
WO 01113426 PCT/IB00/01115.  Method of producing copper features on
semiconductor wafers FIELD OF THE INVENTION The field ofthe invention is
the field ofpmducing features farmed of copper in grooves  and holes in a
surface of a substrate, the invention is of partict use in the field of
semiconductor processing and die providing of topper lines and ulna on a
semis onductor  snbsha2e. BACKGROUND OF THE INVENTION The main stream of
semiconductor prong has heretofore been concerned with silicon  processing
where devices ofp and atype doped silicon are Interconnected in large
numbers by  conducting wires, These wires have typically been made from
aluminum with alight aftbda es  ofsilicon or othermate;rialto
inhibite:Iectromigrationoftbemetal Unfortunately, the  conductivity of
aluminum is too small to provide tile low resistance needed for bmasin*
narrow lines. Recently, coppexhas beenused to great advantage, since
researchhes led the way  to providingborrierlaryecswhickkeep copperfrom
anmm ngthe silicon. However,tinmell  known problems offdtingnarrow, deep
tenches and holes witha metal still have problems in  providing material
]aching in voids and defects which raise 8re resrstaace and lower the
suability  ofthe conducting lines. Fig. I sboa-s ash ofatypical
eosssectionalview of aconstruction ofasubstrate lq  which may here be a
semiconductor such as silicon, gallium atsmide, orgaltiumnittideoro$er
electronic material, ormay be afnisbeFdlayer of insulator or metal or
insulatorwi$tbudcd metal  wires orvias, A layer 121s shown as an example
laiid on top oflayer 10,wbere Isyer 12 maybea  wire stretching across
thesubstiate~ Ani6sulator 14 suchas silicon dioxide oranyother insulator
known in the art of seanicondnctorpmaoeasing is shown formed on layer 12,
and  insulator 14 has been etched to formtraridres 16 at intervals in the
top oflayer 14. A plug 18 is  shown schematically to show an electrically
conducting connection between layer 12 and  



following payers ofinetal to be built up in tbdher steps. Fig. 2 shows
schematically the results of filling the tenches 16 of fig. I with metal20
WO 01113426 PCTIIB00J01115  Layers of different materials such as tantalum
and titanium nitride which are used as diffusion  barriers to prevent
material 20 from diffusing through material 14 and adversely affecting
semicondutctar material placed below material 14 are not shown in fig. 2.
Voids 22 which often  form due to the failure of metal 20 to completely
fill the brewnches 16 are shown schematically.  Prior art techniques may
rapidly melt the metal 20 using pulsed lasers, which have the effect of
filling in the trenches 16 and causing the voids 22 to disappear. However,
the cost and  complexity ofsuch systems and the difficulty ofadjusting the
energy flue ce from the lasers  make suchsseemes impractical in production.
RELATED PATENTS AND APPLICATIONS Reactors based ontheRTP principle
oitanbave the entire cross section of one end oftee  reactor chamber open
dicing do wafbrhandiing process. This cons ruction has been establish ad
because the various waferboldem guard rings, and gas distribution plates,
which have sigif eanfy gr er dimensions and may be th than tlw wafers, must
also be introduced  into flee chamber and mastbe earand quickly
changedwheatbe proce ischange d orwhen  diffeaartwafersizcs, fare le, ace
ed. Thereaction chambrrdimeosions are with  these anea'llarypiaxs nrmind.
USPated 5,580,830 teethe importance of the gas flowand  the use ofan q=t=
Into doortotogd to gas fowand control des inthepmeess  chambe,G The
importance of measuring the tie oftbe wafer using a pysometer of very
broad spectral response is taught in U. S. Pam 542, 564. The wafhrto
belrea'ted in a onal RIP system typically rests on a pli rality. of  quartz
plus wlichholdth,e wafer ypazafldtothenfe ctorwallsofthe system;. Prior art
systemsfmve.zestedthe wafer onan a ptor, typies;llyauniform silicon wafer  



Cope ndmgpatentapplication 081537,409 teaches the importance of
susceptorplates 30PUded  fiWmtbawafer. Rapid thermal processing of III-IV
semiconducto s has not been as sinful asRTP of  silicon. One reason for
this is that the surface hasarelativelyhigh vapor pressure o for  example,
arsenic (As) in the case of gallium arsenide (GaAs). The surface region
becomes 2 This Sheet Has Been Replaced 11111111 1111111111 111 WO 01/13426
PCT/IB00/01115  depleted of As, and the material quality suffers. Copeading
patent application 08/631,265 supplies a method and apparatus for
overcoming this problem. A method ofraising the emissivity of a lightly
doped, relatively low t mperahm wafer by  locally beating the wafer with a
pulse of light is disclosed itr copending application 081632,364.  A
method, apparatus, and system for RIP an object is disclosed in copending
application  08!953,590, filed Oct. 17, 1997, by Lerch et aL A methodofRTP
ofa substrate where a smallamou tofareactivegas is used to control  the
etching of oxides or semiconductor is-w3etosed in cape nding application
081886215, by  Nenyei at al, filed July 1,1997. A method of RTP of a
substrata where evaporation of the silicon is controlled is disclosed  in
copending application 091015,441. by Mar+cas et aL filed Jan. 29, 1999. A
method ofproduciog silicon oxynitride films is disclosed in application
09!212,495, by  Kwong at al, filed on 12115(98. Methods of. otating the
wafer in an RTP system are disclosed in applications 081960,150  and
08/97'7,019 .by Blersch at aL and Ascbncr at al. Mad on 10119197 and
1124/97 aespectivaty,  aadinapplica ionnumber 09/209,735 byAsclmeroraL
filed an 12(11198. A cooled ahowadread for RIP applicali ms is disclosed in
application number 091245,139  



by Walketal filed 02(041'99 The above identified applications are asAmed to
the assignee of the present invention and  use h
byerebyincorpordodbereinby=E*wcP. OBJECTS OF ME INVENTJON It is an object
of the invention to produce meral.oom ng lines aedvias and otirer  fiavarcs
in dcpreasi ons,holes, and trcaebes ina atsuft such as asemicon or
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 apparatus and a system for producing metal  conducting lines and visa
and other f zes in moons, holes, and trenches ina substrate  sack as a
semiconductor substrate or a semiconductor substrate covered with one or
more layers  of insulating or conducting films, 3 WO 01/13426
PCT/1B00/01115  SUMMARY OF THE INVENTION A conducting metal or metal
containing compound is deposited in holes or trenches in a  substrate and
the metal or metal containing compound is oxidized and then reduced. The
metal  is most preferably copper. BRIBFDESCRIPTION OF'THBDRAWINGS  Fig. I
shows a sketch ofapi or adt=dmd sabst ate. Fig_2 shows the prior art
results of tilling ft trenches of fig. I withmetai.  Fig. 3 shows the metal
of fIg. 2 oxidized to foam metal oxide material.  Fig. 4 shows the metal
oxide material ofd 3 reduced to form metal. Fig. S shows the results of a
first step ofan alternative preferred embodiment ofthe  invention. Fig. 6
shows the results of the second step aft fig. 5.  Fig 7showsthe results
ofthe third step afterfrg, 6.  



Fu& a shows the results ofthe fourth step Am ft 7.  Fg. 9 shows the resin
of*affihafepafdrfi S. Fig. 10 shows asystemfor carrying out them od ofthe:
invention.  Pig 11 shows an SEMmIcxogreghoftconfol sampleofaspecimen.  Pigr
12 shows the results of the oiddationofthematadial of fig. 11.  Fig. 13
show results ofreducinga dryo ddcefilm. 14 showresults ofredacing a wet
oxide film. DETAILPD D ON OF THE ]NVEtMON The most preferred embodiment
othis inve tiionis to coat acopperthmfilm ona  semioondu ctorwafer for the
purpose ofhtt ng integrated circuitry. Copper is expected .  to be
integrated into advanced metalllzadon schemes as a lowresistanc em
dhighlyreliable  interconnect matetiaL Cu is a promising material for
interconnects in VLSI devices because of 4 WO 01/13426 PCT/IBOO/01115  low
bulk resistivity and high resistance to electromigcation compared with Al
and its alloys.  Recently, much research on Cu metallization has been
conducted using various deposition  technique such as metal-organic
chemical vapor deposition (MOCVD), sputtering, doctr+oless  deposition,
electrochemical deposition (BCD) etc. CVD holds promise for the future,
especially  as device features shrinks but physical vapor deposition (PVD)
and BCD are presently more cost  effective. PVD is limited in achieving
complete fill by the aspect ratio of the feature but can be  used
mcessfillq at lower aspect ratios and for deposition of thin bather and
copper seed layer . for Et) copper. ECD is effective in achieving complete
f ill at agave aspect ratios and  feature sizes of less than 025 micron.
However, small voids and seams in the ce r of small  trench and via is
still the challenge for this technology. Ion assisted deposition of copper
has  recently been introduced to assist in placing copper deep into
trenches to seed the bottom of the  trench with copper for following
doctroless deposition. The combination of directed ion flow  



(usually perpendicmlarto the average surface ofthe substrate) and
randomwalk flowofthe  ==bawd copper atones supply large quantities of
copper to the t=ch. Fig. 3 shows a step of the most prcfbned method ofthe
invention , where the prior art  deposited copper d tion 20 shown in ftg. 2
is oxidized to foam copper mode material 30.  Since the density ofcopper
oxide is 6.0 goundem' and 6.3 gramslcm3 for Cu3O and CuO  respectivvely,
compared with 8.96 gramslcm? for dementai copper, the voids 22 and defects
in the  coliperare "squeezed out, and the es 16 and.holes inthe surthce are
filledbyt8e onofdumaterial. it is onlynecessary to oxidizethecopper
material 20 toadepth  below the defects orvoids 22, and not to the bottom
ofthe eanches 16, in order to achieve good  results in the subsegment
copper reduction . step. When die copper oxide matteriad 30
isr+edacedinaredoclon step, elemental copper 40  remains as shown In fig.
4, and fills thetrenehes 16wWioutvoids or gross defects. Tire upper  oxide
reduction is cxotbcrml , producing 7697kllmoleand 89.43 kI/mole energy for
CU 20 and  C1O respectively. The heat capacity of copper vanesfinmr 5.84 to
7.6 caVmole "Kasthe  temper tore is raised front room temperature to the
melting point of copper. A free stw-ding film  of copper oxide will thus
had up when reduced to copper in the absence of heat tiansPer. Such
heating would anneal the copper andproduce superior material for electronic
operations. If heat 5 WO 01/13426 PCT/IBOO/01115  transfer by radiation,
convection, and conduction to the surrounding is taken into account, the
reduction of the copper oxide material 30 to elemental copper 40 must be
done sufficiently fast  that the heat production rate fium the reduction is
greater than the heat loss rate from the resulting film. Fig. 5 shows an
alternative preferred embodiment of the invention, where the trenches 16
are partially felled with copper or a copper containing material 50. The
material SO is converted  to copper oxide 60 offig. 6 in an oxidation step
similar to that shown in fig 3. The copper oxide  



material 60 partially filling the trench is reduced to elemental 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 16andproduce  trenches MW
with void free copper 90 as shown in fig. 9 Lt ibis embodiment, it is not
necessary to completely oxidize the previous copper layer . The copper
containing material may  be copper' deposited according to any of the
patLpasses, or it may be organic material  containing copper, or it may be
copper oxide or copper powder The Cuoaddatianmaybe carried
outinwetordryoxygencoodning gas. The reactions  atu:. 4Cu+o1 2tO  2Cu+ Oa -
2CuO Organic Cu. eomapounds can be dissolved in certain solve. These low
viscosity liquid  solutions could be very useful for the deep sulxnietm
technology. For examples, copper  ethYlbexamno=rsopropoxide (Cn(OC) z)(i9)
can be dissolved in isopmpauol; copper 7  methoary~aadde (Co(OCEIat OC L)
can be dissolved k2-methoxyetbanol, and copperM  2-ethyli oate ((OOCC,f
aJcan be dissolved in toluene. The low viscosity ahatcriail may  be
sprayed, diipped, or spun onto the substrate surIkee and will fill the
trenches and holes. The  oxidation and reduction reactions for these
materal ate: Cu Oxidation Cu(OOCsHu5)(OC3H7) ) CuO (m O2 or Ozone at 400 C)
6 WO 01/13426 PCT/I800/01115  Cu(OCH2CH2OCH3)2 - CuO (in 02 or Ozone at 400
C) Cu Oxide Reduction Cu20(s) + H2 = 2Cu(s) + H20(g) +heat (76.97 k /mole)
CuO(s) +H2= Cu+H20(g) + heat (89.43 kJ/mole) 



Fig. 10 shows a system for carrying out the method of the invention. A
copper coating  apparatus 100 is used to coat a substrate with a layer of
copper containing substance Such an  apparatus is any one or a combination
of systems such as mewl-organic chemical vapor  deposition (MOCVD),
sputtering, clectroless deposition, electochemical deposition (BCD) , ion
assisted copper deposition for depositing elemental copper on the
substrate. Apparatus for  applying a copper containing substance in liquid
form include but are not limited to jet spraying,  eleearopbs, spraying,
electrosprayiag, dipping, spin coating, static electric charged droplet
coating, etc. Apparatus for dry coating include but are not limited to
apparatus for dry powder  coating, electrostatic dry powder application
apparatus, etc. The substrates are transferred  between apparatus 100 and
an ceddationheduction appasateus 104 by a wafer handling system  102.
Wafers are loaded and unloaded to and from the wafer lueadling system 102
as denoted by  the arrow 107. Typically, a cassette containing 25 wafers is
loaded into system 102, and a  mechanical arm removes the wafers one
atatimeand introduces 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 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 102as shown by arrow 106.
Thewafermay bereinserted back into system 100  forfutthercoating ofthe
copper contai ingmaberial, ornmybe loaded back into the cassette for
eventual removal to the next processing step. no system showninfg. 10 is
necessary for repeat  operations of the deposition, oxidation, and
reduction embodiment of the invention. The  oxidation and reduction
operations require utmost cleanliness, and -cad be carried out only with
difficulty in an apparatus which is used as a deposition apps. The
preferred apparatus for oxidation and reduction is a rapid thermal
processing (RIP)  apparatus. While tube fiunaces may be used to advantage
for the reduction and oxidation steps,  7 WO 01/13426 PCT/fB00/01115  



wafers may be bandied one at a time by an RTP system, which is very
important for the practice  of the invention if multiple coating steps are
necessary. do addition. RTP systems may raise the  temperature of the
substrate at rates of up to 1000C per second, which leads to very rapid
reduction of the copper oxide film and consequent rapid beating of the
resultant copper film.  The most preferred embodiment of the invention
raises the temperature of the copper oxide film  by at least 50'C per
second. Less preferred embodiments raise the temperature ofthe copper
oxide film by 20 C per second and by 5 C per second. Fig, 11 shows an SBM
micrograph of a specimen broken from a substrate (as g inch  wafer) covered
with a silicon dioxide film 110 which has been etched to give Irencbes 112
approximately 03 microns wide and 0.5 microns 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 specimen  shown in fig 11 was cut up to rana
series ofexpaiments. 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. Ellipsometermeass ofthe film on a  flat part of the Wafer
indicate that the entire copper film was converted to oxide, but the SEM
picture ofd 12 indicate that the oxide 120 material my not reach the bottom
ofthe trench, and  that the material 122 in do both ofthe tie n&may be
copper. Note that there is nosigm of the  void 116 rcnmb g lathe copper
oxide material 120, and that the material 120 ismueb "' latrer"  on top
than the deposited copper metal. Fig. 13 andfig. 14 show results of
reducing the film of fig. 12 in astepwherethe  reducing atmosphere was a
forming gas alniasphexe having only 10 % hydrogen gas. The  temperature
of400 C and time of 180 seoondswere chosen to ensure that the copper oxide
was complet rreduced. The time Sur the redaction step could be
significantly changed using a  higberpmentMp of hydroge n for the reduction
and experimex Lion as is known in the art to  find the ndrifi um time
needed to reduce the oxdde. Safety systems for high hydrogen partial
presatue were. hawc*r, not avatiable for the experiments reportted. The
specimen 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. Obviously, many
modifications and variations of ft present invention M possible in
W00111306 PCT/IBOO/01115  light of the above teachings. It is therefore to
be understood that, within the scope of the  appended claims, the invention
may be practiced otherk-ise than as specifically described. it  it  9 WO
01/13426 PCTIIB00ro1115  C L 5 We claim: 1. A method for filling
depressions in the surface of a substrate, comprising:  depositing copper
oxide in the depressions; and reducing the copper oxide to elemental copper
by heating the copper oxide in a reducing  atmosphem 2.. The method of
claim 1, where the substrate is a semiconductor substrate having
depressions  ofd>a actedstlc width zr snit depth 4 where dis than u 3.. The
method ofclaim 2, where dis greate r than 3w. 4. The method of claim 1,
where copper oxide is reduced to elemental copper in a time less than  10
seconds. 5. The method of claim 4, where copper oxide is reduced to
elemental copper by rapidly  switching an ambient gas atmosphere about the
substrate from a non-educing atmosphere  to a reducing atmosphere. 6. The
method of claim 4, where: copper oxide is reduced to elemental copper
bytspidlyraising  



the temperature or &-- substrata 7.. The method of claim 1, where the
copper oxide is reduced to elemental copper in the chamber  of a rapidthc
mal processing system. This Sheet Has Been Replaced Nl  10 IIIIIII IIIIg
IIIII IIIII 11 IIII WO 01/13426 c M S PCT/IB00/01115  8. The method of
claim 1, where the step of depositing copper oxide comprises the steps on
depositing copper in the depressions in the surface of the substrate; and
oxidizing the copper. 9. The method of claim 8, where the step of
depositing the copper is carried out by metal-organic  chemical vapor
deposition (MO-CVD). 10. The method of claim 8, where the step of
depositing the copper is carried out by sputtering.  11. The method of
claim 8, where the step of depositing the copper is carried out by
clectrolcss  12. The method of claim S. where the step of depositing the
copper is carried out by electrochemical deposition MM). 13. The method of
claim 8, where the step of depositing the copper is carried out by physical
vapor deposition(PVD). 14. The method of claim 8, where the step of
depositing the copper is carried out by chemical is  vapor deposition
(CVD). 15. The method of claim S. where the step ofdeposiangthe copper is
carried out by ion assisted  vapor deposition. 16. The method of claim 1,
where the depressions in the surface of the substrate have been  previously
partially filled with copper. !.i  This Sheet Has Been Replaced 



1111111111111111111111111 I III1i1l I1iilf liii, IIIIi lI III C L S WO
01/13426 PCT/IB00/01115  17. The method of claim 16, where the steps of
depositing and of reduction are repeated a  plurality of times. 18. The
method of claim 1, where copper oxidc is deposited in the depressions by
deposition of a  copper containing compound from a liquid organic copper
compound solution, followed  by an oxidation step. 19. The method of claim
18, where liquid organic copper compound solution is a solution of
copperethyl no-isopropoxide (Cu(OOC Hli)(OBi)). 20. The method ofclaim 18,
whore liquid organic copper compound solution is a solution of  copper
24nethoxyttimilde (Cu(OCR2CII20CI1 ), followed by an oxidation step. 21.
The method of claim 18, where liquid organic copper compound solution is is
a solution of  copper(II} 2-ethylhexanoate (Cu(OOCC,H1 , followed by an
oxidation step. 22. A system for filling depressions in the surface ofa
substrate, comprising:  a system for depositing a copper containing
material in the depressions; a rapid thermal processing (RTP) system for
sequentially oxidizing the copper containing  material to copper oxide by
heating the substrate in an oxidizing atmosphrae, then  reducing the copper
oxide to elemental copper by heating the copper oxide in aredudng
atmosphere, and, a means for transferring the substrate from the system for
depositing to the RTP system. 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
flas Been Replaced 12 (1111111 111111111111111 



111111111111111111111111111111 WO 01113426 C L M S PCT/IB00/01115  24.. The
system of claim 23, where d is greater than 3w 25. The system of claim 22.
where copper oxide is reduced to elemental copper in a time less  than 10
seconds. . 26. The system of claim 25, where copper oxide is reduced to
elemental coppcf by rapidly  switching an ambient gas atmosphere about the
substrate from a nonmoducing atmosphere  to areduudng atmosphere. 27. The
system of claim 25. Where copper oxide is reduced to elemental copper by
rapidly raising  the temperature of the substrata. 28. The system of claim
22, where the stop 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 depositing is carried out by sputtering of copper.  30. The system
of claim 22,where the step of depositing is carried out by electroiess
deposition  of copper. 31. The system of claim 22, where the step of
depositing is carded out by eleclrochanical  deposition (BCD) of copper. is
32. The system ofclaim 22, where the step of depositing is carried out by
physical vapor deposition (PVD) of copper. 33. The system of claim 22,
-whcrc'the step of depositing is carried out by chemical vapor  deposition
(CVD) of copper. 13 This Sheet Has Been Replaced 



1111111111(1111111111  I III 11 111111111 11111111 111 WO 01/13426 c t n s
PCT/IB00/01115  34. The system of claim 22, where the step ofdepositing is
carried out by ion assisted vapor  deposition of copper. 35. The system of
claim 22, where the steps of depositing, and of reduction arcs repeated a
plurality of times. 36. A system for filling depressions in the guru ce of
a substrate, comprising:  a system for depositing copper oxide in the
depressions a rapid thermal Ong (RTP) system for reducing the copper oxide
to elemental copper by  heating the copper oxide in aieducingatmosphere
and, a means for transferring the substrate fim the system for depositing
copper oxide to the RTP  37. A system for filling depressions in the
surface of a substrate: ~nprising: a system for depositing a copper orgatdo
compound in the depressions a rapid thermal processing (RTP) system for
scxquentiafy oxidizing the copper organic compound  trt copper oxide by
heatingtbc substrate in an oxidizing atmosphere,, them reducing the  copper
oxide to elemental copper by beating the copper oxide inareducing
atmosphe+e;  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 water. This Sheet Has Been Replaced
111111111111111111111 11 1 14 111111111111111111111111111111 C L M S 



WO 01/13426 PCT/IB00/01115  39. The system of claim 37, where the system
for depositing is a jet spray coater. 40. The system of claim 37, where the
system for depositing is a printing coater.  41. The system of claim 37,
where the system for is a static-electric spray coater. 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 ethylhexano-isopmpoxide (Cu(OOCJI,s)(OC3H3)) 45.
The system of claim 43, where liquid organic copper compound solution is a
solution of  copper 2-methoxyethoxide (Cu(OCH2CH2OCHA). 46. The system of
claim 43, where ligluid organic copper compound solution is is a solution
of  capper(E) 2- ylhexanoa to (Cu(000Cillu),. This Sheet Has Been Replaced
i 11111111111111111111 ~II1  15 


