13 FEB 2004 WO 01/13426 PCT/IB00/01115 Method of produci ng copper features
on sem conductor wafers FIELD OF THE | NVENTI ON The field of the i nnqn;gfpmm
is the field of producing features formed of copper in grooves hol es
in a surface of a substrate. The invention is of particular use in the
field of WM¥BHYuctor processing and the providing of coppePCTARHEOILY
vial on a sem conductor substrate. BACKGROUND OF THE | NVENTI ON The nai n
stream of sem conductor processi ng has heretofore been concerned with
silicon process:]hf where devices of p and n \e dogoed Sili con are
i nterconnected i WEP‘?!’JE‘%‘F’F‘F@ have
typically been made from al um numw th slight adm xtures of silicon or
other material to inhibit d m@’ﬂﬂ?@ﬁ Unfortunately, the

conductivity mis foQ si st ance needed
for increasi ngih‘aﬁﬁg?%ﬂ% %g? t‘*ﬁ coélfer as e\(gln[’o ad" P8¢ eat
advant ageandholétn beufit 6fa Hibbrdte (THdifivestion is éfpatticalet wie ot &eldopr | ayer s

whi ch keep copper from contan nating the silicon,  However, the well -known

probl ers smicondurterpreastingandthe proxidingiob pepper lipgsind visg oyp sdicqnduciesye probl ens
in prowg&%fgateri al lacking in voids and defers which raise the
resi st ance: | oner the stability of the Ong Truro Fig. 1 shows a skew

ofa typical cross sectional view ofa construction ofa suhstrate 10, which

may | ure be a sem conduct or such as S|I|con II|8n1arsenide, or gallium
nitride or other el ectroni BAGKRGH I b 'ayer of insulator

ac an ota laid onﬁﬂﬁwwr Sepemeifbuidionn 1T,

across t hwﬂwgm ﬂmwﬁwm ot her

o 23" oo s, s wire have ypiealy bocsmade Bom sl wich Hghe iciores "
of silicon or other matesial to inhibit electromigration of the metal. Unfortunately, the
conductivity of aluminnm is too small to provide the low 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. Howevez, the well
known problems of filling narrow, deep trenches and holes with a metal still have problems in
providing material lacking in voids and defects which raise the resistance and lower the stsbility
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 scmiconductor such as silicon, gallium arsenide, or gallium nitride or other
clectronic material, or may be a finished layer of insulator or metal or insulator with buried metal
wires or vias. A layer 12 is shown as an example laid on top of layer 10, where layer 12 may be a
wire stretching across the substrate. An idsulator 14 such as silicon dioxide or any other
insulator known in the art of semiconductor processing is shown formed on layer 12, and
insulator 14 has been etched to form trenches 16 at intervals in the top of layer 14. Aplug 18 is
shown schematically to show an clectrically conducting connection between Jayer 12 and
following layers of metal to be built up in further steps.

Fig. 2 shows schematically the resalts of filling the trenches 16 of fig. 1 with metal 20. -



I nsul ator 14 has been etched to formtrenches 16 at intervals in the top of
| ayer. 14. A plug 18 is shown schematically to show an electrically 13 FEB 2004
conducti ng connection between |layer 12 and follow ng | ayers of net aI f %
built up in further steps. Fig. 2 shows schematically the results of
filling the ftw= 16 of fig. | with netal 20. 1 13 F E B 2004 WO 01/ 13426
PCT/ 1 BOO/ 01115 Layers of different materials such as tantalum and titanium
nitride whiclweasiasesed as diffusion barriers to prevent merxsicai’z®0 from
di ffusing through material 14 and adversely affecting sem conductor
material pl a%wwammmm@ﬂum 22 whi ch

of ten formduetothefal | ure of to et el the trencher
16 are shown bagiea mm%m@@m %MWHEH t he

metal 20 usi %@#M,J.@;gg&. o Rat M ar6ick ien . Z Viiltd 28 Gikiogicie T T enches
16 and causi ng t e v0| ds to di sapﬁeari gv\eéer tg cost ang conpl exity

of such syst & ce fromthe
| asers make it Renn. ‘,s A ,.u, mmmmﬁws AND

APPLI CATIO\IS ILn US pat ent dis scribed of, planarizing a
non- pl anar %ﬁ%ﬂ#&%"ﬂ&%ﬁ%ﬁﬁ %ﬁ%& where a
suspensi on OWMWMWmmMMMMpread on a
substrate. The suspepsi o es organonetal lic material, preferably
with particl &%&M?ﬂ? i ndi um al koxi de. The material is
spread by spinning the substrate after applying the suspension. The
carrier liquid and organic Wkl ng and curing at

el evat ed t enperat ures, themmﬁ@ onductive material on the
substrate in a layer which is nore planar than the substrate and whi ch has

regions of greater and |esser thickness. Methods of form ng an el ectrode
or awring layer are known in-the art. An exanple, where

In US patent 5,728,626 a method is described of planarizing a non-planar substrate, such as
filling vias and contact holes, where a suspension of a conductive material suspended in-a
liquid is spread on a substrate. The suspension includes an organometallic material, preferably
with particles of a polymerized tin or indium alkoxide. The material is spread by spinning the
substrate after applying the suspension. The carrier liquid and organic groups are removed by
baking and curing at elevated temperatures, thereby depositing the conductive material on the
substrate in a layer which is more planar than the substrate and which has reglons of greater
and lesser thickness.

Methods of forming an electrode or a wiring layer are known in the art. An example, where
copper oxide is annealed in order to be reduced and to form elementar copper, is described in
US patent 5,424,246.




copper oxide is annealed in order to be reduced and to form el enentar
copper, is described in US patent 5,424,246. 2 13 FEB 2004 F@actorﬁ3g2§?@4
on the RTP principles often have the entire cross section of one en

reactors chanber open during the wafer handling process. This construction
has been established because the various wafer hol ders ground dogs, and
gas distribution plates, which have significantly greater dinensions and
may be thicker than the wafers, nust also be introduced into the chanber
and nust be easily and quickly changed when the process is changed or when
different wafer does, for exanple, are used. The reaction chanber

di nensi ons are designed with these ntillary pieces in mnd. US Patent
5,580, 830 teaches the inportance of the gas flow and the use of an
aperture in the door to regulate gas flow and control inpurities in the
process clunber. The inportance of neasureing the tenperature of the wafer
using a pyroneter of very broad spectral response is taught in U S Patent
5,628,564. The wafer to be heated in a conventional KIP systemtypically
rests on a plurality of quartz plus which hold the wafer accurately
parallel to the reflector walls of the system Polar art system have
rested the wafer on an instrunented susceptor, typically a uniformsilicon-
wafer. Copending patent application 08/ 537,403 teaches the inportance of
susceptor plates separated fromthe wafer. Rapid themal processing of
I1'1-1V sem conductors has not been as successful as RTP of silicon. One
reason for his is that the surface has a reatively high vapor pressure of,
for exanple, arsenic(As) in the case of gallium arsenade(GaAs). The

surface regi on begoNESa on the RTP pincipie ofien have the cutica cross section of anes end of the

renctor chamber opea diring tho-wafir hanieg process.  This constroction hes boen established
becanse the vasious wafix halders, goend rings, snd gas dlsteibution plates, which have
significently groater dimensions and may bo thicker than the wafixts, must alsa bo fntroduced
into the chamber and nmst be easity and quickly changnd when the process Is changed or when
different vnfir sizes, fior exampls, ro wed. The seaction chamber dimensicns e designed with
theso sncillary picces fn mind. US Patent 5,580,230 tzaches the Importance of fhe gas low and
tha use of an speztose in the door 1 regulate gas flow and control impurities in tho process
chamber. L

The importance of messaring the tepesatore of the wafkr uaing & pyrometer of very
broad speciral response Iy tanght in U, 5. Patent 5,628, 364. '

mmhwmmmmwmmgma
questz pins which hold fhw wafir accueately pacallel to tho reflector-walls af the system, Prior art
Systems heva rested the wefir an s jnstramented sesosptor, typically a uniform silicon wafier.
Copending patent application 08/537,409 teaches the impoctance of sasceprtor plates scpeoated
from the wafes. _

Rupid thexmal processing of HI-IY semloomdactors has not been as succesaful as RTP of
siicon. One resson fixe this s thet the surfce has & relatively high vepoc pressure of, for
example, arsenic (As) i the cass of galliom stsenide ( GaAs ). The stface region beoomes
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13 F E B 2004 WO 01/13426 PCT/1B00/ 01115 depleted of As, and the materi al

‘qual ity suffers. Copending patent application 08/631,265 supplies ai3erfionlé

and apparatus for overcom ng this problem A nethod of raising the

em ssivity of a lightly doped, relatively |ow tenperature wafer b | ocal |y

heating t WO &8 with a pul se of light is disclosed in copé’rﬁ?’“’@x’m“s
temfor RTP an object

application 08/632,364. A nethod, apparatus, and s

s disc gf@ez m&%@}: n’gwap\m@}mﬂ%- %087"3“ m;é’ﬁﬁ‘,“"%ﬁ?”ﬁi“ Eﬂﬁ%lfﬁ, 1997, by
och a ; EIE &Hﬂﬁﬁ e a snmall amount of a
reactive gpaPs 'S usedm@o on‘t“?oqr%vt e egt'chlﬁrr?g of oxigﬁs or sem conducke

i s-:cl osed i nAaBgEhedlif Risiaik cmissiviy of3digBBGHEL, rdigtivelydnyddmperabat waket byed Jul y
1, 1997. A pethod of RTP of a sutﬁgéraigiﬁ%e evappr ati on .of silicon is
control | ¥ hepting the vafer with apylse aEHERES %Ft@B?&g'@@f “afign 0 Tcus et
al filed Jan 'ﬂ&g?waéugg R RV UE S 'ﬁictgcmaadw\% b AfptichtiodB | S

di sclosed in ég‘gfl catiron %@%gﬁ%S by th\/\%rt]g et al, filed ggﬁilﬂ 15198.
Met hods OB/S53500,ifikgi Odad 7)\ o7 by kerchretBl p system are disclosed in
applications 08/ 960, 150 and 081977, 019 Bl er%ch et. al and Aschner_ et al.

filed on 10/ 28/methedof RTP oS 2 substrats syhereasmall gmount of & reactive ggs 15 used i contol o
09f 209, 7 QM@;] fﬂdf t 'Igﬂ‘g?- g%%%‘,ﬁ%ﬂq&?ﬂﬁmm g for RTP
appl i cat iﬁ%ns [ ‘gsc o%esﬁ;l?n app fs(]:'atlon nunber 097 245, 139 i%;'\}él k et al
filed 02Nedpdet allhiled A1, a997entified applications are assigned to the
assignee of the present invention and are_ hereby_iLncqrpor d hereip by :
ref erence. Opfpagthodef RTR\afyspbytyatevhee cxpporgtignaf theisilicon is "’bﬁ""ﬁ‘ﬁ"‘groduce
metal co Uc?ch g;gg ' : MakdiSe of R4 ¥nE39,1199glepr essi ons, hol es,
and tren?ﬂe In a su st"?gg,gi%ﬁ%ﬁﬂgs a sem conductor or substrate or a
Amdhodofpmdudngsiﬁmnouyniuideﬂmiscﬁsdosedhappﬁmﬁmwmzﬂs,by
Kwong et al, filed on 12/15/98.
Methods of rotating the wafer in an RTP system are disclosed in applications 08/960,150
and 08/977,019 by Blersch et al. and Aschmer et al. 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 showerhead for RTP applications is disclosed in application mmber 09/245,139

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

OBJECTS OF THE INVENTION

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

It is an object of the invention to produce an apparatns and a system for producing metal
conducting fincs and vias and other features in depressions, holes, and trenches in 2 substrate
such as a semiconductor substrate or a semiconductor substrate covered with one or more layers
of insulating or conducting films.



sem conductor substrate covered with one or nore |layers of insulatin
conducting films. It is an object of the invention to produce in apﬂgfré[iﬂjéﬂm
and a system for producing netal conducting |ines and vies and ot her
features in depressions, holes, and trenches in a substrate such as a

serm conduXQPVEMR&t rate or a semi conductor substrate cover edPGIABIOGRHSor
nore |layers of insulating or conducting filnms. 3 1 3 FEB 2964 WD 01113426
PCT/1B00/ 01115 SUMVARY OF THSUMMART QRTHE BOVIENTIOMg netal or netal

contai ning co ound s deposited in_holes or trenches.ipn.a substrate, and

the metal or t“a!‘ dugting metalion gretab foRiAiniRe campoynd s dengsited dn helespr trepebesdma The

rsrﬁz)alls aI iﬂ% of a ﬂlorﬁg‘rgf%emstrate Fi g. Eﬁ“‘%@s%‘%%{u or

art resul issnost plefardblynapppdze benches of fig. | with netal. Fag. 3 shows the
metal of fig. 2 oxidized to formnetal oxide material. Fig. 4 shows the
metal oxide material of fig. 3 reduced to formmetal. Fig. 5 shoats the

results of a fast step of E?m OF thepreAwsnggdi nent of the
i nvention. Fig. 6 shows t%e results of the se and step after f ig. S. Fig.

7 shows the results of the third step after fig. 6. Fig. 8 shows the
results of the fow& step after fig. 7. Fig 9 shamthe results of the fifth
step afar fig. 8. Fig. 10 shows a systemfor carrying out the nmethod of the

invention. Figig iléhotkaWetdbf aphiohth@eicdubsedtea control sanple oft
spect en. Fig. 2 shows the prior art results of filling the trenches of fig. 1 with metal.

Fig. 3 shows the metal of fig. 2 oxidized to form metal oxide material.

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

invention.

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

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

FigSshowsthcmﬂmofﬂcMﬂepaﬁ:ﬁ&?.

Fig. 9 shows the results of the fifth step afidr fig. 8.

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 redocing a 'wet oxide film.

DETAILED DESCRIPTION OF THE INVENTION
The most preferred embodiment of this invention is to coat a copper thin film ona
semiconductor wafer for the purpose of intercommecting integrated circuitry. Copper is cxpected
to be integrated into advanced metallization schemes as a Jow resistance and highty reliable
interconnect matesial. Cu is a promising material for interconnects in ULSI devices because of



Fig. 12 shows the results of the oxidation of the material of fig. 11 Fig.
13 show results of redoes a dry oxide film Fig. 14 show results of FEB 7004
reducing a wet oxide film DETAILED DESCRI PTI ON OF THE MENTI ON The 1an g
preferred enbodi nent of W invention is to coat a copper thin filmon a
seni conduwmelndater for the purpose of interconnecting intedtGH/HER§01115
circuitry. Copper is expected to be integrated into advanced won secs as a

| ow rya émah kmwwlhﬁbmsmmﬂ‘e?lm’é@°ﬁﬁ?w wighAl andjits gloysi si ng
mat eri al qnt erconnec ts n %‘E 10N 6ER cORRES Gsiff vitions ;004 WO

01/ 13426 re5|st|V|ty and high resistance to
el ectr omt@haiquemm%ﬁskgamé Bhefilicah ot depositioh MOCVIRG spanteding, cleswolesy esear ch

on Cu netallization has been conduct ed ua&ﬁ% mr ous %)SI tion technique
such as Sepesition mveh%ehﬂwn%ﬁ@ $kp R"ng?f e SPeCRRY

el ectrol Q@ﬁi L Qi g@ %qgsgg ﬁ%ng@ E“’&I"E fol ds
prom se c‘t"%: uture, esp ally 1eV| ce features shrin m?ét physi cal

vapor demﬁwmﬁmmﬂéﬁanageomesﬁlﬁﬂ@cmmmﬂbﬁmmbPVD i s
limted in achieving corrpl ete fill éﬁthe asp atjo qf the feature but

can be wsedisuscessielyatiowey agnect rW& WWW of thin

barrier SE@ﬁ ﬁg}gngﬁﬁgg
achi evi ng conpl% aggre55| ve aspect ratios and eature sus of
| ess thame&m%mmeaawomwmsmwmmmm@mmmmow of

small trench and V|a|s still the chal | enge for, thi.s techn | on

assi st ed wraphand vigis sill the shallepge fye thi ?MW’H GPWQ%E'%? st in
pl aci ng WFQ&W bSfiE S,f.ﬁi éﬁ%&%&%ﬂm&hﬁmwth
copper for ow ng e ecu% es n§OS| tion. The conbination of ilizeded

i on Sow t(mhaﬁhmﬁeﬂﬂmhigaﬂewdmld@om ammwwm@um at e)
and rando vvade fl ow t e unch e 0 ns I ar quantities

of coppe
PP unchugedcoppetatmnsmpplylaxgcqlmnhcsofeoppettothctrench.

Fig. 3 shows a step of the most prefared metbod of the invention , where the prior art
deposited copper deposition 20 shown in fig. 2 is axidized to form copper oxide material 30.
Since the density of copper oxide is 6.0 gramsicm’ snd 6.3 grams/cm® for Cu,0 and CuO
respectively, compared with 8.96 grams/cm® for elemental copper, the voids 22 and defects in the
copiper are “squeezed out”, and the trenches 16 and holes in the surface are filled by the
expansion of the matesial. ‘It is only necessary to oxidize the copper material 20 to e depth
below the defects or voids 22, and not to the bottom of the trenches 16, in onder to achicve good
results in the subsequent copper reduction step.

‘When the copper oxide material 30 is reduced in a reduction 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 kiimole and 89.43 k)mole encrgy for Cu,0 and
CuO respectively. The heat capacity of copper varies from 5.84 to 7.6 cal/mole K as the
temperature is raised from room temperature to the melting point of copper. A free standing film
of copper oxide will thus heat up when reduced to copper in the abseace of heat transfer. Such
heating would anncal the copper and produce superior material fordecuonicepcraﬁons. If heat



Fig. 3 shows a step of the nost preferred nethod of the invention. where
the prior an deposited copper deposition 20 shown, in fig" 2 is qurf_gqg[]l,
to form copper oxide naterial 30. Since the den5|ty of copper oxi de I's
grans/cnferr] and 63 grans/cnferr] for Cu[err]O and CuO respectively,
conpared WQ#/B4W6 grans/cm for el enental copper, the voi dPCIABMVALIAES ect s
in the copper are "squeezed out", and the trenches 16 and holes in the

surface amssfénBylradiatioy, dofeectio pad ondictivh td thesumpluatingis tdken info fBhwt, RRCESSAry
to oxidize the copper material 20 to a depth b Iowthe defects or voids

22, and ﬁfatucmq wememtenelmteﬁlsne@lwm 'BP%IQF

resul ts | W &‘F’Q ﬁ&B r oxide
mat er i aI |s reduce are uctron step, nent aI copper remai ns as
shown |nrémytngﬁmand fills he trenches 16 wi thout voids or gross deflects.

The copper o0x] de reductjon is exot herm ¢, cin 7637 kJ/rroI e and 99. 43
kJ/ nol e ener g§'& 3 Fhowysag aligrestiyg arefeyrd) ‘P@%"ﬂ@?@ 8‘8‘1’ of

copper v%ﬁh;‘ﬁ,m Bﬁlﬂ or :E?!éwllﬁ ﬁ 0. TEIRSH ?ﬁl sed
fromroomtenperature to e rre ng poi nt of copper ree stan |ngf|Im

ﬁf coppem?ppdwnﬁmd‘ﬂhﬁhmtowmmuzmwm@lrmmbmdace of
ot er | o, el B iy ling i ek rrSlient  lepenilebbpe 20 eﬁow”’d“éﬁeﬁ
PCT/ | BOO(&%%B&B&EE&M@&&;BBM SEfhk SopperRdieRRA YA ChhiftftingO the

surrounding i's taken into account, the reductlon of the copper oxrde
mat eri al m«ammmmmm@‘ummmummmm that the

{rom Lhe ”Cmﬁfﬁ@%‘?ﬁﬁ?%he ”"93 3t e L, B oot B oo et

of the i Sofidizd 8 a.?& rm&&?%u opper
or a copper cont ai ni ng mat er i aI 50. The mat eri al S converted to copper
oxi de 60 beicoppeg degsitad ageording teay of the peigs 28 preresaes, erjt mavbe engiigrapterisfli g 3. The

copper Ommmw or it may be copper oxide or copper powder.
The Cu oxidation may be carried out in wet or dry oxygen containing gas. The reactions
o _
4Cu+0, ~—="d> 20,0
2Cu+ 0, ——=> 2Cu0

Organic Cn compounds can be dissolved in certain solvents. These low viscosity Equid
solutions could be very useful for the deep submicron technology. For examples, copper
ethylhexano-isopropoxide (Ca(OOC,H,:XOC;H;)) can be dissolved in isopropanol; copper 2-
methoxyethoxide ( Co(OCH,CH,OCH,), ) can be dissolved in 2-methoxycthanol, and coppex(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 boles. The
oxidation and reduction reactions for these material are:

Cu Oxidation
Cu(OOC,H; N OC;H,)

- Cu0 (in O, or Ozone at 400 °C)



material 60 partially filling the trench is reduced to el enental gg@ggl
as shown in fig, 7, and new copper containing material 80 is depo

top of the copper material so. Continuing cycles of deposition, oxidation,
and reduction will finally fill in the trenches 16 and produce trenches
filled wi WOOBIdM26 ret copper 90 as shown in fig. 9. In this PODIRtOeRITS, |t
s not necessary to conpletely oxi di ze the previous copper |ayer. The
copper contai ni ng(f@é be _coppghH ‘aﬁ@%ﬁd’zgn@:ﬁ Qang to any of the
prior art processes, |t rra)?)‘be organi c naterial contaifing copper, or
It may be copper oxi de or capper powder. The Cu oxidation may be carded out
in wet or dry oxy n_c ggl ning gas. The reactions art 401 +0: 4 2CkhO
2ar+ O --a- 8& F @B‘“oeonpounds can be dissolved in certain

sol vents. These '@ﬁédkﬁm%ﬁdhﬁ-ﬂﬂé(gﬁﬁHdﬁmﬁ be very useful for

t he deep subm cron echnol ogy. Fo exarrpl es, copper

et hyl hexano- i sopr@@@)ﬂﬂ,é@(-ﬁﬂ@(ﬂ)-{-ﬁ@ﬁ(—ﬂﬂ:@lﬂ@l@e di ssol ved in

i sopropanol ; ni et baxyet hoxi de ?F’i’ )) can be
di ssolved in 2- %Ffei?ﬁi% X" %‘F %:“gh% ArfOBPCeE coating

(Cn( ooccml,bi,e.,wlmsm%\ée&imﬁhﬂ@&m& g&%ﬂ{» “{:ﬁ‘ﬁ t he

be sprayed, "di pped, or spun on to the substrate surface
trenches ammnegansrm OIQMQMMMWMWese

mat eri al ar % m Q2 or onc at, 400 &Q
-GQ“or

0]0iavi o) 3 o

gzéﬁelzg? i%@a@m@a@ﬂ&ﬁ&mdmmmﬂmm Apparatus for
applying a copper containing substance in fiquid form inclode but are not limited to jet spraying,
electrophoresis, speaying, clectrospraying, dipping, spin coating, static electric charged droplet
coating, ctc. Apparatus for dry coating include but are not lisnited to apparatus for dry powder
coating, electrostatic dry powder application apparatus, etc. The substrates are transferred
between apparatus 100 and an oxidation/reduction apparatns 104 by a wafer handling system
102. Wafers are loaded and unloaded to and from the wafir handling system 102 as denoted by
the arrow 107. Typically, a cassette containing 25 wafers is Joaded into system 102, anda
mechanical arm removes the wafers one at a time and introdnces them into system 100. When
the wafer has been coated with the copper containing material, it is removed by system 102 as
shown by arrow 105 and transferred as shown by amow 106 to the system 104 for an axidation
step followed by a reduction step. Afier the reduction step, the wafer is removed from system
104 by system 102 as shown by arrow 106. The wafer may be reinserted back into system 100
forﬁxr&ctmaﬁngofﬁeooppumnhinhgm«maybehaddbmkhmmcmfor
eventual removal to the next processing step. The system shown in fig. 10 is necessary for repeat
operations of the deposition, oxidation, and reduction cabodiment of the invention. The
oxidation and reduction operations require utmost cleanliness, and canl be carried out only with
difficulty in an apparatus which is used as a deposition appacatus.

The preferred apparatus for oxidation and reduction is a rapid thermal processing (RTP)

apparatus. While tube fumaces may be used to advantage for the reduction and oxidation steps,




Cu2Q(s) + H2 = 2Cu(s) + H20(g) + heat (76.97 1J/nmole:) CQuQq(S) + H2 =

H20(g) + heat ( 89.43 U nole) Fig. 10 shows a system for carrying og hhlﬁ
nmet hod of the invention. A copper coating apparatus 100 is used t &3 &8 100
substrate with a | ayer of copper containing substance, Such an apparatus

s any oerqnngu;onbi nation of systens such as netal - or gani cpehresBoRi1svapor
deposition (MOCVD), sputtering, electroless deposition, electochem cal

deposi t i owafieishhay bcchandléd;al&teaim@peﬁmapm wihanh i mdemmtlbngc mhaient al
copper on e, substr, parat us for C er containin

subst ance® lH“r‘?"&%ﬂo&} 'BWHP‘W%‘”B&?“M X{‘ﬁ‘?‘?g ?{3% ‘%‘

el ect roPh@&%&‘aﬁgc gﬂi"'a 5{4_?%%4@9‘“%9&% 1SIcAdR t§ static
el ectric charge ropl et coa‘?&}ﬁg tc. Apparatus formdry cogﬂ}r?g i ncl ude
but arc mﬂ%umﬁdﬂ@mpﬁeﬂmmmmd@mm&qm@mwm atic dry

gl)g\gdzadagﬂﬂlcat etc ?staés.erratnes artgtgansfgrr gﬁab%%eg@g% ar%;s

Vaf ers wepy gadags Bé&ﬁﬂeﬂeéﬁemaﬁw@mé%tﬁwum&ﬁy pan 1 02 as
denoted by the arrow 107. Typically a cassette containing 25 wafers is

| oaded inoﬂddsﬁhnw@paaMndandM‘QﬁmOﬂd{m renoves the wafers one at aim
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oxidation step followed by reduction step. After the redactlon step, he

waf er i s approxisutely G:3micrensavide apl0. Hipicops deopn Coppen & 14kashaetdepositedan tho6. The
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renmoval t ghowifinipX 11 WaLES toiein & b@iks of diferiteatsem shown in fig. 10 is
necessary for repeat operations of the deposition, oxidation, and

reduct i on enboBigniubows theiresults ofthe pxidationfithe matrae] rostrielof 58 Hi Jhe exidation was
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processing; { R ot fig. 12 indicate that the oxide 120 material may not reach the bottom of the treach, and
that the material 122 in the bottom of the trench may be copper. Note that there is no sign of the
void 116 remaining in the copper oxide matesial 120, and that the material 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 a step where the
reducing atmosphere was a forming gas atmosphere having only 10 % hydrogen gas. The
temperature of 400 °C and time of 180 seconds were chosen to cusure that the copper oxide was
complmlymdﬁeed. The time for the reduction step conld be significantly changed using a.
higher perccatage of hydrogen for the reduction and experimentation as is known in the art to
find the mininmm time needed to reduce the oxide, Safety systems for high hydrogen partial
pressure were, 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 prescnt invention are possible in




apparatus. Wiile tube furnaces nmay be used to advantage for the reduction
and oxidation steps, 7 13 F E B 2004 WD 01/ 13426 PCT/1B00/ 01115 wafierkd 108y
be handl ed one at a tinme by an RTP system which is very inportant for the
practice of the invention if nultiple coating steps are necessary. In

addi ti on, wol#/I3ymt ens nmay rai se the tenperature of the subdaTABE0/OXI1S at es
of up to 1QO0Cfper second, which leads to veré rﬁgid_red ction of the

copper oxi dighyafiths abave ashings ul initherelgredo pround by seepsAf heopper
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preferred enbodi nents raise the tenperature of the copper oxide filmby 20
C per second and by 5 C per second Fig. | 1 shows an SEM mi crograph of a
speci nen broken froma substrate (an S inch wafer) covered with a silicon
dioxide film 110 which has been etched to give trenches 112 approxi mately
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 | eft hand side of the
trench. The specinen shown in fig. I 1 was cut up to nee a series of
experinments. Fig. 12 shows the results of the oxidation of the material of
fig. 11. The oxidation was carried out in dry oxygen at 330'C for 60
seconds. Ellipsoneter nmeasurenents of the filmon a flat part of the wafer
indicate that the entire copper filmwas converted to oxi de but the SEM
picture of fig. 12 indicate that the oxide 120 material may not reach the
bottom of the trench, and that the material 122 in the bottom of the
trench may be copper. Now that that is no sign of the void 116 roanmng in
the copper oxide material 120, and that the material 120 is mach "flamer”
on top than the deposited copper netal. Fig.13 and fig. 14 show results of
reducing the filmof fig. 12 in a step where the reducing atnosphere was a
form ng gas atnosphere having only 10 % hydrogen gas. The



tenperature of 400 C and tinme of 190 seconds were chosen to ensure that the
copper oxide was conpletely redid. The tine for the reduction step igtﬁgﬂ fﬂﬁ
significantly changed using a higher percentage of hydrogen for th
reduction and asp on as is known in the art to find the mninmmtine
needed to reduce the oxide. Safety systens for high hydrogen partial P=s m
were. however, not available for the experinments reported. The specie en
shown in fig. 14 was oxidized in a wet oxide process. No appreciable
difference was noted in the results from net oxidation and dy oxidation.
Obvi ously, many nodifications and variations of the present invention are
possible in B 13 FEB 2004 WO 01/13426 PCT/1BOO 01115 |I|ight of the above
teachings. It is therefore to be understood that, within the scope of the

append | OBy invention may be practiced otherw se than as
specifie\g'a'ﬂg*“‘i"ii;é gg‘%’@‘r"?ﬁ%‘d. 9 13 FEB 2004 \What is claimed is: 1. A method for -

filling depressions (16) in the surface of a substrate (10), conprising:
depositing copper oxide in the depressions (16); and reducing the copper
oxi de tb & emethad foopfilingi deprassiens d46) tinathe oswéanendy 19y subspiate y(10),
rai sing teempmigheg:ature of the substrate (10) and heating the copper oxide
I n a reducing atnosphere. 2. The nethod of claim1, where the substrate

(10) is a ' ﬂ#ﬁjtp%r E&ﬁﬁs : j pressions (16) of
character F’%ﬁ%ﬁﬁnﬁ W' an dé%?{?e%?ﬁr\%gélpggxn%aﬁgr eater than w.
reducing the copper oxide to elemental copper in a time less than 10 seconds by

rapidly raising the temperature of the substrate (10) and heating the copper oxide
in a reducing atmosphere.

2. The method of claim 1, where the substrate (10) is a semiconductor substrate
(10) having depressions (16) of characteristic width w and depth d, where d is
greater than w.

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

4. The method of claim 1, where copper oxide is reduced to elemental copper by
rapidly switching an ambient gas atmosphere about the substrate (10) from a
non-reducing atmosphere to a reducing atmosphere.

5. The method of claim 1, where copper oxide is reduced to elemental copper in the
chamber of a rapid thermal processing system (104). '

6. The method of claim 1, where the step of depositing copper oxide comprises the
steps of:

depositing copper in the depressions (16) in the surface of the substrate (10); and
oxidizing the copper.

7. The method of claim 6, where the step of depositing the copper is carried out by
metal-organic chemical vapor deposition (MO-CVD).

8. The method of claim 6, where the step of depositing the copper is carried out by
sputtering.
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3. The method of claim2, where d is greater than 3w. 4. The nethod of
claim1, where copper oxide is reduced to el enental copper by raM<¥P@82m4
swi tching an anbi ent gas at nosphere about the substrate (10) from 4
non-reduci ng at nosphere to a reduci ng at nosphere. 5. The nethod of claim1,
where copper oxide is reduced to el emental copper in the chanber of a
rapid thermal processing system (104). 6. The nethod of claim1l, where the
step of depositing copper oxide conprises the .steps of depositing copper
in the depressions (16) in the surface of the substrate (10); and
oxi di zing the copper. 7. The nethod of claim6, where the step of
depositing the copper is carried out by netal-organic chem cal vapor
deposition (MO CVD). 8. The nethod of claim®6, where the step of depositing
the copper is carried out by sputtering. 10 13 FEB 2004 9. The net hod of
claim6, where the step of depositing the copper is carried out by
electr%ge deposi i?n .10, The method of claim6, where the step of

deposi t -ng’?’ﬁ@eﬁ@ﬁ%@ CF%mc%fw ete Hhr sigp obderesiing thn cappercisartied PUtED) .
11. The neleadepless deposition. where the step of depositing the copper is
carried out by physical vapor deposition (PVD). 12. The nethod of claim®6,
where the step of depositing the copper is carried out by, chem cal vapor
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11.The method of claim 6, where the step of depositing the copper is carried out by
physical vapor deposition (PVD).

12. The method of claim 6, where the step of depositing the copper is carried out by
chemical vapor deposition (CVD).

13.The method of claim 6, where the step of depositing the copper is carried out by
ion assisted vapor deposition.

14. The method of claim 1, where the depressions (16) in the surface of the substrate
(10) have been previously partiaily filled with copper.

15.The method of claim 14, where the steps of depositing and of reduction are
repeated a plurality of times.

16.The method of claim 1, where copper oxide is deposited in the depressions (16)
by deposition of a copper containing compound from a liquid organic copper
compound solution, followed by an oxidation step.

17.The method of claim 16, where liquid organic copper compound solution is a
solution of copper ethylhexano-isopropoxide (Cu(OOC H,;){OC,H,)).

18.The method of claim 16, where liquid organic copper compound solution is a
solution of copper 2-methoxyethoxide (Cu(OCH,CH,OCH,),), followed by an
oxidation step.

11



i on assisted vapor deposition. 14. The nethod of claim1, where the
depressions (16) in the surface of the substrate (10) have been prgg'g idY
partially filled with copper. 15. The nethod of claim 14, where t hd E 0
of depositing and of reduction are repeated a plurality of tines. 16. The
met hod of claim 1, where copper oxide is deposited in the depressions (16)
by deposition of a copper containing conpound froma |iquid organic copper
conmpound sol ution, foll owed by an oxidation step. 17. The nethod of claim
16, where liquid organic copper conpound solution is a solution of copper
et hyl hexano-i sopr opoxi de (Cu(OOC8H15) (OC3H7 )). 18. The net hod of claim 16,
where |iquid organi c copper conpound solution is a solution of copper

2- met hoxyet hoxi de (Cu( OCH2CH20OCH3) 2), followed by an oxidation step. 11 1
3 F E B 2004 19. The nethod of claim 16, where |iquid organic copper

conpou Aol Sof cladfl! 16 %Ogé HP%rréérluézc ution i
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(100) for ositing a copper containing mat erl al in the depressions (16);
a rapid thermal processing (RTP) system (104) for sequentially oxidizing
the copper containing material to copper oxide by heating the substrate

(10) irmoaA s;@fe.dalfélrmn@tda&aaﬁbﬁs (A EER th@%‘ﬁfa'&g 6fféesl%§?&3§ £ofy, $8nd .

el emental copper -in a tinme |less than 10 seconds by rapi )$ raisi

tenperat UL € fstertnhf"l &dﬁbF&rr&éEC)éltl Oa a copper containing material in the depressmns
(16);

a rapid thermal processing (RTP) system (104) for sequentially oxidizing the
copper containing material to copper oxide by heating the substrate (10) in an
oxidizing atmosphere, then reducing the copper oxide to elemental copper in a
time less than 10 seconds by rapidly raising the temperature of the substrate (10)
and heating the copper oxide in a reducing atmosphere; and,

a means (102) for transferring the substrate (10) from the system (100) for
depositing to the RTP system (104).

21.The system of claim 20, where the substrate (10) is a semiconductor substrate
(10) having depressions (16) of characteristic width w and depth d, where d is
greater than w.

22.The system of claim 21, where d is greater than 3w.

23.The system of claim 20, where copper oxide is reduced to elemental copper by
rapidly switching an ambient gas atmosphere about the substrate (10) from a
non-reducing atmosphere to a reducing atmosphere.

 24.The system of claim 20, where the step of depositing is carried out by metal-
organic chemical vapor deposition (MO-CVD) of copper.

25.The system of claim 20, where the step of depositing is carried out by sputtering
of copper.
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and heating the copper oxide in areducing atnosphere; and, a nmeans (102)
for transferring the substrate (10) fromthe system (100) for depositing
to the RTP system (104). 21. The system of claim 20, where the substj&tg 2004
(10) is a sem conductor substrate (10) having depressions (16) of
characteristic width w and depth d, where d is greater than w 22. The
systemof claim?2l, where d is greater than 3w. 23. The system of claim 20,
where copper oxide is reduced to el enental copper by rapidly switching an
anbi ent gas atnosphere about the substrate (10) froma non-reducing

at nosphere to a reduci ng atnosphere. 24. The system of claim 20, where the
step of depositing is carried out by nmetal - organic chem cal vapor
deposition (MO CVD) of copper. 25. The system of claim 20, where the step

"SI AT 20 i s Pl 34y eyl *

el ectrol eSS eposit tl of copper. 27. The system of claim 20, where the
step of depositing is carried out by electrochem cal deposition (ECD) of
copper. 28_ The system of claim 20, where the step of depositing is carried
out byZgh¥kecaysterrapulr ckipps20,i whef@Vihe ctepoppadepddtingltis sgmsiexinmit blyai m

20, wher eelebosheimicHi dépReRion (ECHFoLesgperd out by chenical —vapor
deposition (CVD) of copper. 30. The system of claim 20, where the step of

depositing is carried out by ion

28.The system of claim 20, where the step of depositing is carried out by physical-
vapor deposition (PVD) of copper.

29.The system of claim 20, where the step of depositing is carried out by chemical
vapor deposition (CVD) of copper.

30.The system of claim 20, where the step of depositing is carried out by ion
assisted vapor deposition of copper.

31.The system of claim 20, where the steps of depositing and of reduction are
repeated a plurality of times

32. A system for filling depressions (16) in the surface of a substrate (10), comprising:
a system (100) for depositing copper oxide in the depressions (16);
a rapid thermal processing (RTP) system (104) for reducing the copper oxide to
elemental copper in a time less than 10 seconds by rapidly raising the
temperature of the substrate (10) and heating the copper oxide in a reducing
atmosphere; and,
a means {102) for transferring the substrate (10) from the system (100) for
depositing copper oxide to the RTP system (104).

33.A system for filling depressions (16) in the surface of a substrate {10), comprising:

a system (100) for depositing a copper organic compound in the depressions
(18);
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assi sted vapor deposition of copper 31. The system of claim 20, where the
steps of depositing and of reduction are repeated a plurality of tines
32. A systemfor filling depressions (16) in the surface of a substrfg¢El 2004
(10), conprising: a system (100) for depositing copper oxide in the
depressions (16); a rapid thermal processing (RTP) system (104) for
reduci ng the copper oxide to elenental copper in a tine |ess than 10
seconds by rapidly raising the tenperature of the substrate (10) and
heati ng the copper oxide in a reducing atnosphere; and, a means (102) for
transferring the substrate (10) fromthe system (100) for depositing
copper oxide to the RTP system (104). 33.A systemfor filling depressions
(16) in the surface of a substrate (10), conprising a systen1(100) for
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t enper at uard dieating theltipper exideOh a redldwgpaimgspierecapper oxide in a
reduci ng at m)sphere and, a neans (102) for transferri ng t he substrate (10)
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34. The system of claim 33, where the system (100) for depositing is a spin coater.

35.The system of claim 33, where the system (100) for depositing is a jet spray
coater. :

36.The system of claim 33, where the system (100) for depositing is a printing
coater.

37.The system of claim 33, where the system (100) for depositing is a static-electric
spray coater.

38.The system of claim 33, where the system (100) for depositing is a
electrophoresis coater.

39.The system of claim 33, where copper organic compound is deposited in the
depressions (16) by deposition from a liquid organic copper compound solution.

40.The method of claim 39, where liquid organic copper compound solution is a
solution of copper ethylhexano-isopropoxide (Cu(OOCH, )(OC,H,)).

41.The method of claim 39, where liquid organic copper compound sclution is a
solution of copper 2-methoxyethoxide (Cu(OCH,CH,OCH,),), followed by an
oxidation step.
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coater. 36. The system of claim 33, where the system (100) for depositing
is aprinting coater: 37. The system of claim 33, where the system (100)
for depositing is a static-electric spray coater. 38. The systen1ﬁ5 ih%@gl
33, where the system (100) for depositing is a electrophoresis co J . .
The system of claim 33, where copper organic conpound is deposited in the
depressions (16) by deposition froma |liquid organic copper conpound
solution: 40. The method of claim 39, where liquid organic copper conpound
solution is a solution of copper ethyl hexano-i sopropoxide

(Cu( OOCBH15) (OC3H7)). 41. The nethod of claim 39, where |iquid organic
copper conpound solution is a solution of copper 2-nethoxyethoxide
(CQu(OCH2CH20CH3) 2), followed by an oxidation step. 14 13 F E B 2004 42.

The sysgf_nfrﬁg g g@ 9 i yl\ﬁ § 'gpé . | C_.copper conpound solution is a
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