage capacity as a nmuch thicker silicon dioxide |ayer without dielectric
breakdown. Silicon nitride gate dielectrics, therefore, are nore scal eable
than silicon d|OX|délgap@nddebé@@ﬁl@@t@edl@ledtmiqanqmnyqpﬂuanﬁhkyw MOS
devi ces). g bighacs! LLEan U WP coaildes ssuperday. Ianard@iam 1l abi |1ty
propertles and“sUperi 6f noi Sture an ant u5|on arrier ‘properties

t han eltheucs|bﬂeaatedoxem@eambmm¢WhtmuiacagIduamidﬂtﬁmhmagmmMﬂver al so
suf fers EQRLRAY 08N+ aduoad (BRRl 0 1ARG o MAdialdey, 4 commercial use
of silicoR nrtride Iel"ectrics i ractlcal esp ecades of

resear ch. p@bnessbsoﬂelgsu @6@ﬂcn|trm@atmgrdeﬁbémté@;ohMeqywmmlfarmxty

| b b f
o Eon SRS Y A LU Y e S b e 1 on
(Sidaq) aﬁeoweaﬁhedewtthnnoalﬁmtd@mefmtnah@wt %&@Cdnadbmptabﬂy(hughutr|de

(Si3N4) and hydrochloric ac i.d (ﬂ§% a sem conduct fer During the
deposi ti of®pr E§E§eaﬁﬁBﬁF§ LHe 9eﬁ9&F§géﬁ ‘Chat 5& éra@@g &% ron traps
wi thin thexdepodetedesil.i carcairdingg yf ielvien The teleetloter arirdps sReIg Y

i npact the ehectrlca racterlstlc of the 32 éslte siliicon nitride film

and rendefif €C§F9chﬁeﬁ gPiae SEEERS HeﬁP@cFﬂ d0R PRI i®rel ectric. LPCVD

SI I I con Eg&:bg@@t@é@caisgilab%ﬁ eBkayiee ¥dnr @@rrea&n@leln\ealt@fdr ifRgl Hgasses
that are . inconpatible wth the Ir%reen initiatives of
i

nany seWIEBﬁHGEtGF FRADF SdtdFes. dF8F9H€r1a¥P€§D°§| 2673 18Pt de deposi ti on,
l'i ke conventkRAaksSkhicanrdiexicde 2nd cRX¥Bist 1hdEofthaWih rend i Race- based
and suffers fromsimlar thickness uniformty problems. Another

di sadvant ggal éﬁnéénventlonal gate dielectrics is the thermal budget of the
processes used 3 oténkellalZQQ%e&aaftQRr@ tBe tgat asdi elreoiurey. For

exanpl e, conventlonaIF h of silicon dioxide and oxynitride, and
t he deposﬁﬂﬂéﬁoéfdépﬁﬂéénaﬁl?rHé§8b91E¢€9§réFelﬁeﬁpGrHﬁ& Qf emdiatisied
tenper at upg$368 Br. “8&9%&%&18@%“ %Q@Q)a%héhm%hﬁﬁe@rtB&t&%%%ﬁ%&lﬁﬂﬁget of
future generation MOS piocesses g@ etc.). Accordingly, a need

exi sts foRnaAalAPr 6kEdCyat éllar&érﬂ@ctr pﬁa@edaé§rﬁéfe SERCE coreRitsindkness
nonuni for gi ¢i,¢8, g*ﬂ@acgaealesztld%xqsg@ ! B2olhepARl nRUddel NS G oPf
future generatlon MOS processes th preferably has superior
reliabilieg &adfpamr rehidhf qugﬂéﬁYpSéééuipp esntmfma@ﬁahcmddaoalaécosumvmv
O e | NELTLEN Tavaddugpsstie ”‘Eﬁ@%eB% LI8OPRLY! p8! ool NOVEl et hod of
formng nateria ers o a su strate em con uctor waf er) using
atom c gasses is pr60|déﬁnlspedefnaapryoratgﬂbﬁtsmaélngmn@aﬁedet@ .an

el evated §eperghybepbeone) 08¢ AIAEL LN L babng;oxpeserhio AN At paLC gas.
The atom c gas Feacts at a surface o e substrate fo"forma erial

| ayer theaepqst$geowbhr@eneﬁlanqnﬁtegasnpaeﬁetabgyncamphlgeylapgmmﬂﬁe of
o ecplar (85, ontly oy )2, WS seler da ! AiiSloe e QupbRG dd e

coi n>l ed $ perate to a renote m crowave asna ource tha
d|SSOC|athettbernvéecahdrrgdsatmbn Haghby reacstaecatoﬁloxgastrB@@@use of

t he high e a t 1.C iy
Feact s a ndapineniBe: Phbcbuihe keEeR: 8 bar TRy, WA P EhcpEBRRERSS  cven
at reduceHoWenperabuynstribesnbyphcammyearalfhayecefgrnuhismlmebhod is
parti cul arl Llicon X via_the
dissociat ﬁxﬁgecﬁy ng |d$ Qg %lonégtﬁ %l%go |§ gn 8f & and N2 or
NH3) and dmtecbhynfbrmdé bylﬁurhecdlgsowthtunnnmtrbnsooxmﬂa) ahd at

0TS LGS o . BERA 1908 65000l LU oPueaLLgaRl huepaagipaced

silicon daexpdeefsibbcahsdiorydbe fAanmediwi bhnabdihg aipgegeardattetsr aet hyl

or thosi | gake ( TECH) whehe FUrLent! ¥, 929NS; L, 299RL eg, Rmet ally as the

deleteriously affect device performance.



A significant advantage of the present invention is that gate quality
silicon nitride material layers (e. g., having few, if any,

hydr ogen-i nduced el ection traps) nay be grown with atomc nitrggegugqnﬂ.,
via the dissociation of nolecular nitrogen) at a | ower thermal budget.

Further, because of the low gate dielectric formation tenperatures

enpl oyed, a highly &aptbemn Resenitdadeeiisirsmtdyeh tes sd ldaioamidd axdateer may
be used dui ] ri . ayer & ion. rvale lLayer I Gl :

i for i £t B EBy ] DR S P et e e a2y For i, AR i

Accor di ngkppsaanicniphenredidacendiddloeddel sohaviakg ar dddsednt Hiagaresxf
non-uni f og.oy t | ] eri.Qr I i.ahil i d rrier diffusi roperties
can be fo%g%ghﬁﬁt%?ﬁr?ﬂg ®ﬁ§r§%% g% gefh%o stFQ?%? of Sﬁﬁﬁépggﬁé%ation
MOS procewseb. tBéckesestihidconplddpad dat drivergadsbousr efielextimire stable
ol ecul ar Larpoaever al 1 aeANt 4ues (ar g RLoW ded 4o reduds dhgfeconbinat i on
of gas ato it das "ol €cul es en rodte fromthe remite m crowave plasnma
source tombhe suhitnbiie Cbangsiltiicoenkidonxedgr guttle HKatedecdta iprsovieder .iyor e
preci se cantral ,over materi.al | r stochionetr tc.). .Far_exanple, the
bath TengtRIDEIKBER BRERPEAPE BRS S8UPCEind CHGCStel Pt S5ef or abl y is
m ni m zedniapddehexhbbetsl supgas ozolbag-ardmorclliabidingd patopErt igas My be
di |l uted mﬁta an_inert gas %e.g., grgpn) %hgﬁ %eparat S gas atonms so as to
prevent tABPr SPRESABEnBPT SHULRL 18 YRPRBEt Pdk L5 1PRe PREEA et ween t he
atom c gaprspuregeandhbheesuhstr aieiabaodiayibe egabggnwitifide.material that

reduces the_nunber of avai]able atom c gas reconhinatio sites,&hgg., a
prot ect i veltdSPPnB} tréfRer NBHRYEE S, 2L89t GREL AR TEAPaRYLGOIH i Sesent

i nventioneMekkrB8COFBPADERat ULk daRPRRBNEOhe i Re Dse 3f 3idWeof009
foll ow ng detail ed dESC[IEtIOH of the preferred enbodi nents, the appended

cl ai ms anBiERéIEcEBRBafYPhECHF 4GRS ndBPTBREEF2DESEREPTLENCEEATRE DRAW NGS
FIG 1 isyragshdenel evational view of a sem conductor wafer processing
system configured for atom c gas nmaterial |ayer formation in accordance
with the present inGeRVPBR1CRAd EEE&LCON| BIATHER pPaAPPENIEH aRodut omat ed
tool for gabwhgabhng §QM&@@Hd§ﬁb§ErQQ¥'BﬁsatEﬁ&naﬁﬁLBﬁgeﬁh§o%e”‘CondUCtor
waf er processing systemof FIG 1. DETAI LED DESCRI PTI ON OF THE PREFERRED
EMBODI MENFBSEPEE e 1Chemacail d¥agPEy dePBfal 1oneWLEFVR) sBAPEERGuct or waf er
DVOCGSS'”Qpé&%f?&hiiy("@ﬁﬁ@ﬁ%%'QQH§V5563Uéﬂiic&&”ﬁé@ﬂé@ﬂl&?id@?@ﬁl@lﬂas
material layer formation in accordance with the. present invention. The
processi ngrsyseanted véfbinsasfurpreeedsi pgoekafBer C18oopera: svdligosoupl ed
to an atogi Jr AqVi i : i 7 punmp 19 via a
foreline g%Eégﬁéa§§E?§§t%edvgsngﬁgﬁﬁﬁaéﬁftaﬁfé?%?gcggéghg systemis the
Gl GAFI LLTsemprobeystay wgseem nBBGiaet GheddppoAppiPRdPKREESSaRBMOPA@.  and
descri beds n Lgn . [ [ ri :
051 745, 535 DF LT oA npyCraa o 166aY TRrBReres,aPe f?%%?sgﬁa%%%h%‘& Fofer ence
herei n i ndgpgséhedreiyiconenproedssingmehafber e18cEsnpr kxapsaneiveiret y25
Oper?t've£M§88Ep£ﬁ§ é?eégfibQEuEngBSt%Zié?icEGS%'¥§§9d@ guligcgas fromthe
atom c gas Source 15, and a gas distribution plate operatively coupl ed
to the inseiieenfoituhdeofiin dndt rendernghat silecgasnaksaget Bélyurface of
a sem con r.disp ] he processing chanber 13. The
processingHgﬁg%%£?6§3agu$tﬁ%?gcﬁ%%?Fggggg'mafer support 29 | ocated bel ow
t he gas distributiohP@Vateil¥candnhavidg prbheatsag adechaminpdofe. g., a
ceramc h e : f poLting d i nQ
senicondu§$%$£%§&énggfﬂ§ gnEPEEE&Qy 855§88 ?E.b., ﬁﬂ3,r§¥%if’ that are
incompatible with the “green” initiatives of many

semiconductor manufactures. Further, LPCVD silicon nitride
deposition, like conventional silicon dioxide and oxynitride
growth, is furnace-based and suffers from similar thickness
uniformity problems. Another disadvantage of conventional

gate dielectrics is the thermal budget of the processes used

3



31 J UL 2003 wafer during processing within the processi ng chanber 13. The
ceram c heater 31 has a maxi num heating tenperature of approxinmtely 800C
and preferably conprises a material such as aluminumnitride. @hgpL ypsating
mechani snms conprising different materials and different tenperature nmaxi na
may be enpl oyed. The atomi c gas source 15 conprises a nDIecuIar as source
33 operat Oeﬁ9rmoﬁbﬁe§at§ giedretd igiser ok@Fe SHREPHE /s FONSIANIS, Y

mol ecul ar  gg 8%&&%%3serlgfc‘aﬁlaalﬁsx%@p%hae% niPLiER, 9%06% as @, N2 or
NH3, depen terial layer to be Thé source gas may be
diluted mdepoamtnnerofgaslsaoh ad tzidenbyadPE¥Oc piriee pelydiogwed Hie renvte
e e LA RS aLBEY dbu ATPY L2 62 ag@ag@%&r%ﬂane%%o3E )ORGLAL idelar
coupled to™ a uner a m crowave “appl i cator operatively coupled to
t he tunertBe, thermhé bupigetpor.ﬁefmtuaadgteoeurlaémnl HOSI @rrog&ssmr(@e a33.
SpeC|f|cakg§ c g gnetron head 37, the tuner 39 and the m crowave
applicato 1 €6 ératively coupled via a wavegui de system 43a-c that

gui des m crowave engegyrdengigt ed h¢edhexﬁagﬂefbmnahed@p%bv@@.@h&enicromave
applicato e tr.on head 37 _gener.ates sed or _a continuous
wave nlchﬁﬁi@CBﬁﬁSE?gégng8F§dn8 6?8§|§§P@1§%2%%n§ﬁ§ WorR a power

bet ween abauEoPm3006s)\athat Abgscapveskiesal tﬁaglﬂhblrmalhb&dlgmy be enpl oyed
as the nagnetron head g?. glcromaves energ@g the nagnetrgg head 37 are
out put t ocPRECHAVRERI 98 LY F€ﬁ1g§395a n8ht epr FESEER " a 3Py Hakavegui de
section 4§ﬂef@réB@?nHawas{&gt!irﬁierSeéﬂ.uab143byaaddabtalﬁhrliérwal\i€fg’ulsd©rﬁeCt| on
43c to the m crowave lic tor 4% tuner 39 is operatively coupled to
the firstPhabeghiad Egggl agan 4°€oftpri ses conventional nicrowave tuning
el enents (e. g., stub tuners, etc.) that allow the renote m crowave plasm

system 35 _to natch_the characterlstlc i npedance of the third wavegui de
section 43EMEARY 0 FHE 5NH5NVQ_§ so as to reduce reflection of m crowave

power back to the ”@Qngﬁﬁﬁéubeaﬂe3ﬁbedyl@Eoﬁﬁéep@Qﬂﬁra&h?r@bhoW%l
efficiently delivered to the mcrowave applicator 41. In operation, to grow

a siliconmAthedgel| A9Ering Batpriasnlay éoﬁauétéPbﬁEFéFGSieeﬂpkoﬁing t he

DFOCGSS'ngeﬁYééﬁ&hé%arthgféﬁwlﬁ@ﬂﬁﬁchﬁbmm@fgésggsl§s|9@696db610 the
proce55|n chanber 13 | aced on the wafer SUE ort 29 and the processing
a

chamber ?§1E%ﬁ%héYedavFHbﬁﬁéaEGnﬁs1§ea?ﬁ€ sBnpPes¥aredof the
proceSSIngeﬁﬁéﬂ@@uré3<esg5¢tebw @QDU@?lQEllEebéthtékﬁo&éHVﬁozﬁn A base
pressure of about 0.4 Torr is presently preferred although other chanber

pr essur es2h@fieededipl ofel. 2bAREAgIavakBACE8nabl at RBXpPEEe8Si f§echanber 13,
power is @@E&tﬁgté%éhgofsﬁrﬁ%t@e%@r1§§e20tﬁakéent he tenperature of the
sem conductor wafer 32 to the growh tenperature. As described further

bel ow, due to the hilyd epehrfeaPfpatenirafasfPuebarabhyt FOHBAR1SSEB| Acon
nitride 9§8ﬁﬁ%@e°&§%§lé&u§éﬁnb£bc%‘8tJEY | oyenn L epey abLees LBaRathiger
tenperatures required for silicon ni ride formtion via D. Accorglngly,
si | i con nfevpledgftbwe h/ negubbedefd orfreliobePeraBedCtand Eﬁ@ﬁéﬁably is
perfOrnEdmi@réﬁgvéa§9§sH£ §QQPEe699a@5§§ésggfaﬁﬁ§a9h€ n6&kenh131 g%?erefore
preferably is heated to about 600-650C. After the sem conductor

has reachtdte heighbyt heeekperaptipriandastt ePecnesproéesBerniiehanber 13 has
stabi |1 zedhahithe dseLiefabage PReSaHbRic!8sMORE! L PBnREAda 37 badiyyned on
so as to appl g nm ct owave power to the m crowave applicator :

mol ecul arrgas $satlbﬁéﬁe¢réhb§héahﬁl§@Qﬁé€e§a§0sﬁgrmemQBeFéaﬂhéawﬁéﬁowave
appl i cat ofy, %%eoghe Géﬁr9@a¥§d88 rt£ﬁ¥ appLied to the m crowave

appl i cat or fe power T'evel required to generate a sufficient
concentration of atbhechVeiogehemiahihayﬁe peovatipngnehhnteis13 to affect

o111 con LELE, L2V e The,APPLAPELA! £ DOVRY. Le YE&?ﬁeaﬁagﬁdgn ¢Emgy factors

concen i on of onlc nrtrogen e m crowave
via the dlSSOClatlon of 02), oxynltrlde (e.g., via the

dissociation of O, and N, or NHi) and silicon nitride (via
the dissociation of N, or NH;) all at temperatures (e.g.,

about 600-650°C) lower than conventional furnace-based



31 J UL 2D03 applicator 41, the distance between the m crowave applicator
41 and the sem conductor wafer 32, the material encountered by the atomc
nitrogen as ‘it travels fromthe m crowave applicator 41 to thg%é L

sem conductor wafer 32, etc.) as described further below A p ﬁ“ﬁe@%ﬁ of
bet ween 1000- 3000 watts therefore is preferred. The preferred nol ecul ar gas
for silicpormatiodengtiontihtéspapheankar (aitLpgabotybZPoo°Amoni a (NH3) al so

may be enpl oyed. Ammpnia, hqwever, |Leads to hydrogen-i.nduced el ectron trap
fornatioggﬂﬂ thegi??@bﬁoﬂig}?ﬁédﬁrgﬁi SaﬂgspsmﬁXtESSfBHW? okt al | y
friendly asofPe dVgenl ahdntétogedh{LosrthesnbleatukanTgas)saueee 33 travel s
into the m crowave ag licator 41 and is dissoi'ated ipto atgnic nitrogen by
the m cr RAVESBILY o2 aRBI § BIPEEPERE APEPBRAYEL ABpFPckbr 41 IBPLr he

magnetron head 37. Specyhicabhyt adwantaye(pewcsboprrsentt haveherowave
applicator 41 allows nlcromgves,fron1the third MﬂVE%UId sectign 43c to

pass thr ob§hthdk dRterdvatitBnShtierR M EFdARVR2EPPERLatBYCEE dRdIt o
interact wh&ingokesul ar Qh%[ OgPArbHenei Adubed! asEBLEBAI ErARsFYREGEE. .,
an ul travi ol et Igggt) may be enployed for the initial ionization of a

ni trogen Prewreyitnee tomlei oiblageN chlr gy, t Heh Sht @i ASOFRATEPASRE. Only a
smal | porﬂ«é?@c@ia# hﬁif‘t%éé’ﬂ?”atsa'Q%éﬁdthéﬁﬂalhﬁuﬁlgéﬁm FRYtREEDri se ot her
ionized species If a diluting gas is present (such as argon ions if argon

i s enpl oyeeicagsa of | e ngogagate Thee ek bivavEOEPplLient bemRerehUse6reat es a
fl ow of y htr t S 1 % pLicator 41 to

t he inpu?é%§%éy%%'o?gﬁﬂ%ﬁggogégggﬁg %%%gg%éhﬁgghﬁﬁ?%%ggﬁegaéga?ons prefer a
more st ab¢eramlecheaker oray (h2)usad duchnoanatersgénlayem fPrnatéqsily

r econbi nayak L 2101 DLy nELT 0BEDS 8! O EOrfO ! BRekbblnes! YANBREEAIBRCR! 0TS
are spacially proxinmate. A difficult challenge, therefore, Is to transport
a suffici Bnrnaeerkasent Fornetlenvonthods at ohfeorilinggen &p tmproved

sem Condugéeé ?@%ﬁ cB21¢& Mading Sraqdtba 2003 HALED. AoRlLLepOrRiLELEe 1ayer
is to be grown efore the atomc nitrogen reconbines to torm nolecul ar

ni trogen dmd guperboenhahtabihbtyreandhbanreenfdsifisbannpreopdeties provide

nore cont e Iy C, [frj I e duce

reconbi na %%Hg%ff%f%%écﬁgFﬁ%%g%ﬁs ?%%E%%?EE%%%%Fhégg%aégﬁnfﬁegﬁicromave
appl i cat ofudirangendeasinmn AddSuetoceswéer 32 can be minimzed by connecting
the m crowave appli 4 i bl ess] chanber
13 (e. g., providiH%gégé%%}tﬁﬁe&%gﬁg%ggi%ggﬁ%gng%%gi%h§¥g§§g %1%§gﬁave

appl i cat sstddl evinndl ecwbanetoon, f sevepaht teghhhgues caveaprouppedcabor 41
directly adjacent. the processing chanmber 13). The, nol ecul ar gas source 33
2l 5oy TEAHEE St SR RRRERTR LA ORI, Atone A e ot nartLefirapesh

ni t r ogen gasteat Hien gene r et ¢ nui deowa e oybaemappdbicad oto4thas the nitrogen
gas atons_travel to, the senicoqguctor mafeﬁ 32. SLgilarlg a segarate i nert
gas sour c&* Bes chbupT ed 1O THERTEr SWAVE abptFraterPA3vide TLEG to supply
an :nert ﬁﬁébiéé%fdﬁﬁﬁﬂfﬁ?ﬁemima@gﬁﬁaDaB?ﬁéDn$t@@M?®ﬁiEﬂyjn%t%ﬁ)nicrOMﬁve
applicator 41. Addjtiona a portion of or all of, the pat et ween t he

i cromveﬁ%p?’f%%ﬁ ’ 41[117%#1??1;%%1?:(%%5%?%? %\%?‘ e P ARy BeSRVEEEd with a
pr ot ect i vend ogié ngulh dtat a s evedfsrathly opempesmbtedp dndnmkhdheslsgulher et o

and serving as reconbi nation sifes for subsequent nitrogen s.,atops. In
PG 1 IS BV Y et RS oo d i EONE om TG T SbhaLed aBpEeat or
41 (incl w:til?guéﬂe gﬁ'frowag/e, aampc_i;(bxg)atmiﬁu.ée;b@ra:@@é eglayvi 4boms psot est tye
coating 45 (e. g.,, alumnumnjtrjide) t resists njtroge as at

Sohes! on Dt bt T R eEEh e iy S B BHORIer 288 eBR buti on
plate 27 péismedmytihe Loshes yud hsdecdrm@cthyes@oattage 45156 hayt ber
enhance the concentration of, atom c nitrogen that reaches_the senj conductor

waf er 32. SR 1 atd ML 13 bgehrt EePeset nele opIBRe ¥ aek 372t haPhgat ed
sem condugt @i Wad £ BelgoidEnd©idhes A chedl cad pedeatt abe Ofo 2L ORLE .

nitrogen, the atomc nitraogen 10 $ ~ JUL QOO readily reacts with the
silicon wafer 32 t PEAMPEFiTonfeatiree #d aadwantages 2hefdn (not
shown) . Aysd Ui | GAAn BANE A8 I cdifle RS ESCAlL 1 PVARNLA Pint SethRt taat €
quality silicon nitride may be grown on the semconductor wafer 32 (via
atomc nitrogen fornmed fromthe dissociation of nolecular nitrogen) wthout
generating hydrogen-induced electron traps within the silicon nitride.
Further, because of the low growh tenpgratures (and the |ow thermal budget
associ ated therewith that prevents undesirabl e dopant diffusion), the
ceram c heater 31, with its enhanced tenperature-uniformty, nmay be used
during silicon nitride growmh. Silicon nitride thickness uniformty thereby
i s enhanced over furnace-based formation nethods. Additionally, no
conplicated and environnmental |y



unfriendly nitrogen or silicon precursors are required to affect silicon
nitride layer formation. In addition to silicon nitride, the processing
system 11 may be used to grow gate quality silicon dioxide via@1tQgL 2@

di ssoci ation of nolecul ar oxygen within the mcrowave applicator 41. For

silicon dioxide growth, the nolecul ar gas source 33 conprises a source of
nDIecularf@iﬂgynnghéﬁb@ﬂﬁﬂd(ﬂ?&ﬂﬂk&ﬁﬂqn Qﬁq&hﬁ1nﬁﬁﬁqﬁ¥3ﬁ(ﬁmh@ﬂﬂmeﬂﬁﬁncator

41. Th | t d t f
At om ¢ oy En T oRCeTh hd s Sesa ey A am e R R T e 17

Simlar nethods for redu0|ng atom ¢ oxygen reconbi nation preferably are
enpl oyed (| ‘Wﬁﬁkﬁpen the m crowave applicator 41
and the s&m ‘ % G e coating 45, dilution of the
nmol ecul ar oxygen sumﬁby Vi tiks ansudaﬂehyﬂatuanab viEhe cft am ¢ oxygen reaches

the top surface_af ted about 00 sem caonduct.or wafer 32
and due t8efnﬁgoﬁlg ﬁttgﬁema E%téslsallng Y5 s@; glxyl ecfergali I‘V:ornelacts
with the gablmamewaherL&&dn)ﬂdnmmﬂmdm(nmwabamadhacéﬂwiﬂhﬂhhﬂ%ﬁﬁﬁ&ﬁnt
unlfornltg %he cerani c heater 31 enhances 11 3 ~ JUL 200a the
t hi ckness *UNFEPGH Yy 35 the heater-based silicon dioxide over furnace-based
SI I i con di oxide. |Inpiove@ tiki ekness plrinf orirwt yofSIaIri eartddiabede;od heffeef or e,
be gr ubstanti,al |y reduce tenpe res In a ion to silicon
n|tr|de a%wg§FFP SRINCER 4 G Oﬁf&%&&ﬁeﬁg 395% used to grow
gate qual iskyiewndictiodeswatied e odissEor) &tysmenofoqutms rrul ecul ar oxygen and
nol ecul ar nitrogen within the m crowave applicator 41. In such applications
t he nol ecul ar gas source 33 conprises both a source of nol ecul ar oxygen and
a source okTROLEOUDESCRIPTAPEN OFOITHIR P REITRRESES EMBOOIMENTG nitrous oxide

that may be directly _dissogl ated into_nitrqgen _and oxygen), and the
m cr onwave applicato% %1 éeﬁérété%dﬁne&ﬁyﬁéﬁ%§ﬁ& 45" Cdgén based plasma. A

stream of saf@BbadAttbeJea fard pioslkeamyok yater q10>wge@>cfe@@;§nsj ydwaneousl y
flowto the processing chanber 13 via the inpuyt pe 17. Nitraogen

reconbi natton FaRA1ERYF§EN LPECakBIA&t 985 HP@?éﬂéBl&aéﬁe ifiommedd o idescr i bed
above. ThgcabeahfcBi Wiegernangd rbhentt aRlven@ivaen maach ke dapgpurface of
the heated (e.g., about 600-650C) sem conductor wafer 32 and due to the

hi gh chenﬁEéFeEo@énFP@Préﬁeﬁo?hP§P6ﬁﬁé1ﬁﬁtFB@@ﬁeéné3aP@ﬁF@td%$ééh

silicon db@ﬁb@@d'%Meénhﬁfbﬂgcag%%”%%ﬂkbétﬂ@an% Bint LOgeR g8 Sidng CQ
interface is readil ﬁ or ned he concentration of nitrogen at the Si/Si 02

i nt er f acetPsacBHiPo PeHlﬁyatﬁérﬁéPaﬁlﬁé &ﬁéuﬁt§h6pt§ﬂ@nW@lﬁetﬂ@genpand

atom c oxyge esent duri.ng silicon.di The tenperature

it o SUE Bl E BRp R eE A Br el e e SRRt B S v by of

T he heaéI esEbasmdmanwﬁia]?thdedabycepspaﬁeg Metﬁrfluaeacenl@asedldomdxmb&i
rove t hi ckness_uniformt nitride therefore m rown at

oherant AP SORERRLYdar St anel f 8L bahGhnoprot Shat i oo ST Ieda e of t he

present i0egnuBeBsBs Fhakdemek .sedicandect ahivaf e herepgosed to identical

processiag conditlg a g each fer ma be 12 31 JUL 21~ identically

cl eaned wrtHCEPPERGFFN ys%@é?é?“&@ PLELT hitf ER&IESEYowave appli cat or

41) prior to mat eri @hel pyecekeingt chamber gs c&tnblr(i@lésnlahr iighe.etsidg con

di oxi de, g rldi etc.%. Sge, Bor exanp § Pat ent No., 5,812,403
which is HB LBYiVRLSr FBPREED B9 FeFEﬁBE ﬁéP@l fOFt $EEREVAEGy

Fur nace- baseflitogast E@Bmptneeaeeﬁueeqasreeuaaee15$l tandvvet gélseaning prior to
waf er | oading into,the furnace so that e ch waf e exposed to

di fferent ngEéEEFhancsﬁaFe.§§sosﬁre VR ysﬁﬁﬁpg?SSEQSFH& &gﬁﬁltﬁéhs for a

di fferent rgpouAL £oml yMBiBELFOBUuEOnFREEbAL lgaxeéltaathboaquhmen dhe
furnace. Furnace-based formation processes al so suf fromtenperature and

gas di st r FBUEFBRIREROtNIRELK 9F§EO§§deé<‘ihéHs FPedeEeFrBEdNITRISMOS ocess

uni formtysis @HBaﬁgééengnbhéhEﬁgégnﬁ3'@M@Bhb?ncoﬁbﬁlgegcﬁs%b&@xSySt6”111
al so may be used to inprove the efficiency of silicon dioxide deposition
(e. g., cheRPeat vapbdepcatpdsbelsn F@VD??Sb?léﬁﬁﬂbth@naPéﬁ¢€ éXygé&s and
TEGS '”Stﬁéglﬂ& 2zR88(A3) maRHa A ECR Qer?ng 8l bbegnidi axhder! aygr
deposition. Thé atom c oxygen is generafed via the m crowave applicator 41
as previ olsPptadsehepelo B@éaﬁgﬁppﬁélagoﬁﬂé BRp§éRIcanseMieePIRCtOct with
TECS at the surface of the sem conductor wafer 32 (e. g., without requiring
the internmedi ate step of the dissociatién of 03 into atom c oxygen at the
heat ed sem conductor wafer 32), the deposition rate of silicon dioxide is
enhanced wi t hout increasing deposition tenperature.




FIG* 2 is a top plan view of an automated tool 47 for fabricating

sem conductor devices. The tool 47 conprises a pair of |load |ocks 49a, 49b,
and a wafer. handl er chanber 51 containing a wafer handl er 533 'I"Jh er
handl er chanber 51 and the wafer handler 53 are operatively couple 0 a
plurality of processing chanbers 55, 57. Mst inportantly, the wafer

handl er Qbﬁﬁbeduilngnﬁrbhésw@h@rwh%hdhe&h%3p®6%é§§¥ﬁ§'dﬂgdbé¥“ﬂ§ ed to the
proce55|n chanber %30f t he_processing system 11 of FIG 1. The entire

tool 13 THS-GBE2BLEINFALEL Sontes| IaeH‘aEfﬁhmém‘céﬁtartéFllgert%@%é\h% ®rogram
t herein )ﬂ@pgbxﬁﬁiaté@ysSS@ntCQﬂﬁuﬁtrg&'e%B@y %ﬁ@%fl%resa%o%&t d10agh drocks
49a, 49b, and the processing chanbers 55, and 13, and whic controls
proce53|ﬁ§ fhERANHN thrééﬁtropFéﬁr59€é§ﬁﬂﬁ'W@CQapﬂ@@ﬁa@pmmﬂlﬁem&brnlng
si licon H!LE'Ebggntsinla'céﬁ?ﬂa@‘soéhged‘iﬁff%)éﬂltt gc'eﬂﬁ GG QS G djoxi de
deposition wthin the processing cha accordance wt he
processi AgPparaset ers described with reference to FIG 1. In particular the
program control s tfhgf gemetg af sBBkecuk 3 aAR-HLAN Lha TR, Al, 4as
source 33 to the mcrowave a |cator rowave power Févél appl i ed
to the néersaaveé3apperehivelylcouhéetate pr zssote mﬂcmb@awﬁogésﬁmng chanber
t he atyre t C a , =@Nn t I
fOfﬂHtIO%ﬁngﬁ BH ?ﬁF §§1%§ ?H& g?§v§§ rg%oggng%§%6§?é§£ %&grﬂ sCause
gate d|e&es@urceggeaﬁhuchnabeOpeermnEdﬁbn depeniiéngdont thewabé&eraatlhout
removi ng S n wa [ h oQl ronment, the
potentia}é?gF gg}ég g%%#%ﬁlna?ﬁ%nnggFédﬁa% 8 E8e9¥g§%§lel %h %Pncreased
The foregoéeny descsuphi 8a digohodges dabyruhedpbeﬂewned enbodlnents of the
invention, nodific o] t d e r met had whi ch
fall mnthln t he scg%% ggmgﬁe $§$gﬁv §§§F8§e9V§§§ﬁ|§%a§8an& ®f0% hose of
ordi nar ymsgnétron hhedaﬁﬂ.oEeratmseaycepupﬁhdrtnnhetuham G&8s aadr @es may be
enployed for the for of .silicaon, dioxide, sili.con nj trlde nitride
or ot hermharabrse FRIEEaCeE sTePPERALEYEEY ‘FruBist g EhrartRero e o
nicromaveoprerlnphﬁnbfpebﬁ%eapdeﬁ@uthe mvnecuﬁat gas BbawceaBg,. processing
tenperat epend on ma tors ., 0., the praoces sses
el oyecbPehbEhea L Hie s BeeiEhtenchaRn ary utla: tingrarS: ahte tBetveen the
n1cromaVﬁ1@@@Wa@@t@ppﬂicaﬂdrtme aga1spaﬂu@&0élyateﬁp3ad trha aype of
protective coating 45 enpl gge he target thickness, etchgroperties,
st ochi onBRYSIULERsTY§EERt 433~FoEheheIHhHER| BECEIWAVS ENSELY| ayer to be
f or med, @Qﬁefﬁ@édﬁl}byb’dﬂgeﬁlagﬂéﬁtbﬁl nRksd eYctp and aipebwareof ordinary
skill inthe art will understand how to vary processing conditions to
conpensa?@p%bFaFﬂEs@ and other factors so as to affect formation of a
desired materi al |@M@rmagﬁetb@nphéﬁdSSVngeﬁﬁﬁheéblé pﬂ@@@ddbﬂgby while the
pr esent |nvent|on has been disclosed,in connectlgn ¥A t he, EP%& rred
enbodi mefiPBLLREPBS WaVE BhELPHABR OHERHE: 68BTERSE BthaPPERES ¥s may
fall withip the ﬁpthla BBHe5CBBEWBENt BBo11BVERBDOD, wa@t@eflnﬁq by the

foll ow ng cl ai ns. 3 ~ JUL 2~0 THE INVENTISN ChA . A nmethod of
f or mi ng aOHﬁ?@F#anaia@%ﬁneﬁranshseﬁrae& BBNBFPSPHE he magnetron
head 37.

Microwaves generated by the magnetron head 37 are
output to the waveguide system 43a-c and travel through a
first waveguide section 43a, a second waveguide section 43b
and a third waveguide section 43c to the microwave
applicator 41. The tuner 39 is operatively coupled to the
first waveguide section 43a and comprises conventional
microwave tuning elements (e.g., stub tuners, etc.) that
allow the remote microwave plasma system 35 to match the

characteristic impedance of the third waveguide section 43c

7



providing a substrate on which a material layer is to be deposited,

el evating the tenperature of the substrate within a processi ng chanber;
provi ding a source of an atom c gas |ocated outside of the prgcp;a[rib&
chanber; transferring atomc gas fromthe source of the atom & g t he
el evated tenperature substrate; and growing a nmaterial layer to forma gate
di el ectri e of. } heo sabsts at edubé hréheeat bom cofasi byowansupongrabaktkagb a

portion of the substrate t n1éﬁg material layer. 2., The method of claim
1 wher ei nFiH¢ FAH PG s}&%%(gr%ﬂe' c ?f%"é%vf)rB?/‘f"ﬁgnghﬁr%?ﬁ tBnduct or waf er.
3. The neihpttdnel @ideli veesei fo etiey ahi dgobdiee t gppeishtbe of .the substrate
conprises elevatin erature of the substrate,to,l ess than 650C 4.

the te
The net hod of cIai%%q.%m%%%'h°%4e9%t?ﬁ%wt%es% hpRRaftFELEE LA¥SEUBEL Rat e

conpr i sess P ovéli S BeSed@dt 6r heat &F , 39! @b @yihg sHBSpratessinghe ceramic
heater and heating the substrate with the ceramc heater. 5. e met hod of

h Th
claim 1l whetesh blovig iRl SoRFEete¥ HRbeF c3gads chrprededntar EWRdi ng a

source ofpfAth&sid ¢ @dSmb&@ndl 16 placed Jod £nh@003f8F O¥hEgpHgtazyi ghawave
pl asma system for operatively cougl ing to the source of nol ecul ar %as and
for di ssORURPFREITEIND| SRUPRPTY ghd 1D PrFatedured bReaPBRPclfas. The The

met hod ofpclaimos el ehp the SPLEESs O g nBhasMbAr 1 9agsCcoaprhges a source of
nol ecul ar nitrogen arid wherein growng a material |ayer on the substrate

with the adbminmsthonprreebleroni g 43si | Rcorsaibrpaeurayef shothe
substrat & w tfl, At Ol o fUbd ERUEP. pre £ dPled®h N0t @dn Cb 8h8Y Scthifbelkn el evating

the tenperature of the substrat'e conprises elevating the tenperature of the
substr at RS BORHIRY B aprelowgdhod of claim5 wherein the source of

o) ecul ar gas coMprieem A SpGe Aln AFOME SILAOSI ) NeBLAMENG 3 Bt eri al

| ayer on the substrate wit e atom c gas conprises growng a Si [icon
nitride IREWEr ore tarpkiudrdtiatiehey eeranbyikeaier ohbntoorape Heehod of claim

5 wherein %%f@ Of ol %éﬁ%or?%%ctf%%éﬁ@ﬁ o SPYT €8e o(grawtﬁcu' ar

oxygen an erein growi ng a mater er on the substrate with the

at omi ¢ gdseeE i wes. gras dre e Bhed coir thexikkl oy eduei th tlhemtglbxygen.
10. The d., .Of |} 5, whet el f : onprises a
source o;@%n%&ejccaal zf?d%(rgegleanl ande%{%%{l?crg%&%@ecéﬁaf #‘%%g%ﬁd%nd wherein
grow ng aymedidr ictcumy et osigrhief stdrst Tatlowet ht etiee 1oa onr €s ghlsaobipei ses

grow ng 3n, axvl &l | Ayl M UL ALOM L RPN ARG AL AN €1 L Ly Pgen.
LPCVD., Accordingly, silicon nitride growth may be performed
below 800°C and preferably is performed in the range of
about 600-650°C. The ceramic heater 31, therefore,
preferably is heated to about 600-650°C.

After the semiconductor wafer 32 has reached the
growth temperature and after the processing chamber 13 has
stabilized at the desired base pressure, the magnetron head
37 is turned on so as to apply microwave power to the
microwave applicator 41, and molecular gas is flowed from
the molecular gas source 33 to the microwave applicator 41.
The microwave power level applied to the microwave
applicator 41 is the power level required to generate a
sufficient concentration of atomic nitrogen within the
processing chamber 13 to affect silicon nitride growth. The
appropriate power level depends on many factors (e.g., the

concentration of atomic nitrogen within the microwave

8



17 ~3 1 ~J UL 200D 11. The method of claim1 further conprising reducing
the formation of nolecular gas fromatomc gas during the step of
transferring atomic gas fromthe source of the atom c gas to gHeJldl @sdt ed
tenperature substrate. 12. The nethod of claim 11 wherein reducing the

formati on of nol ecular gas fromatom c gas conprises reducing the path
| engt h beempdicefieratidm ¢hgaslisdanse drfwans dlissiniarowas: dpel hetted of

claim il yhergyn tﬁu%d‘é%&n’l%o%@%ét%rrmﬁviai ofp Mol ‘ﬁLaneﬂaaslf B A1 QB & 9as

conprises coating at least a portlon t'he pat et ween t e atom c gas
source andévt fbesafomiat @iwiroiyea meotidettinawedoatinogn tie mMbrowsaved of claim

11 wherei gp%gfl%gttlogn Lﬁf gg()& %U|s%5n C{ t“%rgeg, cgﬂ ugégobg tt'ée source of

atom c ga sen1con V|ce f orrfe clHimil. 16. A
sem condudé«slcrdb\edcéufrcthmd bley oed . a| A @owee:dd@waj tofe hgetsvemompird B3es3@0Q  gas.
t he net hod t& rretfhod of  17. gpdgar atus adapted to grow a materi al

| ayer to VS ggfg 8F§Ié@tp§§ gﬁr ubstrate conprising: a processing
chanber; a subst r at €heupreifle roper atolvweiwl acoyalsed dro dile quiroaeistst inde chanber

[ SUPBOLLLIEa (SURSLLALG 90 WL e TP L AbukBYEL Ryl P, DE{ k18

support femphegeidng amswhdtr,ahewsveor tieddsy meGTMmcﬁummrt an

aLom ¢, 9e319RsL A O SPerahieL b SRUALEN 19 L0 Braces g AR, ()
not as environmentally friendly as N,.

Molecular nitrogen from the molecular gas source
33 travels into the microwave applicator 41 and is
dissociated into atomic nitrogen by the microwave energy
applied to the microwave applicator 41 by the magnetron head
37. Specifically, a window (now shown) in the microwave
applicator 41 allows microwaves from the third waveguide
section 43c to pass through the outer portion of the
microwave applicator 41 and to interact with molecular ,
nitrogen therein. A plasma ignition system (e.g., an ultra-
violet light) may be employed for the initial ionization of
a nitrogen plasma, and the microwave energy then sustains
the plasma. Only a small portion of the nitrogen is
ionized, and the plasma may comprise other ionized species
if a diluting gas is present (such as argon ions if argon is
employed as a diluting gas). The microwave applicator 41
thus creates a flow of atomic nitrogen that travels from the
microwave applicator 41 to the input pipe 17 of the
processing chamber 13.

Nitrogen gas atoms prefer a more stable molecular
form (N;). As such, a nitrogen atom will readily recombine
with another nitrogen atom to form N, if the two nitrogen
atoms are spacially proximate. A difficult challenge,
therefore, is to transport a sufficient and a controlled

amount of atomic nitrogen to the semiconductor wafer 32 (on



a reconbi nation reduction mechani sm operatively coupled to the atonic gas
generator for reducing the formati on of nol ecular gas fromthe atom c gas
generated by the atom c gas generator; and a controller coupl gﬂ{ ?ﬁ%
processi ng chanber and having a program adapted to performthe Ib
steps: 1, elevating the tenperature of the substrate; 2. exposing the
substratewhbchtant&lgasngamtradedlbyerhesatonbe gaswgan@@&bab,tﬁ@d 3.

gr owi ng aaggterlal layer to di el ec ric.ont % substrate W th

the atoni 2-gRECniitEER uﬁlﬁscggggéggt 8 68FPI88 GFULRE SobLeosle (Gnd by
usi ng at teasnhanperthengﬁbwtheraﬂbsbfasé1ﬁooﬁ0hﬁtthdevat©rp&bvﬁ@&ﬁr 18.

The apparat us of g wherein the gtgces$| .chanber conprises a

seni condu®tdf #aF Fohr8¥8§sFﬁ 1ERBnBaFridg. S APP&LLYus ®5C -dl-ai m 17

wherein the heatlngTaegBaﬁténréaambnﬁaﬁ1ancefaat@mleahatro%@n,Tm%eapparatUS

of claim 17 whereipn the atom ¢ Flggnerator conprises a mcrowave plasma
o]

syst em f oP2EBupERAEPt BeLWeshr EB P@@VPaPPBéécéﬁﬂrféﬁ anslsddicat i ng t he

nol ecul ar s 8RAscERdAELHP UEREFate ahANbE Adfimifed BY éth%@@%n%lthBhe
apparatus of claim 17 wherein the atom c gas generator conprises

M cr onave™bFESNAVEyaPRI EBECE0API RAgCLBSE a8uPeESdPlRplLecthar gas and f or

d'SSOC'atbPScéQElH&'@ﬁHhﬁérgﬁg %8 63 L Breongi a2t ABLC tRk! HPGBRss3Ag The
apparatus of claim 17 wherein the atom c_gas génerator conprises a

m cr owaveChprBReH %§s@énth@rmé699waﬁg pePr4isatipEeddf Wibheaucannesfgen and
for di ssoghathH@nthggmPLECH) BFoRXYECRpSPiR8LLP @@naaéaet@poahaaeéﬁ%en 23.

The apparatus of claim 17 wherein the reconbination reducfi on"nechani sm
conprlsest@ec@h@@@@@%n@oﬁh@@hﬁédlﬁb r eBeemehecdlaragae Bevween3Bhe

substr at e, sLonRLY BOdy] ecaRONL n0dS ROPEALOL (24g. The, appar ghys of claim

17 mhereln conbi nat1 on reduction nmechanis n1cgnb S a protective
coati ng f@¢p¢r®tﬂ@ nitreger gapoatons @enehetpdthnbéhaemmcrhwaynbstrate

o nanop i Bl oM e 985 H6ne] Bk 0hen Gas TRELAPPREALUS £F €hE T
a

reconbin reduction mechanismof "in provi ding Spatially
separ at essemnbpdrdgasor hea fieonBe. gaSl@eherEYDra 26épapateninentugher waf er

Com uou Wnthe LER b oot 5icng HaLES hegchie alhe o1 gual | eas
used to supply an inert gas that separates nitrogen gas
atoms generated in the microwave applicator 41.
Additionally, a portion of or all of the path between the
microwave applicator 41 and the semiconductor wafer 32 may
be coated with a protective coating that prevents nitrogen
gas atoms from adhering thereto and serving as recombination
sites for subsequent nitrogen gas atoms. In FIG. 1, the
entire path between the inlet 25 and the microwave
applicator 41 {(including the microwave applicator 41) is
coated with a protective coating 45 (e.g., aluminum nitride)
that resists nitrogen gas atom adhesion. The inlet 25, the
processing chamber 13 and the gas distribution plate 27 also
may be coated with the protective coating 45 to further
enhance the concentration of atomic nitrogen that reaches
the semiconductor wafer 32,

Once the atomic nitrogen reaches the top surface
of the heated semiconductor wafer 32, due to the high

chemical potential of atomic nitrogen, the atomic nitrogen
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atons generated by processing tool operatively coupled to ~ 1 JUL 20D3

. the apparatus of claim 17 operatively coupled to the wafer handl er chanber;
and a wafer handler |ocated within the wafer handling chanber %np UL
operatively coupled to both the at | east one |oad | ock and the "apparatls of
claim17, the wafer handler for transferring a sem conductor wafer between
the at | eastdoh¥ keadtkowkthndheheidppenawagest 3¢ diomfvzm 27 sifHeon

Se”iConduﬁieii&@fﬁEtEE93§S§%g%rt%ﬂgﬁ%%npu E%‘%%ok%ﬁther conprising a

control |l er~operatively coup to the at Teast one'l'oad | ock, the wafer
handl i ng chanber, tRAesagpafatastofhdviaaitmge? odnd hiehe nesfeart Hamaindricend

programmed for:.loading a,sem ctor .waf.er fr t he | east,_.one | oad
|l ock to th& ghggtgﬁgg g&ﬁééﬁy %ﬁgqgﬁé &é eﬁ%ﬁangﬁgks &ﬁ?ﬁ%iéﬁ;ﬁ‘%
t enper at usemdtohbacsen wafiducBer (wikertbmia pridcesgenndoreweerfatour eeha a t he

heat i ng chani sni .gener.at i atomic.gas wWith the atom c gas .generator;
supplyinggéﬁ8ﬂF&gbé§nt8ftW8T%F8é8§sPﬁgr8ﬁ§ eV}t SH% ﬁ&n %ﬁgfgﬁﬁal | ayer on
t he sem chpduoten-wallacedi ehetcheoat arapsgadithid. tAe apidrcatnusidddpteed to

orow 2 o1 hEehod onLde Laver (Rl o 2085 JLELRELALEN A Hean |
t he proceshepgathbotigetandsaddpted theseppaht thasi presmensgbstrate on which
a silicon dioxide tavabpait! 2:188udi00T, 2he Brimlt hed?2} 31, witn

its enhanced temperature-uniformity, may be used during

silicon nitride growth. Silicon nitride thickness

uniformity thereby is enhanced over furnace-based formation

methods. Additionally, no complicated and environmentally

unfriendly nitrogen or silicon precursors are required to

affect silicon nitride layer formation.

In addition to silicon nitride, the processing
system 11 may be used to grow gate quality silicon dioxide
via the dissociation of molecular oxygen within the
microwave applicator 41. For silicon dioxide growth, the
molecular gas source 33 comprises a source of molecular
oxygen that supplies molecular oxygen to the microwave
applicator 41. The microwave applicator 41 generates an
oxygen plasma, and a stream of atomic oxygen flows to the
processing chamber 13 via the input pipe 17. Similar
methods for reducing atomic oxygen recombination preferably
are employed (e.g., a reduced path length between the
microwave applicator 41 and the semiconductor wafer 32, a
protective coating 45, dilution of the molecular oxygen
supply with an inert gas, etc.).

The atomic oxygen reaches the top surface of the
heated (e.g., about 600-650°C) semiconductor wafer 32 and
due to the high chemical potential of atomic oxygen, readily
reacts with the silicon wafer 32 to form silicon dioxide.

The temperature uniformity of the ceramic heater 31 enhances
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oxygen by consum ng Iat aldeddtica par tsidnaoh therside cond subisicat e and by

using at least. a portion of the siljcon bstrate to formthe silicon
di oxi de. Eé.ox”f‘ﬁlg’agﬁlfr R L l%’lgaigr%%mvﬂér erarya t%ee%rﬁeeafi%og %%Via%?g?n
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controller is adapte%lﬁgﬁgﬁyforn1 rowth _af .silicon dioxide at a tenperature

of |ess tRENIEB0ERI O &5 FTr CiEHH 28N rempte pl asma
system i s appliicadvavd 1nl agm ssyst eippldZatichsl thd mQEndAar Aresappar at us
adapted to grow a.silicon nitri | ayer to faorm at.e dielectric on a
1T con SABOEFA & GIBFTSTS: B5 Y GoSelRe CHarst et H RIS Spr
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subst r at e agdppRGed ) hy ahlie tHeb atitcdiovasePR@licator 41 generates an

oxygen and a nitrogen based plasma. A stream of atomic

nitrogen and a stream of atomic oxygen thus simultaneously

flow to the processing chamber 13 via the input pipe 17.

Nitrogen recombination and oxXygen recombination preferably

are limited as described above.

The atomic nitrogen and the atomic oxygen reach

the top surface of the heated (e.g., about 600-650°C)

semiconductor wafer 32 and due to the high chemical

potential of both atomic nitrogen and atomic oxygen, a

silicon dioxide layer having a concentration of nitrogen at

the Si/510; interface is readily formed. The concentration

of nitrogen at the Si/Si0O; interface is controlled by the

relative amounts of atomic nitrogen and atomic oxygen

present during silicon dioxide growth. The temperature

uniformity of the ceramic heater 31 enhances the thickness

uniformity of the heater-based oxynitride as compared to a

furnace-based oxynitride. Improved thickness uniformity

oxynitride, therefore, may be grown at substantially reduced

temperatures.

Another significant advantage of the present
invention is that each semiconductor wafer is exposed to

identical processing conditions (e.g., each wafer may be
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a renote plasma system coupled to the processi ng chanber and adapted to
generate and supply atom c nitrogen to the processing chanber; a

reconbi nati-on reducti on nechani smcoupled to the renote pl as §Xﬁ}e nd
adapted to reduce the formati on of nol ecul ar nitrogen fronlagghic &1?P§gen
generated by the renote plasma system and a controller coupled to the

processi m&mmrlﬁmqéw@@gﬂftmr@%ﬁmmFﬁs’eépe@e({;éﬁéﬁﬁgﬁ i PLAOW ng
S

steps: 1. elevating the tenperature of a silicon substrate; 2. exposing the
si licon SlstHgroway el dichgeh genhatied mtental ehoyer pl asma system

and 3, Qe i9d | @Oy N i 0eed? {8 de 9 £ digl 68 sk £qon the silicon
substrate with the atomc nitrogen by consum ng at |east a portion of the

si licon Surgtidean®tsy, lusi et Teastxanplort i GrS of PateniNo con substrate
to formt i 14 I 4 1:de. ' Ln th
NG 13 |doeoniidy ide hé&%bf*‘ﬁu&ﬂgﬁ'ﬂéﬁét‘:@dzg;y %%é%@rﬁ:%%ﬁé e

heating mechani sm conprises a ceramc heater. 2 4. The
appar at us-Tofl td &nhiIzther durndre dared| fama slenaprece e peréuinregs owt h

of silicop nifrdide gfed Iyt rrgi% L s idan 829G, 3&?5%@ppafat us_of
the ep a o)

claim 32 erein renot systemis m crowave plasima system 36.
to form dompacs my thalr coadsiwef athardierhe expdrad dte dupparenitoupl ed to

an oxyn SRS cr PRt TRBE AR SR e

subst r at €csupparitf fererad spteath tt @ hdaime miidcdo auedsdrisdle sagpgort ed by t he

SUbStrat%d¥ﬂ§%¥aﬂ within the furnace. Furnace-based formation
processes also suffer from temperature and gas distribution
non-uniformities as previously described. Thus, process
uniformity is enhanced via the present invention.

The processing system 11 also may be used to
improve the efficiency of silicon dioxide deposition (e.g.,
chemical vapor deposition (CVD)) by employing atomic oxygen
and TEQOS instead of ozone (0;) and TEOS during silicon
dioxide layer deposition. The atomic oxygen is generated
via the microwave applicator 41 as previously described.
Because the atomic oxygen can directly react with TEOS at
the surface of the semiconductor wafer 32 (e.g., without
requiring the intermediate step of the dissociation of Os;
into atomic oxygen at the heated semiconductor wafer 32),
the deposition rate of silicon dioxide is enhanced without
increasing deposition temperature.
FIG. 2 is a top plan view of an automated tool 47

for fabricating semiconductor devices. The tool 47
comprises a pair of load locks 49%a, 49b, and a wafer handler
chamber 51 containing a wafer handler 53. The wafer handler
chamber 51 and the wafer handler 53 are operatively coupled
to a plurality of processing chambers 55, 57. Most
importantly, the wafer handler chamber 51 and the wafer
handler 53 are operatively coupled to the processing chamber
13 of the processing system 11 of FIG. 1. The entire tool
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chanber; An apparatus adapted to grow an oxynitride layer a gage gielpggtric
on a silicon substrate a reconbi nation reducti on nmechani sm coupled to the

renote plasma system and adapted to reduce the formation of nol ecul ar
oxygen and 7milsecondir odiliecodan of comtitiod 1@roi heidgen samt adi@mtidrarein

ni t rogen a h r pled to
The. procedbioh CRALREIS RORITtR AR AR T herill l SR Sl

fol | owi nglscéps498, di9bvatingg thiee promessding ehefntersi |Gcorbsurst rlde; 24

- 13 UL 20033 exnasing o e yiddaan sibstate to atom ¢ oxygen and
atom c ni tarogen generated by the renote plasma system and 3. grow ng
oxynitride to form &hgatendirelldetr 59 avnted s la qoogsrsticat e with the

ot om ¢ KRS AT Tl ST, SISO A B SN L1
to form t heoaxpniotr isddicdn dileiaiepaegioss tdforc wditthi3t tdeeeiacddei ieat | ng
mechani sm conpri s a_ceram.c, heater.. .3 The appar.atus of cl.aim 36 wherein
the contr Sﬁf“g’%e?:sﬁgd&& EF RS PBEFor ey g\n[eh p&focp A iRfd 34 B %% nper at ur e
of | ess thHesc@iBed 39thTirefeppacat to @Icel di.m 3G weerdiculidre thenote pl asma
S SRRSO B BB R, of gyerutgr ges from the
. AHe. AS. AloAehdaf| grsAlsoArcel BB th. thgbmicrowave applicator 41, the
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41, the base pressure of the processing chamber 13, the

temperature of the ceramic heater 31, and the material layer

formation time, as well as other relevant processing

parameters. Because gate dielectric growth can be performed

on a semiconductor wafer without removing the semiconductor

wafer from the tool 47’s vacuum environment, the potential

for wafer contamination is reduced and device yield is

increased.

The foregoing description discloses only the

preferred embodiments of the invention, modifications of the

above disclosed apparatus and method which fall within the

scope of the invention will be readily apparent to those of

ordinary skill in the art. For instance, other molecular

gas sources may be employed for the formation of silicon

dioxide, silicon nitride, oxynitride or other material

layers. Further the exact processing conditions (e.g.,

microwave power, chamber base pressure, molecular gas flow

rate, processing temperature, etc.) depend on many factors

(e.g., the process gasses employed, whether the process

gasses are diluted, the distance between the microwave

applicator 41 and the semiconductor wafer 32, the type of

protective coating 45 employed, the target thickness, etch-

properties, stochiometry, density, etc., for the material
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THE INVENTION CLAIMED IS:

1. A method of forming a material layer on a
substrate comprising:

providing a substrate on which a material layer
is to be deposited;

elevating the temperature of the substrate within

a processing chamber;

providing a source of an atomic gas located
outside of the processing chamber;

transferring atomic gas from the source of the
atomic gas to the elevated temperature substrate; and

growing a material layer to form a gate
dielectric on the substrate with the atomic gas by

consuming at least a portion of the substrate to

form the material 1layer.

2. The method of claim 1 wherein providing a

substrate comprises providing a semiconductor wafer.

3. The method of <c¢laim 1 wherein elevating the
temperature of the substrate comprises elevating the

temperature of the substrate to less than 650°C.

4, The method of claim 1 wherein elevating the
temperature of the substrate comprises providing a ceramic
heater, placing the substrate on the ceramic heater and

heating the substrate with the ceramic heater.

5. The method of claim 1 wherein providing a source

of atomic gas comprises:

providing a source of molecular gas; and
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providing a microwave plasma system for
operatively coupling to the source of molecular gas and
for dissociating the molecular gas to form a source of

atomic gas.

6. The method of claim 5 wherein the source of molecular
gas comprises a source of molecular nitrogen arid wherein
growing a material layer on the substrate with the atomic
gas comprises growing a silicon nitride 1layer on the

substrate with atomic nitrogen.

7. The method of claim 6 wherein elevating the
temperature of the substrate comprises elevating the

temperature of the substrate to 600-650°C.

8. The method of claim 5 wherein the source of
molecular gas comprises a source of ammonia and wherein
growing a material layer on the substrate with the atomic
gas comprises dgrowing a silicon nitride layer on the

substrate with atomic nitrogen.

9. The method of claim 5 wherein the source of
molecular gas comprises a source of molecular oxygen and
wherein growing a material layer on the substrate with the

atomic gas comprises growing a silicon dioxide layer with

atomic oxygen.

10. The method of c¢claim 5 wherein the source of
molecular gas comprises a source of molecular oxygen and a
source of molecular nitrogen and wherein growing a
material layer on the substrate with the atomic gas

comprises growing an oxynitride layer with atomic oxygen

and atomic nitrogen.
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11. The method of claim 1 further comprising reducing
the formation of molecular gas from atomic gas during the
step of transferring atomic gas from the source of the

atomic gas to the elevated temperature substrate.

12. The method of c¢laim 11 wherein reducing the
formation of molecular gas from atomic gas comprises

reducing the path length between the atomic gas source and

the substrate.

13. The method of c¢laim 11 wherein reducing the
formation of molecular gas from atomic gas comprises
coating at least a portion of the path between the atomic

gas source and the substrate with a protective coating.

14. The method of c¢laim 11 wherein reducing the
formation of molecular gas from atomic gas comprises

diluting the source of atomic gas with an inert gas.

15. A semiconductor device formed by the method of
claim 1.
l6. A semiconductor device formed by the method of
claim 5.
17. An apparatus adapted to grow a material layer to

form a gate dielectric on a substrate comprising:

a processing chamber;

a substrate support operatively coupled to the
processing chamber for supporting a substrate on which a

material layer is to be formed:
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ing mechan operatively coupled
substrate support for heating a substrate supported by the
substrate support;
an atomic gas generator operatively coupled to
the processing chamber for generating and supplying atomic

gas to the processing chamber;

a recombination reduction mechanism operatively

coupled to the atomic gas generator for reducing the
formation of molecular gas from the atomic gas
generated by the atomic gas generator; and

a controller coupled to the processing

chamber and having a program adapted to perform the
following steps:-

1. elevating the temperature of +the substrate;

2. exposing the substrate to atomic gas
generated by the atomic gas generator; and

3. growing a material layer to form a gate
dielectric on the substrate with the atomic gas by

consuming at least a portion of the substrate and

by using at least a portion ©of the substrate to

form the material layer.

18. The apparatus of claim 17 wherein the
processing chamber comprises a semiconductor wafer

processing chamber.

19. The apparatus of claim 17 wherein the heating

mechanism comprises a ceramic heater.

20. The apparatus of claim 17 wherein the atomic
gas generator comprises a microwave plasma system
for coupling to a source of molecular gas and for
dissociating the molecular gas so as to generate

atomic gas.
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21. The apparatus of claim 17 wherein the atomic
gas generator comprises a microwave plasma system

for coupling to a source of molecular gas and forx
dissociating the molecular gas so as to generate

atomic nitrogen.

22, The apparatus of claim 17 wherein the atomic
gas generator comprises a microwave plasma system
for coupling to a source of molecular oxygen and
for dissociating the molecular oxygen so as to

generate atomic ozxyden.

23. The apparatus of claim 17 wherein the
recombination reduction mechanism comprises a connector
configured to reduce the distance between the substrate

support and the atomic gas generator.

24, The apparatus of claim 17 wherein the
recombination reduction mechanism comprises a protective

coating for 1lining at least a portion of the path

between the substrate support and the atomic gas
generator.
25. The apparatus of claim 17 wherein the

recombination reduction mechanism comprises a source
of inert gas for providing an inert gas that

spatially separates atomic gas atoms generated by

the atomic gas generator.

26. A semiconductor wafer processing tool
comprising:-
at least one load lock;
a wafer handler chamber operatively coupled to
the at least one 1load 1lock;
20
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a wafer handler located within the wafer

handling chamber and operatively coupled to both the
at least one load lock and the apparatus of claim
17, the wafer handler for transferring a
semiconductor wafer between the at least one load

lock and the apparatus of claim 17.

27. The semiconductor wafer processing tool of
claim 26 further comprising a controller operatively
coupled to the at least one load lock, the wafer
handling chamber, the apparatus of claim 17 and the
wafer handler and programmed for:-

loading a semiconductor wafer from the at
least one load 1lock to the substrate support via the
wafer handler;

elevating the temperature of the
semiconductor wafer to a processing temperature via

the heating mechanism;

generating atomic gas with the atomic gas
generator;

supplying atomic gas to the processing chamber;

forming a material layer on the semiconductor

wafer with the atomic gas.

28. An apparatus adapted to grow a silicon dioxide
layer to form a gate dielectric on a silicon substrate
comprising:

a processing chamber;

a substrate support coupled to the processing
chamber and adapted to support a silicon substrate on
which a silicon dioxide layer is to be grown;
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a heating mechanism coupled to the substrate
support and adapted to heat a silicon substrate supported
by the substrate support;

a remote plasma system coupled to the
processing chamber and adapted to generate and supply
atomic oxygen to the processing chamber;

a recombination reduction mechanism coupled to
the remote plasma system and adapted to reduce the
formation of molecular oxygen from atomic oxygen generated
by the remote plasma system; and

a controller coupled to the processing chamber
and having a program adapted to perform the following
steps:

1. elevating the temperature of a silicon
substrate;

2. exposing the silicon substrate to atomic
oXygen generated by the remote plasma system; and

3. growing silicon dioxide to form a gate
dielectric on the silicon substrate with the atomic
oXxyden by consuming at least a portion of the silicon
substrate and by using at least a portion of the silicon

substrate to form the silicon dioxide.

29. The apparatus of claim 28 wherein the heating

mechanism comprises a ceramic heater.

30. The apparatus of claim 28 wherein the controller
is adapted to perform growth of silicon dioxide at a

temperature of less than 650°C.

31. The apparatus of claim 28 wherein the remote
plasma system is a microwave plasma system.
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a processing chamber;

a substrate support coupled to the processing
chamber and adapted to support a silicon substrate on
which a silicon nitride layer is to be grown;

a heating mechanism coupled to the substrate
support and adapted to heat a silicon substrate supported
by the substrate support:

a remote plasma system coupled to the processing
chamber and adapted to generate and supply atomic nitrogen
to the processing chamber;

a recombination reduction mechanism coupled to
the remote plasma system and adapted to <reduce the
formation of molecular nitrogen from atomic nitrogen
generated by the remote plasma system; and

a controller coupled to the processing chamber
and having a program adapted to perform the following

steps:

1. elevating the temperature of a silicon
substrate;

2. exposing the silicon substrate to atomic
nitrogen generated by the remote plasma system; and

3. growing silicon nitride to form a gate
dielectric on the silicon substrate with the atomic
nitrogen by consuming at least a portion of the silicon
substrate and by using at least a portion of the silicon

substrate to form the silicon nitride.

33. The apparatus of claim 32 wherein the heating

mechanism comprises a ceramic heater.
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34, The apparatus of claim 32 wherein the controller
is adapted to perform growth of silicon nitride at a

temperature of less than 650°C.

35. The apparatus of <c¢laim 32 wherein the remote

plasma system is a microwave plasma system.

36. An apparatus adapted to grow an oxynitride layer
to form a gate dielectric on a silicon substrate
comprising:

a processing chamber;

a substrate support coupled to the processing
chamber and adapted to support a silicon substrate on
which an oxynitride layer is to be dgrown;

a heating mechanism coupled to the substrate
support and adapted to heat a silicon substrate supported
by the substrate support;

a remote plasma system coupled to the
processing chamber and adapted to generate and supply
atomic oxygen and atomic nitrogen to the processing
chamber;

a recombination reduction mechanism coupled to
the remote plasma system and adapted to reduce the
formation of molecular oxygen and molecular nitrogen from
the atomic oxygen and the atomic nitrogen generated by the
remote plasma system; and

a controller coupled to the processing chamber
and having a program adapted to perform the following

steps:

1. elevating the temperature of a silicon

substrate;
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on the silicon substrate with the atomic oxygen and atomic
nitrogen by consuming at least a portion of the silicon
substrate and by using at least a portion of the silicon

substrate to form the oxynitride.

37. The apparatus of c¢laim 36 wherein the heating

mechanism comprises a ceramic heater.
38. The apparatus of claim 36 wherein the controller
is adapted to perform growth of oxynitride at a

temperature of less than 650°C.

39. The apparatus of claim 36 wherein the remote

plasma system is a microwave plasma system.
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