WO 01113426 PCT/1B00/01115. Method of producing copper features on

sem conductor wafers FIELD OF THE | NVENTI ON The field ofthe invention is
the field of pnduci ng features farmed of copper i'n grooves and holes in a
surface of a substrate, the invention is of partict use in the field of
sem conductwo optdeessi ng and di e providing of topper |ineseGB0MIES on a
sem s onductor snbsha2e. BACKGROUND OF THE | NVENTI ON The mai n stream of
sem conduct or prong has heretofore been concerned with silicon processing
where devices of p and atype doped silicon are Interconnected in |arge
nunbers by conducMiethgdwif peeducmpgcoppon features gy semiggndugionwafersn made from
alumnumw th alight aftbda es ofsilicon or othermate;rialto

i nhi bite: | ectronigrationoft benFEP OFFERNVETION, the conductivity of

alum numiis toomh# Ve oh Sind £ AT (e U TCTo STo P masi n*
narrow | i nes. Recent oﬁh%éxg{)pexhas %%‘E‘ﬁh@é‘gﬁ& gr eat ad?/gﬁfggé,?&gignce
r esear chhesind belestih @ swifage of & eubstrate i The inydationis ef plrticulasyseiimthe fitlléefp copper from

anmm ngt he silicon. Howeyver iinnell. NOWN ..pr. fdtingnarrow, deep
t enches an&aﬁlochsangﬁFﬁW#%é\m%%ﬁﬁg o'(/"lp g materi al
] achi ng i n substrats. and defects which raise 8re resrstaace and | ower the

suability ofthe conducting lines. Fig. | sboa-s ash ofatypical
eosssectional view of aconstruction ofasubstrate |q which may here be a

sem conductor such as sili cggmbhgwmmal tiumittideoro$er
el ectronic material, ormay be afnisbeFdl ayer of insulator or netal or
i nsul at or wi $t bu@bemate steghm ofigemirondurtor poeressing hasheastofarp been songuned avith sificomx anpl e
t hesubst | atoeestibbre SAotode ok 8 ik aohfy SN Aot el R EBRGS BY U5,
known in t ronductingfires.c Thise wireh havetypoat tieamadg fron almhhumv&ﬁthsl_ighddnixmhayer 12,
Fop of | ayerfEeasr e kg o b e B el GebouRn BB 0 2t 1§ cal I'y
conduct i ng oaductvityiof stuhinins1oo soll @ privide the tbw resistance needed for increasingly

narrow lines. Recently, copper has been used to great advantage, since research has led the way

to providing barrier Iayers which keep copper from contaminating the silicon. However, the well

known problems of filling narrow, deep frenches and boles with a metal still have problems in

providing material lacking in voids and defects which raise the resistance and lower the stability

of the conducting lines. ~

Fig. 1 shows a sketch of a typical cross sectional view of a construction of a substrate 10,

which may here be a semiconductor such as silicon, gallium arsenide, or gallivm nitride or other

electronic material, or may be a finished Jayer of insulator or metal or insulator with buried metal

wires or vias. A lIayer 12 is shown as an example laid on top of layer 10, where layer 12 may be a

wire stretching across the substrate. An iisulator 14 such as silicon dioxide or any other

insulator known in the art of semiconductor processing is shown formed on layer 12, and .

‘fnsulator 14 has been etched to firm trenches 16 at initervals in the top of layer 14, A plug 181is

* shown schematically to show an electrically conducting connection between layer 12 and

following layers of metal to be built up in further steps.

Fig. 2 shows schematically the results of filling the trenches 16 of fig. 1 with metal 20,




foll owi ng payers ofinetal to be built up in tbdher steps. Fig. 2 shows
schematically the results of filling the tenches 16 of fig. I with netal 20
WO 01113426 PCTI1B00J01115 Layers of different materials such as tantal um
and titaniu e which are used as diffusion barriers_to revent

mat eri al me&h{"iagffum ng through material 14 and adversef?’é&?

sem condut ctar material placed below material 14 are not shown in flg 2.

Voi ds 22 whiayersef diffrentmg ﬂﬂ’é h psgantahn aod fitarfpeg niggide ybich preperd asrdifesion| et el y

fill the br SX&B&?%@:’ %ﬁ*ﬁsﬁ?&b Irladéeial 14 bl V@&é, I ques may
r api dly melt the ta 20 u5|n ed Igggers whi ch hav e effect of
filling in mmmmmdﬂaad&elmuam@ mevmm-ldfosﬂsg&mdmﬁml—bwever

t he cost anﬁ, romt iyﬁ&%gx@@?&@ %Wf sg&Hcaf dj,usting the

energy flue Cce asers Sseenes | nprac ’br oducti on.

RELATED PAT%WWMW& kmﬁtﬁ()ssw lesats)relittithape the wiiegtlof

oi t anbave t ent o ectio nd of ctor chanber open

di ci ng do ﬁ%mﬁuﬂﬁf dsg‘gfe?sde mﬁ% st abl i sh ad

because the wwmmmﬁmdﬂmm ithathdegn pl ates,

whi ch have S|g|f eagfy gr er dinmensions and may be th than tlw wafers, nust
frpracticel i

al so be int and nmast be earand qui ckly

changedwheat be proce ischange d orwhen diffeaartwafersizcs, fare le, ace
ed. Thereaction chanbrrdi neosions are with these anea'l Iaryp| axs nrm nd.
USPat ed 5, 580, 830 teet he iRFATERRATENISAND APRLICATION$d t he use of an q=t =

: %gr?gﬁgéog?ggeasurl E#%Lt f%%‘gg PM using a pysone%ms%&f very
broad spect m@mmmw@mmp@wm "beep esteblibhed o
rus i 1 ot 88 Vo peeEabied anf i ool BB RBTOB ik Bt 1 e O et
syst ensf nv e signifitantly freatapdiivensions add miay(dé thicker themthewyfors,\ustaliabeiateddced on  waf er
into the chamber and must be easily anl quickly changed whea the process is changed or when
different wafer sizes, for example, ate tised. The reaction chamber dimensions are designed with
these ancillary pieces in mind. US Patéirt 5,580,230 teaches the importance of the gas flow and
the use of an aperture in the door to regulate gas flow and control impurities in the process
chamber. | -
‘The importance of measuring the temperature of the wafer using a pyrometer of very
broad spectral response is tanght in U. S. Patent 5,628, 564.
The wafer to be heated in 2 conventional RTP system typically rests on a plurality of
quartz pins which hold the wafer accurately parallel to the reflector walls of the system. Prior art
systems have rested the wafer on an instramented susceptor, typically a uniform silicon wafer.
Copending patent application 08/537,409 teaches the importance of susceptor plates separated
from the wafer.
Rapid thermal processing of II-IV semiconductors has not been s successfil as RTP of
silicon. One reason for this is that the surface has a relatively high vapor pressure of, for
example, arsenic (As) i the case of gallium arsenide  GaAs ). The surface region becomes
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Cope ndngpat ent applicati on 081537, 409 teaches the inportance of
susceptorpl ates 30PUded fi Wit bawafer. Rapid thermal processing of Il1-1V
sem conducto s has not been as sinful asRTP of silicon. One reason for

this is that surface hasarel ativel yhi gh vapor pr essurlec.lc)l? xanpl e,
arsenic ( elélgﬁfhe case of galliumarsenide (GaAs). The sur géc%elnrsggi on

becomes il for et obERralRp e hpdlink bk shitieldo b1 Jep L V0 01/ 13426
PCT/ 1 BOO/ 1150 depl eted of As, and the nmat gﬁ‘i al gl?qlual ity suffers. Copeadi ng

pat ent aspliosa methodeed gparams B overeming hisproblednod  and appar atus for
overcomn ng t hj BE? @PB § Gk d'oBfH teRBvaT oWt Mi ook %I @i ohtly -
doped, rel atil\blefy ?)%N&%?"ﬁggra m&&an?gr‘égi ocal Iy%eat 1'ng e wafer with a
pu![ﬁedof Iecalinipea tﬁngttﬁmct;éwdthf[ipnlsc' foﬂ@@d@ﬂn@dhppmném_ p}pﬁwiﬁnw?zsm Ad'
met hod, appar atu an stem f or . .discl.osed.in. copendi ng
appl i cation 8@%%&%@%?&@ﬁ%%§%ﬁerWﬂ‘IMt hodof RTP
of ah.subsmfms@,.s%u;.greeo&mm. Wd lerchefahr eact i vegas is used Ejp contrf)! the
et ching of oxides qr sem conductoy is-w3etosed in cape ndi application
081886215, byAstRﬁofawwﬂ%%&?Wmuﬁa f a

' 8:scldshdift Qpen logidséats, gy scl osed in

substr at %MF&& o1l ndibtol 2 Speridihg applicatiin
copendi ng app ica%‘ilaon 1015, 441. by Mar+cas et aL filed Jan. 29, 1999. A
met hod o gtal,diedJly 10087.0xynitride filns is disclosed in application

09! 212, 495, b?é Vel I ” Ih} Gﬂ::?ﬂap]:aﬁ&x% siivbt . g the-
wafer in an systog%n'?%?% I'sclosed I'n app ?%atmn%%@%‘df and
08/ 97' 7, (4 Gopeirdingipplicatide 09/015,44 15byMsiens etk filedJan29, 1998d on 10119197 and
1124/ 97 aespegt.i vat adi lica.] roral
filed an 12( 1%‘1 f%@%%ﬁﬁﬁ%ﬁ% ﬁl%hgi ahp/np:ﬁii- C:Zaﬁ%?o%l&ﬁ@k@f sclosed in
appl i cat iKwongetdl filedia12/45/98.39 .
Me&odsofmu&ngﬁem&rhmkﬂsysmwdisdosedinappﬁaﬁomom,lso
and 08/977,019 by Blersch et al. and Aschmer et el. filed on 10/29/97 and 11/24/97 respectively,
and in application number 09/209,735 by Aschner et al. filed on 12/11/98.
A cooled showeshead for RTP applications is disclosed in application mumber 09/245,139

by Walk et al filed 02/04/99.
The above identified applications are assigned to the assignee of the present invention and
are hereby incorporated herein by reférence.

OBJECTS OF THE INVENTION

It is an object of the invention to produce metal conducting lines and vias and other
features in depressions, holes, and trenches in a substrate such as a semiconductor substrate or a
semiconductor substrate covered with one or more layers of insulating or conducting films.

It is an object of the invention to produce an apperatus and a system for producing metal
conducting lines and vias and other features in depressions, holes, and trenches in a substrate
mchasasemimndmmbmawuismimndummmv&ﬂimumhyas
of insulating or conducting films,



by Wal ketal filed 02(041' 99 The above identified applications are asAmed to
t he assignee of the present invention and use h
byerebyincorpordodbereinby E*wcP. OBJECTS OF ME I NVENTJON It is an object

of the inv ,l;u_,h%) produce neral.oom ng |ines aedvias and%olt h&@}lglavarcs
I n dcpreasi ons and trcaebes ina atsuft such as ase

substrate or senrconductor th one or nore |ayers of
i nsul ating or conductlng f.|§pﬁﬂ$§&?§¥iﬁgﬁﬁﬁ@§ﬂ0 f the invention to produce
an apparat us ang canduMin fittaf & mell QkHing GonkPoiridlis deBEREIIE hdIBGDr brtddRs inddNd Vi Sa

and other f zes in noons, holes, and trenches ina substrate sack as a
seni conductsubstratgsad the metakor metakcoptaining sorepornd isaxisized anddhen sedused (Theimetal one or

mor e |ayer3sm&ﬁpkﬂﬁ£%ﬁéﬁﬂﬂ or conducting filns, 3 WO 01/13426
PCT/ 1B00/ 01115 “SUMVARY "OF THE | NVENTI ON A conducting netal or netal

cont ai ni ng conpound is deposited in holes or trenches in a substrate and
the netal or netal contal lﬁﬁﬁﬂ@%? nd then reduced. The
metal is nost preferably copper gﬁBE§%§F%¥ﬁ%§F%%‘THBDRAMVNGS Fi g.
shows a sketch ofapi or adt=dnd sabst ate. Fig 2 shows the prior art

results of tilling ft trenches of fig. | withnetai. Fig. 3 shows the netal
of flg. 2 oxidized to foamnetal oxide material. Fig. 4 shows the netal

oxi de materi al mw&%&&&mg S shows t he resul ts of a
tha; fagprggﬁrpgrt;rnakrve preferred e odlggsé oftﬁg |nx§PL;oPESE:?é 6
ofthe third st epigd invd th&metfl of fig. 2 mdmdmﬁmmmundemm

Fig. 4 shows the metal oxide material of fig. 3 reduced to form metal,

Fig. 5 shows the results of a first step of an alternative preferred embodiment of the

inventian. |

Fig. 6 shows the résults of the second step after fig. 5.

Fig. 7 shows the results of the third step after fig. 6.

Fig. 8 shows the results of the fourth step after fig. 7.

Fig. 9 shows the results of the fifth step aftér fig. 3.

Fig. 10 shows a system for carrying out the method of the invention.

Fig. 11 shows an SEM micrograph of a control sample of a specimen.

Fig. 12 shows the results of the oxidation of the material of fig. 11.

Fig. 13 show results of reducing a dry oxide film.

Fig. 14 show results of reducing a wet oxide film.

'DETAILED DESCRIPTION OF THE INVENTION
The most preferred embodiment of thix invention is to coat a copper thin film ona
semiconductor wafer for the purpose of Hterconnecting integrated circuitry. Copper is expected
to be integrated into advanced metallization schemes as a low resistance and hiphly refiable
interconnect mateial. Cu is a promising material for interconnects in ULSI devices because of



Fu& a shows the results ofthe fourth step Amft 7. Fg. 9 shows the resin
of *af fi hafepafdrfi S. Fig. 10 shows asystenfor carrying out them od ofthe:
i nvention. Pig 11 shows an SEMm cxogr eghoft confol sanpl eof aspeci nen. Pigr
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Fig. 3 shows a step of the most preferred methodofthemvenl_xon where the prior art
deposited copper deposition 20 shown in fig. 2 is oxidized to form copper oxide material 30,
Since the density of copper oxide is 6.0 grams/cm’ end 6.3 gram/cm® for Cu,O and CuO
respectively, compared with 8.96 grams/cm?® for clemental copper, the voids 22 and defects in the
copper e “squeezed out”, and fhe trenches 16 and holes in the surface are filled by the
expansion of the material. 'Iiisonlymwssmymoﬁdimthceoppumateﬁalzomadepﬂz
below the defects or voids 22, and not to the bottom of the trenches 16, in order to achieve good
results in the subsequent copper reduction step.

‘When the copper oxide material 30 is reduced in a retiuction step, elemental copper 40
remains as shown in fig. 4, and fills the trenches 16 without voids or gross defects. The copper
oxide reduction is exothermic, producing 76.97 kl/mole and 89.43 k¥/mole energy for Cu,0 and
CuO respectively. The heat capacity of copper vaties from 5.84 to 7.6 cal/mole K as the
tempezature is raised from room temperature to the melfing point of copper. A fres standing film
of copper oxide will thus heat up when reduced to copper in the absence of heat transfer. Such
hm::gwould anneal the copper and produce superior material for electronic operations. If heat



(usual Iy perpendicm arto the average surface ofthe substrate) and

randommal k fl owofthe ==bawd copper atones supply large quantities of
copper to the t=ch. Fig. 3 shows a step of the nost prcfbned nethod ofthe
invention , whel4dehe prior “art deposited coppei‘ d tion 2 'g ftg. 2
I's oxidized to foam copper node nateri al Si nce the dens y oflcopper

oXide is 6.%!?&8!@2%9' g[ax,ﬁ 9‘;;‘*@ respectivvely,
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fi’l | edbyt 8 fd mat.er. al nece | zet hecopper

mat eri al c}’e%ktpﬁ)d“cg f%"ﬁ’ed‘?j‘@?"gé 5?’?75%%‘%"% ﬁf) t he bottom
of t he eanche.eﬂtikﬁ,ﬁlm.n order to achieve good results in the subsegnent
copper reductio When, d| e_copper .oxide nmatteriad 30

i sr+edacedi nar e%&f%ﬁwg g’tbﬁ‘fi’ﬁ@\‘ inyeption, Wherethe tmehsh 16 n i g.
4, and fillge ﬁnaﬂamca@ew \thpped teHmBS50d The fhideial $8 isGorv@RGT  OXi de

reduction is cxotbcrni produci ng, 7697kl m)l eand 89.43 kl/nole energy for
CU 20 and 'efem%étipfﬁ&§ wme%w%e hiat hpwe mﬁsér Thampoéciomide 5. 84 t 0

7.6 caVnol emakas Hfﬁ% W r tothe
mel ting point of copper ree st |ng & copper om%'7| t hus
Eadtup Memmmwmmmmmo&mmwcr t _
eating wou er, andpr or electronic
oper ati ons. ai i ﬁ !%Esg%@uﬁﬁ@m %Mﬁ%%geﬁﬁ di ati on,
convect i on, tremelsts filledivithivoid freé Coppds 0 As shévai it fig. 90T this éxfbioditehit B ngcCouNt , the

reduction of the co r OXi teri aI 30.to enment al copper 40 nust be
done suf fi cFERTTY %"W?ﬁ&”‘t tMWMUCt ionis

greater thm%%m@ﬁ&m&&mmw b b Brgaliic Ghatertal SOVS  aN
alternative greterred enbodi_ment of the invention;, ere the trenches 16

are parti al [CERPIAPR it ey s Semper Xidg o SBRPFRRO™E®nt ai ni ng material 50. The
material SO is qeOEREidion théy e SRR&T ouPthineéor &9 oﬁ%ﬁ&mﬁm@@wﬁa&' on step
X

simlar to thatasélom in fig 3. The copper o

4Cu+0, ——> 2Cn,0
2Cu+ 0, ———-> 2Cu0

Organic Cu compounds can be dissolved in certain solvents. These low viscosity liquid
solutions could be very useful for the deep submicron technology. For examples, copper
ethylhexano-isopropoxide (Ct(OOC,H,(OC;H;)) can be dissolved in isopropanol; copper 2-
methoxyethoxide ( Co{OCH,CH,0CH,),) can be dissolved in 2-methoxyethanol, and copper(il)
2-ethylhexanoate (Co(OOCC;H,,),) can be dissolved in toluene. The low viscosity material may
be sprayed, dipped, or spun on to the substrate surface and will fill the trenches and holes. The
oxidation and reduction reactions for these material are:

Cu Oxidation
Cu(OOCH J(OC,H,) ——> CuD (in O, or Ozone at 400 °C)



material 60 partially filling the trench is reduced to elenental copper 70
as shown in fig. 7, and new copper containing material 80 is deposited on
top of the copper material 50. Continuing cycles ofdeposition, oxidation,

and reduction vill finally fill inthe trenches 16andprod renches MW
with voi VQP¥4%opper 90 as shown in fig. 9 Lt ibis enbogﬁmmﬁl i s not

necessary to conpletely oxidize the previous copper |ayer . The copper

cont ai ni ng mat er Ca(OGHGH,QRH,); 0pper-=> Gukh olin @t Ozencat 4101 t 0 any of the
patLpasses, or it may be organic material containing copper, or it may be
copper oxide or copper powder The Cuoaddati anmaybe carried

out i nwet or dr yoxy @urGxideRedactiopas. The reactions atu:. 4Cu+ol 2tO 2Cu+ QGa -

2Cu0O Organi c Cu. d ertal n solve. These | ow
viscosity |iqui dc"zgg’?gﬁ;gé“@gfrg&ﬁ)ei%gw%ﬂ%#ﬁ for the deep sul xnietm
t echnol ogy. For exoEMEss c&em+md’(¥9hmme r sopr opoxi de (Cn(QOC) z)(i9)

can be dissolved in_isopnpaugl; copper ar ~a_.adde (Co(OCElat CC L)
can be dissol vE Gmmf%mm&m%gg@gﬁﬁ F@%WOOCC f

aJcan be dﬂp?&ﬁﬂ@’ﬁ@xdnﬂg&t@%ﬂﬂxbsﬂ%ﬁz &ﬁﬁ&%ﬁﬂﬁém mml

sprayed, di'fpped, or spun onto the substrate surlkee and w | t he
trenches m:esnymerammmeﬁmmm chemisakvaposr t hese
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0 Cu Oxi mw«mmmdmw«wwwm 97 k /nole)
QUA(s)  +H ikt AR contaiing bublsiBiize fi igkid iR irictude but are not limited to jet spraying,

electrophoresis, wn&elmxmm&drmsnmwahn&medmchargeddmplet
coating, ctc. Apparatns for dry coating include but are not mited to apparatus for dry powder
coating, electrostatic dry powder application apparatus, etc. The substrates are transferred
between apparatus 100 and an oxidation/reduction apparatus 104 by a wafer handling system
102. Wafers are Ioaded and unloaded to and from the wafer handling system 102 as denoted by
the arrow 107. Typically, a cassette containing 25 wafers is loaded into system 102, anda
mechanical arm removes the wafers one at a timé and introduces them into system 100. When
the wafer has been coated with the copper containing material, it is removed by system 102 2s
shown by amow 105 and transferred as shown by arrow 106 to the system 104 for an oxidation
step followed by a reduction step. After the reduction step, the wafer is removed from system
104 by system 102 as shown by atrow 106. The wafer may be reinserted back into system 100
for fixrther coating of the copper containing material, or may be loaded back into the cassette for
eventual removal to the next processing step. The system shown in fig. 10 is necessary for repeat
operations of the deposition, oxidation, and reduction embodiment of the inveation, The
oxidation and reduction operations require utmost cleanliness, and cari be camried out only with
difficulty in an apparatus which is used as a deposition apparatus.

The preferred apparatus for oxidation and reduction is a rapid thermal processing (RTP)
apparatus. While tube furnaces may be used to advantage for the reduction and oxidation steps,




Fig. 10 shows a systemfor carrying out the nethod of the invention. A
copper coating apparatus 100 is used to coat a substrate with a | ayer of
copper containing substance Such an apparatus is any one or a conbination

of systens sych mewl - organi ¢ chem cal vapor deposition (MOCVD),

sputtering, @‘Ibé’éﬁ%f ess deposition, electochenical depositi gﬁ“@@@)“s i on
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coating, etc. parg’?us or aﬂy coa %lg m@{rsgwg{fwgre o Wmit ed to
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an ceddation %“5%5&’9&?‘?& E'ﬁf)‘ﬂ ﬂ?‘e 2 %81#" .
Wafers are |bﬁ£f@dst60$pﬁ@k&&d§h§s a‘mbm&hﬁaw&efembuﬁdbf tem 102
as denoted b ﬁﬁ! arrow 107. aﬂgl caI ly, cassette containing wafers is
| oaded into é’%‘f by 39 °C pemgecopd %ﬁl’&’é@"%m renoves the wafers one
atatinmeand int rO%Q?sﬁG@ESﬂk&é&é&bﬁ@a%&ﬁ@&nﬁwﬁ ?Egpeen coat ed
d by systegn

with the copper cont aining material, | S renove shown

by arrow 105%afe® Pﬁb@@m@hﬂmllﬁyhét%me@@@ﬂﬂmm%ﬁm 104 for an

oxi dati on WW% 8 i :EM thi2ns 3k ﬁp l“’lﬁ Eﬁg step, the
wafer is re romsys em%% syste ‘fﬁ@és shown Dy aq?fowr&fo

Thewaf er may &ilicopidivxile filnel Avwai& 116nis shosm dritierlefiHANd sidenf thettieiihr Thedpesi@er0f t he
copper contajs i n berial ,, ornnybe Jo ded.back into the cassette for

event ual rerméhvnawfqun%‘ﬂ B P O U8 8 B O GPEEEPS- 1o system showninfg. 10 is
necessary for remuzmmwsméoﬁmnmm&ﬁgm CRhk boSdhtiorARd
reducti on enbodi e of the i_nvention. The_oxidation and reduction

operati ons r SdeM #1330 1G T 0 seconds, (Ellipsomesemeasyrpments of the filgian g \\j t h

difficulty i fiatge SftaeHmliifdidi il tho SntidS@berHlmvad SRS el kUkidR tRfthe SR
preferred ap%aratu for oxidation and reduction is a rbggyeggt her nal
processi ng ( fgﬁ'p} 2 indicefe that (e qxide 12} saateripl may potreach, the el @pdint age

for the redum«mmam D23 AL bHAmDE BB Gench nfay BEbdppér] N thab it {s B0 Koo bl
voidllGrﬂnahﬁnginthcooppaoﬂdemateﬂallzo,andthatthcmMal 120 is much “flatter”
on top than the deposited coppey metal.

Fig. 13 and fig. 14 show results of reducing the film of fig. 12 in & step where the
reducing atmosphere was a forming gas atmosphere having only 10 % hydrogen gas. The
temperature 0f 400 °C and time of 180 seconds wers chosen to ensure that the copper oxide was
completely reduced. The time for the reduction step could be significantly changed using a
higher percentage of hydrogen for the reduction and experimentation as is known in the art to
find the minimum time needed to reduce the oxide. Safety systems for high hydrogen partial
pressure weze, however, not available for the experiments reported. The specimen shown in fig.
14 was oxidized in a wet oxide process. No appreciable difference was noted in the results from
wet oxidation and dry oxidation.

Obviously, many modifications and variations of the present invention are possible in



waf ers may be bandied one at a tine by an RTP system which is very
inportant for the practice of the invention if nmultiple coating steps are
necessary. do addition. RTP systens may raise the tenperature of the
substr at 3“"8#’1’{3 tes of up to 1000C per second, which |leads to very rapid
reductio copper oxide filmand consequent rapid PEHIBIOGIIES t he

resul t ant 1paQ¥ele abdve : e frerr u&gﬁgg' of the invention

rai ses thergtaenpergtu?gchz)nggﬂﬁe cog‘ggﬁ,bgﬁll{%g‘ I m%ga Spops akthes ) per
second. L&grendedsfaims; thelinverision may bet practiced otberivive thae apepecificallg daédbhe Ccopper
oxide filmby 20 C per second and by 5 C per second. Fig, 11 shows an SBM_
m crograph of a specinen broken froma substrate (as g inch wafer) covered
with a silicon dioxide film 110 whi ch has been etched to give Irencbes 112
approximately 03 mcrons wide and 0.5 m crons deep. Copper 114 has been
deposited on the silicon dioxide film A void 116 is shown in the left
hand side of the trench. The specinmen -shown in fig 11 was cut up to rana
series ofexpainents. Fig 12 shows the results of the oxidation of the
material of fig 11. The oxidation was «carried out indry oxygen at 330 C
for 60 seconds. Ellipsoneterneass ofthe filmon a flat part of the Wafer
indicate that the entire copper filmwas converted to oxide, but the SEM
picture ofd 12 indicate that the oxide 120 material mnmy not reach the bottom
ofthe trench, and that the material 122 in do both ofthe tie n&ray be
copper. Note that there is nosigmof the void 116 rcnnb g | athe copper
oxide material 120, and that the material 120 isnueb "' latrer" on top
than the deposited copper netal. Fig. 13 andfig. 14 show results of
reducing the filmof fig. 12 in astepwherethe reducing atnosphere was a
form ng gas al ni asphexe having only 10 % hydrogen gas. The tenperature

of 400 C and tine of 180 seoondswere chosen to ensure that the copper oxide
was conpl et rreduced. The tine Sur the redaction step could be
significantly changed using a higberpnentM of hydroge n for the reduction
and experinex Lion as is known in the art to find the ndrifi umtine
needed to reduce the oxdde. Safety systens for high hydrogen parti al
presatue were. hawc*r, not avatiable for the experinents reportted. The
speci nen shown in fig




14 was oxidized in a wet oxide process. No appreciable difference was noted
in the insults from wet oxidation_and dry oxidation. GCbviously, nany

nodi fications and variations of ft_present invention M possi ble in
W0111306 PCJT/ 1115 i ght i‘rﬁ"ﬂn}t hi ngs. reto
be understoo “ﬁo% within the s !J ’muﬁmmed cl ai ng&’{'iﬁ@aﬁ ention
may be practiced otherk-ise than as spe'tlf"l cdlly described. it it

01/ 13426 PCTI 4RQfe1115 CL 5 W claim 1. A nmethod for filling
depressions in the surface of a substrate, conprising: depositing copper
oxkde in the depressions; and reduci ng the copper oxide to el enental copper
by heating the g ' RsGon! glﬂgceop;ﬁgﬁ,q&%mng he net hod of
claim1l1, where tﬂg@?ﬁg&gﬁﬂ?%épl S agg‘(e&rg:conductor subst rg'?‘eghaw ng
depressions ofd>a actedstlc width zr snlt depth 4 where dis than u 3.. The

met hod of cl ai g %?w %’ﬁ‘fsg 3w. 4. The nethod of claim1,
wher e copper fgde S g*‘geig to el enmental copper in atinm less than 10
seconds. 5. The nethod of claim4, where copper oxi de is reduced to

el enental copper .by, r apidl switching a lﬁﬁpx nt eye about the
substrat e fro%%mqﬁgm%%y%?%h?ﬁg’g{ ?hc et% e. 6. The
met hod of cl ai m 4 audspliens, copper oxide is reduced to eI enent al copper

byt spi dl yrai si ng

2., The method of claim 1, where the substrate is a semiconductor substrate having depressions
of characteristic width wand depth d, where dis greater than w.

3.. The method of claim 2, where J is greater than 3w.

4. The method of claim 1, where copper oxide is reduced to elementsl copper in a time less than
10 seconds.

5. The method of claim 4, where coppet oxide is reduced to elemental copper by rapidly
switching an ambient gas atmosphere about the substrate from & not-redacing atmosphere
to a reducing atmogphers.

6. The method of clzim 4, where copper axide is reduced 1o clemental copper by rapidly raising
the temperatore of the substrate.

7.. The method of claim 1, where the copper oxide is reduced to elemental copper in the chamber
of  rapid thermal processing sysitm.
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the tenperature or & - substrata d of claim1, where the i
copper oxide is reduced to e i n the chanber of a rapidthc
mal processing system This IM% Impl aced NI 10 ILLLELEL 11llg
Freer rrgil 11 1111 WO 01/ 13426 © 0/01115 8._The net hod of
claimi, w\%’é’@?he step of dep05|t| ng copper oxide conmpFCIBBOYYPLS S o5 on
dep03|t| n er .in the de eSSI i.n the surface .of the substrate and
oxi di zi r‘Fg ME’P‘“‘ ’9Whe|'ﬁ %p%Pn%?ogmogdc Wf@sflﬁé“%st"@p

depositing the copper is carri ed out by metal -organic chenical vapor
deposition (uHND CVD),. 10. The net hod_of cI aim 8, ere the step of
depomtﬂﬁ@“‘l 5‘%&'&‘&?“’#‘5"@&?@‘%’&"8&@“{?& 3 P'\fli\g 11. The net hod of

cl ai m 8,4 é %,]étep of depositing the copper is carried out by

cl ectrol css e method of claim$S. where the step of depositing the
copper is carri ed out by el ectrochem cal deposition MM. 13. The net hod of

vapor et Tk EoRTE pers 35 o by e A R eak A Ry i s P 7
deposi ting t bemiabppér depositian (MO by chemi cal is vapor deposi t | on
(CVD). 15. The nethod of claim$S. where the step of deposi angt he copper is

carried out by ion assisted vapor deposition. 16. The nmethod of claiml,

wher et hp, ¥RdYhétiodlioDéliimi 8) whét® the sieh ofeposifing thecopptd Ssichie@ ol By Huitemp.  Previ ously
partially filled with copper. !'.1 This Sheet Has Been Repl aced

11. The method of claim 8, where the step of depositing the copper is carried out by electroless
lepositi

12. The method of claim 8, where the step of depositing the copper is carried out by
electrochemical deposition (ECD).

3. The method of claim s,wimtheslcpotdeposxmsﬂneeoppenscamed out by physical
vapordeposxuon(l’VD).

14. The method of claim 8, where the step of depositing the copper is carried outbychcmical
vapor deposition (CVD).

15. The method of claim 8, where the step of depositing the copper is carried out by ion assisted
vapor deposifion.

16. The method of claim 1, where the depressions in the surface of the substrate have been
previously partially filled with copper.

11
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01/ 13426 PCT/ I B00/01115 17. Tﬂm mm Hml(ﬂl m 16, where the steps of
deposi ting and of reduction ar#dt A h rality of times. 18. The

met hod of cl gj where copper oxidc is deposited in the d | ons by
deposi tion ogkghﬁégﬁper cont ai ni ng conpound froma liquid o?ﬁ@ﬁ%@“géiper

conpound sol uti.gn, foll d,_ by an aoxi dation.step..19. .The et hod of claim
18, where Ii éb’i @”&‘&%?@%bﬁé‘%%gﬁﬁ%ﬁsﬁg&?ﬁ%ﬁ“8@"{ 'E‘?"é“%“o %of
copper et hyl rphochltpshimpexi de (Cu(OOC H i) (0Bi)). 20. The nethod of cl ai m 18,
whore liquid organi c copper conmpound solution is a solution of copper
24net hoxyttimlde (Cu(OCR2CI120CI1 ), followed by an oxidation step. 21.
The method ofygCTiminkethb® of CHRE 1t Swhetelidbyiér Gide @ Hefoskod RPME dEpREIGH hidh b 1S IS
a solution of copper(ll} 2-ethyl hexanoate (Cu(OOCC Hl , followed by an

oxi dati on step. 299PPH cenjaiting fomppuod fromiaiguidiersaniccopnst omppund selutiop, fol of a
substrat e, conprig}gg*wmﬁmggﬁtenlfor depositing a copper containing
material in the depressions; a rapid thermal processing (RTP) system for
sequentially oxidizing the copper containing naterial to copper oxide by

heating the I iz e ' he copper
oxide to eleﬁéﬁﬁgﬁagggper §£ﬁ§%F§Hg99ﬁ%ﬂ§§%%§§& X1 gﬂwﬁ&ggégggﬁﬁk

at nosphere, and, eoppeathylhdxanoc-isopeopetider (CufOPCHIOOMY).rate from the system for
depositing to the RTP system 23.. The system of claim 22, where the
substrate is a sem conductor substrate having depressions of

characteri st im.n&m/o%dgmaml ﬁﬁﬁiﬁ&oﬁ»&@mmamﬁmmlnﬁoﬁhi s Sheet

flas Been Replaced 12 (1111111 11 111111 ..
copper 2-methoxyethoxide ( Ca(OCH,CILOCTH,), ), followed by an oxidation step.

21. The method of claim 18, where Jiquid organic copper compound solution is is a solution of
copper(ll) 2-ethylhexanoate (C{OOCC,H,,),), followed by an oxidation step,

22, A sysiem for filling depressions in the surface of a substrate, comprising:

a system for depositing a copper containing material in the depressions;

a rapid thermal processing (RTP) system for sequentially oxidizing the copper contzining
material to copper oxide by heating the substrate in an oxidizing atinosphere, then
reducing the copper oxide to elemental copper by heating the copper oxide in a reducing
atmosphere; and,

ameans for transferring the substrate from the sysiem for depositing to the RTP sysiem.

23.. The system of claim 22, where the substrate is a semiconductor substrate having depressions
of characteristic width w and depth, d, where d is greater than w.

This Sheet Has Been Replaced
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11111112121211121212121121211111% S PCT/1B00/ 01115 24.. The
systemof claim23, where d is W 25 The system of cl ai m 22.
where copper oxide is reduced tlilm m inatine less than 10
seconds. oa The system of cl L per oxide is reduced to

el ement al™" 28 pc by rapidly switching an anbl ent gas at RES#EO&IShout t he
subst r at e4f. maeyseR@NEBMALS] ikl 1R SRBAKM 3wl O ar eduudng at nosphere. 27. The -
system of claim25. Wiere copper oxide is reduced to el enental copper by
rapidly raising the terrperature of the substrata. 28. The system of claim
22, wher st g Shap tal.- I c chem cal .
vapor de?gsr’tﬁl on (R/%i-mé\g/D co pe@mﬁ%&%égééns' em c?% , Where the
step of deposﬁwi@swd%arrl ed out by sputtering of copper. 30. The system
of claim 22,where the step of depositing is carried out by el ectroiess

deposition of copper. 31. The system of claim 22, where the step of
deposi ti r#$- T@Meﬁblmzs b@nmlcepﬂdmmeddtodemm Eoppér by Ripidly of .copper. is

32. The system al m,22 re . the, st depositing 1s carried out by
physi cal vapoP ¥ F?—"\?M@F %‘3'? opedusing atmesphtren 22,

-whcrc't he stmﬁducﬁ@aﬁmﬂhuag is carried out by chem cal vapor deposition
(CVvD) of copper. 13 This Sheet Has Been Repl aced

27. The system of claim 25, where copper oxide is reduced to elemental copper by rapidly raising
the temperature of the substratc.

28. The system of claim 22, where the step of depositing is carried out by metal-organic chemical
vapor deposition (MO-CVD) of copper.

29. The system of claim 22, where the step of deposiling iscaniedontbysputleﬁngofooppu.

30. The system of claim 22, where the step of deposiling is carried out by electroless deposition
of copper. '.

31. The system of claim 22, whese the step of deposiling is carried out by clectrochemical
deposition (ECD) of copper.

32. The system of claim 22, where the step of depositing is carried out by physical vapor
deposition (PVD) of copper.

33. The system of claim 22, -wherc the step of depositing is carried out by chemical vapor
deposition (CVD) of copper.

13
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11111121112(1111111111 1] 111 WD 01/13426 c t n s
PCT/ 1 BOO/ 01115 34. The syst em o the step ofdepositing is
carried out by ion assisted vapo ﬁm HH ;{' copper. 35. The system of
claim 22, steps of dep08| eduction ar cs repeated a
pl ural i ty of ?%HHI% 36. A systemfor filling depre55| ons inP '@j& ¥ ce of

a substrate, r|S|n for Ltin r oxide in the

depr essi ons %.?D %%C%%'%W fgggs@ﬁﬂsoc?% og’ggf'ﬁ@“?‘ﬁﬁde‘@wper oxi de
to el enental coppqrosnhgnofh@en ng the copper oxide in aieduci ngat nosphere
and, a means for transferring the substrate fimthe systemfor depositing
copper oxide to the RTP 37. A systemfor filling depressions in the
surface of aBssTlRSsyitah 6f clairi RF, whieR Ghe sRpsSof Bépbsiting Nind B pdGtidn dgeprateppeEr  Or gat do
compound in the depressions a rapid thernal processing (RTP) system for
scxquenti afy oxi alua"ﬁ@ H§~copper organi ¢ conpound trt copper oxide by
heat i ngt bc substrate in an oxidi zi ng at nosphere,, them reducing the copper
oxide to el enental copper by beating the copper oxide inareducing

at nosphe+e; 36aridsystem for fitling fAepresdionsinsthe surfaceple substmirheomprisiog:f r om t he system
for depositing to the RTP system 38. The system of claim 37, where the
system for depositing is a spin water. This Sheet Has Been Repl aced
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a rapid thermal processing (RTP) system for reducing the copper oxide to elemental copper by
heating the copper oxide in a reducing atmosphere; and,

a means for transferring the substrats from the system for depositing copper oxide to the RTP
gystem.

37. A system for filling depressions in the surface of a substrate, comprising:

a system for depositing a copper orgariic compound in the depressions;

arapid thermal processing (RTP) system for sequentially oxidizing the copper organic compound
tq copper oxide by heating the substrate in an oxidizing atmosphere, then reducing the
copper oxide to elemental coppet by heating the copper oxide in a reducing almosphere;
and,

a means for transferring the substrate from the system for depositing to the RTP system.

38. The system of claim 37, where the system for depositing is a spin coater.

This Sheet Has Been Replaced
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WO 01/13426 PCT/1B00/ 01115 39. The system of claim 37, where the system
for depositing is a jet spra f system of claim 37, where the
system for depositing is a pﬂll““:uﬂul HI' |41. The system of claim 37,
where th S for is a stat4y c<el ect¥ics spray coater. syst em of
claim 37?"%’(4#321% he system for depositing is a el ect rophéﬁ@?ﬁwét er. 43.
The syste g| m ere _cop | I s deposited in the-
depr essi orr?sgatlilc% epot‘;}ﬁ?a{"ll or1“fhrcrg%'eas%?|mq§{(g%§irﬁ§5§${§8€%%g§?a%’onpound sol ution.
44. The system of claim43. where liquid organic copper comnmpound sol ution
Is a solutjop of copper_ethyl hexano-1s oxi.de (CQu(O0CJI,s)(OC3H3)) 45. -
The syste 00P‘“’c‘?’sél‘f“?ﬁ“lp ,maﬁc?a‘\é'clt °(ﬂﬁ'?5“%f%g‘¥cﬁz'egdﬁm‘?“é%und solution is a
sol ution of copper 2-nethoxyethoxide (Cu(OCH2CH2OCHA). 46. The system of
claim43, where ligluid organic copper cog&)und solution is is a solution

of capperdlEfbesystem pfcaim 3% wherethe systamier jspgtptic-clegticspray seater.Has Been Repl aced
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42, The system of claim 37, where the system for depositing is a electrophoresis coater.

43. The system of claim 37, where copper organic compound is deposited in the depressions by
deposition from a liquid organic copper compound solution.

44, The system of claim 43. where liquid organic copper compound solution is a solution of
copper cthylhexano-isopropoxide (Cu(OOC,H,)(OC,H,)).

45, The sysiem of claim 43, where liquid organic copper compound solution is a solution of
copper 2-methoxyethoxide { Cu{(OCH,CH,0CH,),).

46. The system of claim 43, where liquid organic ¢opper compound solution is is a solution of
copper(l) 2-cthythexanoate (Cu(QOCC,H,9).).
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