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BACKGROUND OF THE INVENTION
In the production of semiconductor integrated circuits and other
microelectronic  articles from microelectronic workpieces, such as
20 semiconductor wafers, it is often necessary to provide multiple metal layers on
a substrate to serve as interconnect metallization which electrically connects the
various devices on the integrated circuit to one another. Traditionally,
aluminum has been used for such interconnects, however, it is now recognized
that copper metallization may be preferable.
25 Modem semiconductor manufacturing processes, especially those used

for advanced logic devices, make use of multiple layers of metal interconnects.
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PCT/ US99/ 02504 -2 - As the length of nmetal interconnects increases and the
Cross-sect | ie9/48618a and spaci ng between them decreases, the B&E/HE1944504
caused by the interconnect wiring also increases. Wth the drive toward
decreasing i nterconnect size and the increasing demands pl aced on the

i nterconnects, the current alum num5 i ntereonnect technol ogy becones
deficient. Copper interconnects can help alleviate many of the probl ens
experienced in connection wth the current alum numtechnol ogy. In view of

the linmtations &Jthehaag&gﬁx;%ﬁf RRGORRELS iﬁ&sizlegmgme c}&g.swﬁﬂat iréa RS

sought to use copper I nterconnect netallization by using a 10 _
darmascene and/or_patterned plating el ectropl atin raqcess.where holes, nore
comonl y cal | ed S9$°é§$ g?%ﬁ%ﬁt?? gﬁgeagﬁﬂg}?e lgﬁcdglagecguqugoyﬁgHl‘%?rgoggeggwgéng he
desired copper patterns. In_the damascene process, the wafer is first
provi ded with a aetiasreasessdbth thgdave fowmarg sepieasing gHesemnect svernd hst are
di sposed over a dielectric layer into which trenches are forned. The seed
| ayer is used tdndrBasingdendansis pédced onitheaintercamneets, e cumentalguipsmgquent net al
el ectroplating step. Preferably, the seed layer is a very thin | ayer of

metal that cgn lftefpphécdechinblogy bacomds deficiznal Copmes eéneesnndcay capbelpl e, the
seed | ayer of netal can be laid down using physical vapor deposition or

chemi cal vapor da‘?lBOﬁté:hEﬂ(.}r B 16 BRcHising ExpRriRAtaSn RohAAbn MnitHE cirdgr of 1000
angstronms thick. The seed |ayer can also 20 be fornmed of copper, gold,

ni ckel , pall adi &%{5&?&0@ all other netals. The seed layer is forned
over a surface that 1's convorated by the presence of

In view of the limitations of aluminum interconnect technology, the
industry has sought to use copper as the interconnect metallization by using a
10 damascene and/or patterned plating electroplating process where holes, more
commonly called vias, trenches and other recesses are used to produce the
desired copper patterns. In the damascene process, the wafer is first provided
with a metallic seed layer and barrier/adhesion layer that are disposed over a
dielectric layer into which trenches are formed. The seed layer is used to

15  conduct electrical current during a subsequent metal electroplating step.
Preferably, the seed layer is a very thin layer of metal that can be applied using
one of several processes. For example, the seed layer of metal can be laid
down using physical vapor deposition or chemical vapor deposition processes to
produce a layer on the order of 1000 angstroms thick. The seed layer can also

20 be formed of copper, gold, nickel, palladium, and most or all other metals.

The seed layer is formed over a surface that is convoluted by the presence of
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PCT/ US99/ 02504 -3- the trenches, or other device features, which are
recessed i nygobhgs18i €l ectric substrate. In single damascene pFERESBRASUSI NQ
el ectroplating, a process enploying two el ectroplating operations is
general ly enployed. First, a copper layer is 5 el ectropl ated onto the
seed layer in the formof a blanket |ayer. The bl anket |ayer is plated to
an extent which forns an overlying |ayer, withH the goal of conpletely

provi ding a copper layer that fills the trenches that are used to formthe
hori zontal interconnect wiring in the dielectric substrate. The first

bl anket | ayer i thet trenchesbpeotherfdaviaexfeapires, wbich areerecesstd rintohthei dizlecpad i sh
step in 10 which the portions of the |ayer extending above the trenches
are renoved, | egywspdionly the trenches filled with copper. A further
dielectric layer 1s then provided to cover the wafer surface and recessed

vias are fornmed in the further dijel ric layer, The r.ecessed vias are

di sposed to overlie réﬂngen %xﬁas? ‘Jf‘fée frl%fg?sggs ?‘I&é ghegggp%&hp%,r?Ré?cegsegrgpﬁ)g% S
applied and a further el ectropl ated copper 15 bl anket | ayer are provided
that extend ovefWefdeckigplating qperatioas fig, geperallyli cappieyed. ¢ Hitshen comBer lAYEE it he
vi as. Again, copper extending above the level of the vias is renoved using,
for exanpl e, 5chehictraplaredcdmoithakeqdolayshim thet forhm bf)aetdanken dayer asThé bdanket
provi de a vertical connection between the original horizontal interconnect

layer and a subsgayibiafed P hh 5P WA ¥Gmd Bh YVEAPRE Clay@Weith the goal of

completely providing a copper layer that fills the trenches that are used to form
the horizontal interconnect wiring in the dielectric substrate. The first blanket
layer is then subject, for example, to a chemical mechanical polish step in
10  which the portions of the layer extending above the trenches are removed,
leaving only the trenches filled wit_h copper. A further dielectric layer is then
provided to cover the wafer surface and recessed vias are formed in the further
dielectric layer. The recessed vias are disposed to overlie certain of the filled
trenches. A further seed layer is applied and a further electroplated copper
15 blanket layer are provided that extend over the surface of the further dielectric
layer and fills the vias. Again, copper extending above the level of the vias is
removed using, for example, chemical mechanical polishing techniques. The
vias thus provide a vertical connection between the original horizontal
interconnect layer and a subsequently applied horizontal interconnect layer.
20  Electrochemical deposition of copper films has thus become an important

process step in the manufacturing of high-performance mictoelectronic



20 El ectrochem cal deposition of copper films has thus beconme an

i mportant process step in the manufacturing of high-performance

ni cr oel ect r¥MI%/40615\\O 99/ 40615 PCT/USH9/02504
PCT/ US99/ 02504 -4 - products. Alternatively, the trenches and vias may be
etched in the dielectric at the sane tine in what is coomonly called a
"dual danmascene" process. These features are_then processed, as above, with
barrier layer, seed |ayer and 5 fill/blanket layer that fill the trenches
and vi as disposed at the bottons of the trenches at the sane tine. The
excess materi al t hen polished, as above, to produce inlaid conductors.
The el ectri cal fgﬂgf i es of the copper netallization are inportant to the
performance of the associated mcroel ectronic device. Such devices may fai
if 10 the copper netAlterpatixelys themangies anéyirsgsaywbe eiched nothe giclestrin at Ht
ultimately results in an open circuit condition in one or nore of the

metal | i zati on stspmetithedn Wi i avhofiodipadallbds advrdanadtgr” i probesencThest t he
el ectrom gration resistance of sub-mcron netal lines is the grain size of

the deposited matplre ThiSuleh Efoegéétéﬁagg U DOWR A OV OQeRC BYcd Mt D 2

much | ower actlvatlon n trans- granu ar mgrdtion | eve

o ai n st uct or o 10V bRk Tagtroder B e Greeshes apibiTas ek afiine Botions of te”
trenches at the same time. The excess material is then polished, as above, to
produce inlaid conductors.

The electrical properties of the copper metallization are important to the
performance of the associated microelectronic device. Such devices may fail if

10 the copper metallization exhibits excessive electromigration that ultimately
results in an open circuit condition in one or more of the metallization
structures. One factor that has a very large influence on the electromigration
resistance of sub-micron metal lines is the grain size of the deposited metal.
This is because grain boundary migration occurs with a much lower activation

15  energy than trans-granular migration.

To achieve the desired electrical characteristics for the copper
metallization, the grain structure of each deposited blanket layer is altered
through an annealing process. This annealing process is traditionally thought to

- require the performance of a separate processing step at which the semiconductor

20  wafer is subject to an elevated temperature of about 400 degrees Celsius.

The present inventors have recognized substantial improvements over the



t hrough 'an anneal i ng process. This annealing process is traditionally
thought to require the performance of a separate processing step at which
the sem copdyed/fm120 wafer is subject to an el evated tenperrtuwssotsoabout
400 degrees Celsius. The present inventors have recogni zed substanti al

i nprovenents over the WO 99/ 40615

PCT/ US99/ 02504 -5- foregoing processes enploying the el evated tenperature
annealing. To this end, the present i nvent or s2have di scl osed herein a
process for filling vias, trenches, and the |ike using an el ectrochem cal
nmetal deposition process that does not require a subsequent el evated

t enper at ure annfoEE80NRE BROEPSSEY Smplovingathg elevpiedterpperatire annealing.sdg this end,
subsequent el evated tenperature annealing process that takes place at

t enper at ur es t hthe pagsent inmehitorsdraxk Idjscicsed heneint diprocegder filivigatibs, tmhehes,
process and are conpatible with | ow tenperature sem conductor processing.

Addi tionally, tmthememin'?mmeamwoahMicm metal Hepdshionairbedss tiapassadas for
i npl enenti ng such an annealing process in a controlled manner. WO

_92/ ?Ogé? EF SUMVT&I%PNEJ% sxf_lf_flgq}lel\rll\} Igll\tlzl\_zla‘&e]:{li temperature anneal_ing step or, in th€ g{éﬁfﬁw 02504
5 that uses a subsequent elevated temperature annealing process that takes place at
temperatures that are traditionally used in the copper metallization process and
are compatible with low temperature semiconductor processing. Additionally,

the present inventors have set forth various apparatus for implementing such an

annealing process in a controlled manner.



A nmethod for filling recessed mcrostructures at a surface of a

sem conductor wafer with netallization is set forth. In accord%zli% )leth t he
met hod, a M¥Q8%49685 deposited into the microstructures with afsrocee?5% ch
as an 5 el ectropl ati ng process, that generates grains that are
sufficiently small so as to substantially fill the recessed

m crostructures. The deposited netal is subsgquently subjected to an
anneal i ng process at a tenperature bel ow about 100 degrees Cel sius, and may
even take place at anbient roomtenperature. One enbodi nent of the nethod

conprises providing a sem condﬁgt‘gﬁ %Mﬂ@bl“”fﬁ%lﬁﬁﬁéﬁﬁﬁ that is to be

connected with copper netalliza east one dielectric layer is
applied over a surface of the_sernjconductor wafer including the feature.
Recessed mi crostruct dr d8etBpd forefillng \Aeaesied nMiGEstHChTES it Gn SUERes e‘t‘l{ A c
| ayer. A surface of the wafer, including the recessed mcrostructures, is
provi ded with bsemicendumtirewafen Witly enetaltidatiors éedet! forth. flnractérdane s thet
el ectrochem cal copper deposition. Copper netallization is

el ectrochem cal eflRapashyeds ABpdsued Shtolthe SnibfostriSrr@l with brockas! athizalany
fill the recessed mcrostructures. The present inventor has found that such

e’ subst anth al F-iRIBHAE RSt B¥ ChonBles Pl GBI B oo RERENEAHBC
for such 20 annealing. Various nethods are set forth that take advantage
of this findi ng.SUbSﬁfméiag)ar fiHe the nissessad niGTPSRRUIEs s c| $Bedderasied, metd is
el ectrochem cal ly WO 99/ 40615
PCT/ US99/ 02504 subsequently subjected to an annealing process at a temperature below about
100 degrees Celsius, and may even take place at ambient room temperature.
One embodiment of the method comprises providing a semiconductor
10  wafer with a feature that is to be connected with copper metallization. At least
one dielectric layer is applied over a surface of the semiconductor wafer
including the feature. Recessed microstructures are then provided in the at least
one dielectric layer. A surface of the wafer, including the recessed
microstructures, is provided with barrier/adhesion layer and a seed layer for
15 subsequent electrochemical copper deposition. Copper metallization is
electrochemically deposited on the surface of the wafer to substantially fill the
recessed microstructures. The present inventor has found that such an
electrochemically deposited layer may be annealed at temperatures that are
substantially lower than the temperatures typically thought necessary for such

20 anmealing. Various methods are set forth that take advantage of this finding.

In a further embodiment of the disclosed method, the electrochemically



-7 - deposited copper layer is allowed to self-anneal at anbient room
tenperature for a predeterm ned period of tine before renoving copper

metal | i zati @iy §oi4@bist he surface of the wafer that extends beyopdrb®02504
recessed features. In accordance with a still further enbodi nent of the

di scl osed nethod, 5 subsequent wafer processing, including renoval of

sel ected areas of the copper netallization, takes place w thout an

i nternedi ate el evated tenperature annealing st’ep and may, for exanple, take
pl ace before self-annealing is allowed to occur. In accordance with a still
further enbodi ment of the nethod, the 10 el ectrochem cal |y deposited
copper is subj eatepbsitedncopipew fayer it ellpeedta self-anned|dt mgiemicees tempdoamver

t hat anneal ing process takes place at a tenperature bel ow about 100 degrees

Cel sius or at a fbﬁﬁﬁﬂéd’étwnﬁné@h@ﬂi‘bd’\’ﬁf EifhePPefBRP S inP Boppet R B AGiG ERUET
suffers degradation in its nechanical and el ectrical properties. 15

Vari ous novel apparat.us f exgecuting, uni gue ealin gocesses are al so
set forth. One 28% ﬁurg?)cgaorfg{%g/af%#ﬁﬁsegtqnas gﬁfﬂ‘@nﬁ@ r?’?&?%fi&f;’%ﬁson in recessed
m cro-structures of a_mcroel ectronic workpiece conprises at |east one '
deposi tion station foln aegesdance Wythea sfidhfirter embadinesnt af thesdistlosed method,
electrolytically deposited copper, into at | east the recessed

ni cro- st ruct 8r esubfequbst Wi¥er processoe, eadliding eernovH Rif €lected Afeas R @i dppea| SO
i ncludes at | east one annealing station for subjecting the mcroelectronic

wor kpi ece to an goagphisl GETRRIRNWAIDUt an intermediate elevated temperature

annealing step and may, for example, take place before self-annealing is
allowed to occur.
In accordance with a still further embodiment of the method, the

10 electrochemically deposited copper is subject to an elevated temperature
annealing process. However, _that annealing process takes place at a
temperature below about 100 degrees Celsius or at a temperature below which
en applied low-K dielectric layer suffers degradation in its mechanical and
electrical properties.

15 Various novel apparatus for executing unique annealing processes are
also set forth. One such apparatus for use in applying metallization in
recessed micro-structures of a microelectronic workpiece comprises at least one
deposition station for depositing a conductive material, such as electrolytically
deposited copper, into at least the recessed micro-structures of the

20  microelectronic workpiece. The apparatus also includes at least one annealing

station for subjecting the microelectronic workpiece to an annealing temperature
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PCT/ US99/ 02504 -8 - that is at or bel ow about 250 degrees Cel si r
for subj ect VRSB 3wor kpi ece to a control |l ed tenperature gragﬁgﬂfs_gg/@%{g? -
tenperature gradi ent may be such that the tenperature decreases in a
direction that is opposite to the direction of formation of the netal
material as it is deposited at the at |east oge 5 deposition station.

WD 99/ 40615
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Fig. 1 illustra : I i r : y be 5
used to apply atrtlﬁaz sgé(}forroc emhﬁ{a?geg‘g%&% téggﬂ%o%gg?f fr%etkhgqj{a@ ttlﬁgn | ayer to
t he surface of a seni conductor fer in accordanc% with the disc|osed

met hods. Figs. 2RrRees o asqniroled frmpersmes gradicah s The lamperat o8 @RisaHMMNt  of
the disclosed nmethod. Fig. 3 is a graph showi ng the sheet resistance of an
el ect rocheni cal by such thatidip dernperdturegenreashaiin & dgettéanthdeis @ppositt torthe
accordance with the disclosed nethod as a function of tine. Figs. 4 and 5

are graphs of Vaile@ith of foRMatSPGNthe heldAl TAABHA S iR RSRPbAteAht the at least one

"5 deposition station.



with an el ectrochem cally deposited |ayer that has been deposited in
accordance with the disclosed nethod. 15 Figs. 6-8 illustrate the
use of a | oWpi@apAsat ure anneal ing process to renove Vvoi ds i NPGI/USIRE04
film Figs. 9 and 10 illustrate the effect of tenperature rate on
tenperature gradi ent over a cross-section of the workpiece of Figs. 6-8.
Figs. 11-15 illustrate various apparatus that may be used in the disclosed
20 |l owtenperature annealing process. Figs. -P6 and 17 illustrate hol | ow
the apparatus of Figs. 11-15 may be integrated in a wet chem cal processing
t ool set. WO 99/ 40615

PCT/ US99/ 02504 - 10- DETAI LED BREERIIFBICRIRIHONHOH THENERRAILg. 1 shows
various conponents of a processi ng VIBWSOOQFTTHEDRAWINGSr el ectroplating a
metal, such as copper, onto a sem conductor wafer in accordance with the

di scl osed nethod. The two principal parts of processing station 10 are a 5

0. It i 11 be Fecogntibas ol ond RnpBBineA of (CFROEP Bbisdths B RSB ¥
station configurations may be used to inplenent the disclosed nethod and
that the speéifiused &happlyican Jactsgchemically AapesitefocoppereneaNizatianiayar yo the
this end, such a processing station may nerely conprise an anode, one or
mor e waf er cont agifacd 6f a semiconductor wafer in accordance with the disclosed methods.

Figs. 2A-2G illustrate the various steps used in one embodiment of the
disclosed method.

Fig. 3 is a graph showing the sheet resistance of an electrochemically

10  deposited layer that has been deposited in accordance with the disclosed method
as a function of time.

Figs. 4 and 5 are graphs of various x-ray scanning parameters associated
with an electrochemically deposited layer that has been deposited in accordance
with the disclosed method.

15 Figs. 6-8 illustrate the use of a low-temperature annealing process to
remove voids in a copper film.,

Figs. 9 and 10 illustrate the effect of temperature rate on temperature
gradient over a cross-section bf the workpiece of Figs. 6-8.

Figs. 11-15 illustrate various apparatus that may be used in the disclosed

20  low-temperature annealing process.

Figs. 16 and 17 illustrate hollow the apparatus of Figs. 11-15 may be

integrated in a wet chemical processing tool set.



10 render the wafer a cathode, a plating chanber having a plating bath
that contacts both the wafer and the anode, and a source of QJ(ﬁI/UL%Q/OPﬁ r.
Various conWVPg%fons of these el enents may be enpl oyed. As ShOWA I 1 Fi g
1, the electroplating bow assenbly 20 includes a cup assenbly 25 that is
di sposed within a reservoir container 30. Cup assenbly 25 15 includes a
fluid cup portion 35 holding the chem stry f.oygthe el ectroplating process.
The cup assenbly of the illustrated enbodi ment al so has a dependi ng skirt
40 whi ch extends bel ow the cup bottom 45 and nmay have fl utes open

t heret hrough for fluid co AH@E%@@@IF’H%P@T %qumﬁéﬂat m ght

coll ect as the chanber of the reservolir ass ow fills with |iquid.

The cup is preferably.mde from.20 al opyl ene or. ot her ita

material. A | ower op?r‘ﬁqﬁgg}oﬁv St LB P %R}O%E#ﬁ 8%13 Rrﬂ%esfﬂ% SE@%?«‘E* f‘/mggﬁa’l gor
connected to WO 99/ 40615

PCT/ US99/ 02504 elegtroplatingpd metal opich 8 ecoppere pntoihgenBoonghctoh wafesrin eeeorgdnse i s
adjustable in height relative thereto by a threaded connection. A first end

of the riser tuRghife dichesdinetiodo 'ltﬂéetvd’oﬁﬁincgigl par@ofdroeddsiag @ekGion N0&kE a55

t hat supports anode 60. A fluid inlet line 1 I's disposed within the riser

wth the protestrss R dBonh ERGAIE 1 tid'en Relngldif R atembh PR )

accomodat e hei ght adjustnent_ of both the riser tube and |line 65. As such,
the connection BEHwdenreqeeniged.t hayeves dhet theWides darigtyhof SProcawsing tstties
verti cal

configurations may be used to implement the disclosed method and that the
specific construction of the station 10 is merely exemplary. To this end, such a
processing station may merely comprise an anode, one or more wafer contacts to
10  render the wafer a cathode, a plating chamber having a plating bath that contacts
both the wafer and the anode, and a source of plating power. Various

configurations of these elements may be employed.
As shown in Fig. 1, the electroplating bowl assembly 20 includes a cup
assembly 25 that is disposed within a reservoir container 30. Cup assembly 25
| 15  includes a fluid cup portion 35 holding the chemistry for the electroplating process.
The cup assembly of the illustrated embodiment also has a depending skirt 40
which extends below the cup bottom 45 and may have flutes open therethrough for
fluid communication and release of any gas that might collect as the chamber of
the reservoir assembly below fills with liquid. The cup is preferably made from

20 polypropylene or other suitable material.

A lower opening in the bottom wall of the cup assembly 25 is connected to



adj ustment of the anode position. The inlet Iine 65 is preferably nmade from
a conductive material, such as titanium and is used to conduct electrical
current to‘gggmg({]g anode 60, as well as supply fluid to the eupwshyesess
fluid is provided to the cup through fluid inlet line 65 and proceeds
therefromthrough fluid inlet openings 75. Plating fluid then fills the
chanber 35 through openings 75 as supplied by a plating fluid punp (not
shown) or other suitable supply. 15 - The upper edge of the cup
sidewall 80 fornms a weir that limts the |evel of electroplating solution
within the cup. This level is chosen so that only the bottom surface of

waf er Wi s cont aqtobyprapyylereeriser éutter W whidhn dors etamplenis adjstabls soheightoklagiver s
over this top edge surface into an overfl ow chanber 85. The outflow liquid

from chanber 85uesephgfaLinplling ESAHERGH A %edt it drahd Bischhube 5038 St 10 e

liquid can then be treated wth plating chemcals or other
gg?zggagent s of réa?%o%o% cllin a(ljnrodgts iela 45 Biaf guspplolrtglélngdeagﬂj. A ?1%94;%‘%'@%5911662% 4
- 12 - In preferred use of the apparatus for electroplating, the anode 60
i s a consumabl edispostd within thenrises teheci(. oBothitheriseraubs 20 andytherfluid idesrlingrare
other netals onto sem conductor materials. The specific anode may
alternatively beecufed withtth@peutessiighbovlnaeemblyeld bynaSitiig 00 TBe\fiatiyg MY can

dependi ng upon the specifics of the 5 plating liquid and process being
used. accommodate height adjustment of both the riser tube and line 65. As such, the
connection between the fitting 70 and the riser tube 50 facilitates vertical
adjustment of the anode position. The inlet line 65 is preferably made from a
conductive material, such as titanium, and is used to conduct electrical current to

10  the anode 60, as well as supply fluid to the cup.

Process fluid is provided to t_he cup through fluid inlet line 65 and proceeds
therefrom through fluid inlet openings 75. Plating fluid then fills the chamber 35
through openings 75 as supplied by a plating fluid pump (not shown) or other
suitable supply.

15 The upper edge of the cup sidewall 80 forms a weir that limits the level of
electroplating solution within the cup. This level is chosen so that only the bottom
surface of wafer W is contacted by the electroplating solution. Excess solution
pours oirer this top edge surface into an overflow chamber 85.

The outflow liquid from chamber 85 is preferably returned to a suitable

20  reservoir. The liquid can then be treated with additional plating chemicals or other

constituents of the plating or other process liquid and used again.



The enbodi nent of the station shown in Fig. 1 also enploys a diffuser plate
90 which is di sposed above the anode 60 for providing a nore ¢

di stributi OMO8Y49%}e f| ow of the fluid plating bath across thepcglﬁ%%é:ﬂésogf
wafer W Fluid passages are provided over all or a portion of the diffuser
plate 90 to allow 10 fluid conmunication therethrough. The height of the
di ffuser plate within the cup assenbly may bejadjustabl e using hei ght

adj ust mrent mechani sns 95. The anode shield 55 is secured to the underside
of the consunabl e anode 60 using anode shield fasteners 100 to prevent

di rect inpingenent by t tl | h I on kmt:0 .t he
processi ng chanber %[n ﬁ}ﬁfgpxjggo%sgg%fﬁ@lg%ﬁp%n?ssgg %ﬁé‘mgrl%jgg g%?gﬁ(gﬁf g(gtlgr?ers
100 are preferably made frgm a dielectrjc na[ggli al ,. such as pola(%/vi nyl i dene
fluoride or pol §isBEgPlEAROderpEed; HoERINEFHOD Witd dhe, plating ok |CRRET| TATther EBISat e
and physically protect the backside of the anode. The processing head 15
hol ds a waf er \mtbtsemicandectpr owtailang Thhapbeific 3Hodd may hedtertiasivdlp dedan inert
enbodi nent of station 10, the head 15 is constructed to 20 rotate the

wafer W wi thinagdaamagr ibed idis@iendo [RpERIA IR shecifiBEbEERS 2
rotor assenbly 150 Pr]rg%i %‘g’ag upI urali %1y ofO \Ka/g?gg eﬁgagigngpcont a%’témfi ngers
WO 99/ 40615

PCT/ US99/ 02504 plag'gg liq‘iisgngﬁé?ceﬁso?eanﬂ’i%@d\'/vafer agai nst features of the
rotor. Fingers 105 are preferably adapted to conduct current between the
wafer and a plating dhecmbaginenoethe stasionyshama walighd alehsmplays eddiffuser

accordance with various configurations.
plate 90 which is disposed above the anode 60 for providing a more even

distribution of the flow of the fluid plating bath across the surface of wafer W.
Fluid passages are provided over all or a portion of the diffuser plate 90 to allow
10  fluid communication therethrough. The height of the diffuser plate within the cup
assembly may be adjustable using height adjustment mechanisms 95.
The anode shield 55 is secured to the underside of the consumable anode
60 using anode shield fasteners 100 to prevent direct impingement by the plating
solution as the solution passes into the processing chamber 35. The anode shield
15 55 and anode shield fastenérs 100 are preferably made from a dielectric material,
such as polyvinylidene fluoride or polypropylene. The anode shield serves to
electrically isolate and physically protect the backside of the anode.
The processing head 15 holds a wafer W within the processing chamber
35. In the disclosed embodiment of station 10, the head 15 is constructed to
20  rotate the wafer W within chamber 35. To this end, the processing head 15

includes a rotor assembly 150 having a plurality of wafer-engaging contact fingers



The processing head 15 is supported by an head operator 115. Head 5
operator 115 includes an upper portion 120 that is adjustable in elevation
to all ow he{,bgggmﬁqlg ustment of the processing head. Head oper @carsbip25also
has a head connection shaft 125 that is operable to pivot about a

hori zontal pivot axis 130. Pivotal action of the processing head using
operator 115 allows the processing head to be placed in an open or face-up
position (not shown) for |oading and unloadind-10 wafer W Fig. 1
illustrates the processing head pivoted into a face-down position in
preparation for processing. It will be recognized that such flipping of the
waf er i s not net@Stmt hokiahe vafgreaghinshieaneesodf thheoti.s Hingees! 105 ntopeferfblys.
2A - 2Gillustrate one nethod of filling a trench and via fornmed on the

surface of a Seaaag)%dw:beﬁdd&@fcqfrewsemeen tthe \ﬁfﬁchﬁd)ﬁhgmxﬁgﬂélé’ctﬂ@ﬂ Osdvieed 15
copper |ayer may Dbe app I ed u5|ng t he apparatus descri n connection

wth Fig. 1. F| | ustrate havi an a 405 that is to
be connected by 39 ey %F P2 %!amlaﬁc?_rlgancez ngv?ré?}grcogfgugpoaf, ‘electric
material, such as SI | i con di gxi dea(?r a, lowK diel ectrl c, material, 31

deposited over the bdde PIeRessing head 1§ isvawppared byoen head gpemator fot dfead st

process and reactive ion etch or the |ike, 20 sel ective portions of |ayer
410 are renyedoperatonldd ifahudesanmpbaer, pcmidsrr £20 that! iSaddusthblie & digationtto allbwch
copper nmetallization is to be deposited. The end structure is WO

99/ 40615 h djustment of the processing head. Head o erator 115 also has a head
PCT/ US99/ 02504 -GIE 2 Jgs ovx?q I n hp perspective vi eV\P Fig. ZSC \/\/neraeler%i t he

via 420 overli ecs:orfn%gtrlloencgﬂa%nus that is operable to pivot about a horizontal pivot axis 130.

Pivotal action of the processing head using operator 115 allows the processing head
to be placed in an open or face-up position (not shown) for loading and unloading
10 wafer W. Fig. 1 illustrates the processing head pivoted into a face-down position in
preparation for processing. It will be recognized that such flipping of the wafer is

not necessary to the performance of the disclosed methods.
Figs. 2A - 2G illustrate one method of filling a trench and via formed on
the surface of a semiconductor wafer wherein the electrochemically deposited
15  copper layer may be applied using the apparatus described in connection with Fig.
1. Fig. 2A illustrates a base 400 having an area 405 that is to be connected by
copper metallization. In Fig. 2B a layer 410 of dielectric material, such as silicon
dioxide or a low-K dielectric material, is deposited over the base 400 including
over area 405. Through a photoresist process and reactive ion etch or the like,
20  selective portions of layer 410 are removed to form, for example, a trench 415 and

via 420 into which copper metallization is to be deposited. The end structure is



area 405 and trench 415 overlies via 420. Connection area 405 may be, for
exanple, a netallization feature above the substrate. As sho | | 2D
a barrier |'WPHM4BHS and seed | ayer 425 may be 5  di sposed O%’lk@y?&?%og

of dielectric |ayer 410. The barrier layer may be, for exanple, tantal um or
titaniumnitride. The barrier layer 423 is typically used when the
structure 405 is susceptible to contam nati anjfrom copper or the seed | ayer
nmetal, and/or when the seed | ayer nmetal or copper may readily mgrate
through the dielectric |ayer 410 and contam nate ot her portions of the

m croel ectronic gi\{rﬁ F%ng tgsge%t@gt\géﬁ Br F&[arzb \%ﬁexje e Vi v‘%?@%ii&o&ﬁmecﬁon

sufficiently thi hetren es and vi as act as a
di ffusion barrier. er 423 al so . functi g s an . adhesi | ayer t
facilitate bindi3HF 6 rF“E"ﬁgB ‘ééeﬂvqﬂé%?eYlM F\ Bmieﬁ%mﬂiaéqaeg& g/3’4126 ?‘Prf
however, the structure 405 IS not susceptible to such contam nation, there

is sufficient achasplonz metallizatien ftawreghove thel subsiratl 10 itself acts as a
barrier layer, then 15 a separate barrier |ayer 423 may not be necessary.

The seed |ayer 425 nmeys shvn 8@ 2D, ROafriGORPET 42 A%EE REd AhREr4260RGY el Ve
metal |ayer and is preferably at |'east 200 Angstroms t hi ck at its thinnest

D 420 shoudd BuPREpn R girRe o e tﬁgﬂ?yea%ﬁ &ﬁf?eér ey, By 135705

facilitate a subsequent el ectrochem cal copper 2303| tion step. The
seed | ayer 425 rf%§mple, Balsbun pettapiyaouigride. {Ide bémﬁﬂ%r 483 svppisallpysdovkaess.
WD 99/ 40615

PCT/ US99/ 02504 the structure 405 is susceptible to contamination from copper or the seed layer

| metal, and/or when the seed layer metal or copper may readily migrate through the
dielectric layer 410 and contaminate other portions of the microelectronic circuit.

10  As such, barrier layer 423 should be sufficiently thick along the contour of the

trenches and vias to act as a diffusion barrier. Layer 423 may also function as an

adhesion layer to facilitate binding between the seed layer 425 and the dielectric

410. If, however, the structure 405 is not susceptible to such contamination, there

is sufficient adhesion, and the dielectric layer 410 itself acts as a barrier layer, then

15  a separate barrier layer 423 may not be necessary. The seed layer 425 may, for

example, be a copper layer or other conductive metal layer and is preferably at

least 200 Angstroms thick at its thinnest point. Sidewalls 430 of the trench 415

and via 420 as well as the bottom of via 420 should be covered by the seed layer

425 and barrier layer 423 to facilitate a subsequent electrochemical copper

20  deposition step. The seed layer 425 may be deposited through, for example, a

CVD or PVD process.



- 15 - The sem conductor wafer with the seed | ayer 425 is subject to a
subsequent el ectrochem cal copper deposition process. The el ectrochem cal
copper depgehbésusiProcess is executed so as to form nunerous poumiS9sn2s0m
sites for the copper deposition to thereby formgrain sizes that are
substantially 5 smal l er than the characteristic dinensions of the via 420
and trench 415. An exenplary structure having such characteristics is
illustrated in Fig. 4E wherein |ayer 440 is alYayer of copper netallization
t hat has been deposited using an el ectrochenm cal deposition process. As
shown in Fig. 2E, the copper netallization 440 fornmed in the 10

el ectrocheni cal depodihei semigprsiister mwafetepidi thal seedrlayaredd®ed bebjest Y% and
extends a di stance above the surface of dielectric |ayer 410. Since the ‘
only features tQgiseqicnt {decifithainital Reppat atpdsamin procaése iR “leRrtrddkbmiosl
trench 415, excess copper above the dielectric |ayer 410 nust be renoved.
Renoval of the excess, co .0 er. surfac f di ctri

| ayer 410 may b &CREST degg@@ﬁé gggc%\éﬁehsgggecgﬁgrﬁociﬁ {on@éﬁla %%\J@ﬁf)&u?fgﬁuén SIes _
t echni que. An exenplary structure in which such renoval has taken pl ace
is illustrated ifof fegcopier Jeposition fenthershyy farm grainpyirasgtheb are substantaallys4s
may be di sposed, for exanple, over the entire surface of the wafer, or the
processes sef f @mhaller thahihs.chadacteridfic dielsionsep ticeviaW20hand trencingpd n@n
barrier |ayer 445 whereby the trench 415, now 20 filled with copper
metallizaton,  eQUASRRPHIN HathgShicH chitfaRref8fcd Baflusdhiitdd 8/ Fig 4B herein

nmetallization is to contact.

layer 440 is a layer of copper metallization that has been deposited using an
electrochemical deposition process.

As shown in Fig. 2E, the copper metallization 440 formed in the

10  electrochemical deposition process is deposited over the seed layer 425 and

extends a distance above the surf_ace of dielectric layer 410. Since the only

features that are to contain the metallization are the via 420 and trench 413,

cxcess copper above the dielectric layer 410 must be removed. Removal of the

excess copper above the upper surface of the dielectric layer 410 may be

15 executed using a chemical mechanical polish technique. An exemplary

structure in which such removal has taken place is illustrated in Fig. 2F. After

such removal, a capping barrier layer 445 may be disposed, for example, over

the entire surface of the wafer, or the processes set forth in Figs. 2A - 2F may

be repeated without a capping barrier layer 445 whereby the trench 415, now

20 filled with copper metallization, corresponds to the structure 405 that further

copper metallization is to contact.



WD 99/ 40615

PCT/ US99/ 02504 - 16 - A conpari son between Figs. 4E and 4F reveal s that an
i-ncrease i nwow/468i n si ze of the copper |ayer 440 has taken FIEE899/02504
Traditionally, the change in the grain size has been forced through an
anneal ing process. In such an annealing process, the wafer is subject to an
el evated tenperature that is 5 substanti al | y, above the anbi ent
tenperature conditions normally found in a cl Z%\ﬁ room For exanple, such
anneal ing usually takes place in a furnace havi ng a tenperature generally
around or slightly bel ow 400, degr ees | Si %s about é{;al f of the I t| ng
tenperature of the el SctAERAEISHR DEMECE Sige aF‘?VﬁQIS 438 increasedp
performed at a tenperature of at |east 25 percent of the 10 mel ting p0| nt
tenperature of tgreinmsidecsfithe cappemimend4d hantaken phsel Traditiemgily; sheichange al e.
As such, a separate annealing step is perfornmed on the wafer using a

separate piece Gfe g?a% 3213 hﬁﬂbéd@l%i’éed thkmBh af aﬁﬁé‘!ﬁﬁﬂg'ﬁ?@c&& Pn kschugual |y
performed for each layer of metallization that is deposited on the wafer.

These addi ti onal S f fromthe
waf er and, 15 f@?’?ﬁ&g prg?eg i g&aggr 1§§§\f3ﬁ§t toﬁegé&r?ﬁed\#ﬂ‘ ngﬁrag\ﬁé n\%\%%% may be
m shandl ed contam nated, or ot hervm se damaged. Absent such an annealing
step, the trA&di tsubstantiafiyeabove therambientdemperafurn coaditigngaermadly found s per

gi ven volune in such sub-mcron structures significantly decreases the

el ectrom grati orcl¢amsriosiranBer @famiphs sueh ahndaling aisidiiyt takeseplade in apfueshigeed and
gives the material a higher resistivity. This is because grain boundary

i gration occur sy Nidd RniBiefule Wbl e did AN IBRAY BIoWE LEABS Celsius, or

about half of the melting temperature of the electrodeposited copper. Annealing
steps are normally performed at a temperature of at least 25 percent of the

10 * melting point temperature of the material as measured on an absolute
temperature scale. As such, a separate annealing step is performed on the wafer
using a separate piece of capital equipment. Such an annealing step is usually
performed for each layer of metallization that is deposited on the wafer. These
additional steps increase the cost of manufacturing devices from the wafer and,

15  further, provide yet another step in which the wafer may be mishandled,
contaminated, or otherwise damaged.

Absent such an annealing step, the traditional view is that the
substantial number of grains per given volume in such sub-micron structures
significantly decreases the electromigration resistance of the metal lines that are

20  produced and gives the material a higher resistivity. This is because grain

boundary migration occurs with a much lower activation energy than trans-



WO 99/ 40615 PCT/ US99/ 02504
- 17 - granular mgration. As such, conventional wi sdomdictates that a
separate aw}f,\?d/io@gs step is required. The present inventor hadusydobivat
such a separate annealing step in which the el ectrochem cally deposited
copper is subject to a subsequent high 5 t enper ature anneal i ng process
(e.g., at about 400 degrees Celsius) is not, in fact, necessary. Rather,

el ectrochemi cal |y deposited copper netallizatl®dn having grain sizes
substantially smaller than the sub-mcron structures that they fill may be
subj ect to an annealing process in which the annealing of the copper

metal |'i zati on tgleaslaphéig@tioh, Akguclsxampbstionabwisdoanpietatdsithar Dsepatate
tenperatures 10 substantially bel ow 400 degrees Cel sius where the

anneal i ng proce ' : ' controll ed and throughput is increased. In
accordance wt hﬁ%ﬁéﬁtﬁ%@ﬁﬁ@%{hlrﬁ?. t he di scl osed nethod, the el ectrochemni cal

deposition of the copper |ayer 440 takes ce ip the apparatys set forth
in Fig. 1. The procegﬁ?erﬁfeé%éﬁ%vé"r“toftﬂ?s%gu&ﬁﬂ eadseggra?eﬁaqne@ B8 $1GP f 15
the diffuser 90 is approximtely between 0.5 cm- 5 cm (preferably 2.0 cm
fromthe top of whivh thepleegochmcaliysdepositeetppeeiis subject tpa slibsequentitighuser 90
and the top of the anode 60 is between 0.5 cm- 10 cm (preferably 1.6 cm

but al ways o eafe@ipetdiase dohealig proeeds (E%B.PhﬂhvdﬂuﬁK@@ﬁ@gre&h@eﬁhﬁﬁs@ﬁhﬁm cal
pl ating solution rmay be Enthone-OM Cu Bath M

fact, necessary. Rather, electrochemically deposited copper metallization
having grain sizes substantially smaller than the sub-micron structures that they
fill may be subject to an annealing process in which the annealing of the copper
metallization takes place at, fbr example, room temperature or at temperanres

10  substantially below 400 degrees Celsius where the annealing process is more
easily controlled and throughput is increased.

In accordance with one embodiment of the disclosed method, the
electrochemical deposition of the copper layer 440 takes place in the apparatus
set forth in Fig. 1. The processing chamber 110 is configured so that the top of

15 the diffuser 90 is approximately between 0.5 cm ~ 5 cm (preferably 2.0 cm)
from the top of the cup 25. The distance between the top of the diffuser 90 and
the top of the anode 60 is between 0.5 cm - 10 cm (preferably 1.6 cm) but
always greater than the diffuser to cup distance.

The electrochemical plating solution may be Enthone-OMI Cu Bath M

20  Make-up Solution having 67 g/l of CuSO4, 170 g/l of H2S04, and 70 ppm of

HCI. The additive solutions utilized may be Enthone-OMI Cu Bath M-D (6.4



20 Make-up Sol ution having 67 g/l of CuSO4, 170 g/l of H2S04, and 70 ppm

of HCl. The additive solutions utilized nmay be Ent hone-OM (6.4
VO 99/ 40615V0 99/40615 %@%13%562594

- 18 - M/l - make-up) and Ent hone- OM ‘Cu Bath M LO 70/ 30 Special (1.6 m/|I
- make-up). The flow rate through the cup 25 of this solution may be
approximately 1.0 - 10 GPM (preferably 5.5 GPM -and the plating tenperature
may be between about 10-40 degrees Celsius (preferably 25 degrees Cel sius).
5 The plating bath could alternatively contain any of a nunber of

addi tives from HUfrﬁﬁéergﬁraﬁde!ﬁlﬁbrfésoﬁl'@ﬁ%\éﬂ{ﬂ E@tm?@@Sg cid}@® mi4ea Ronal
(Copper d eamP , 'yethyl ene gl ycol PEG . An al kaline plating bath

suitable for elec mcro ectr is set.forth in

co- pendi ng pr ovf“sa B B‘é?glr‘? 8%1? p‘gﬁgBﬁﬂls solyam PAYRe procESS
AND PLATI NG 10 SOLUTI ON FOR ELECTR(PLATI NG A CODPER METALLI ZATI ON LAYER
ONTO A VWORKPI ECaEppronimaselsidy0 poldkePMuprefomahiy S2pGRM)Usid bembasing lemperaiae No.
P98- 0039) which is hereby incorporated by reference. The el ectrochem cal

process of the giayHedseesednibRit 18440 doayedd Cdlsies (jrefeedtty 05 dphibes Galsappper
netal lization |layer onto the wafer at a thickness 15 sufficient to at

least fill the %g&m@g% (gﬁ%\é atxgﬁ gcrog{ua%ﬂ’ a@@f@ﬂumﬁgeotgﬂi’iﬁ’t?}emm

di scl osed her ei processes
§ E;e plate) Sme%rn?lga%?u?'ertsasﬁgﬁ ag | ﬁ&)?ey%?gct;og%m 86), Lea tRlornesllt (éorbtpre? %lilced to
PPR), or polyethylene glycol (PEG). An alkaline plating bath suitable for
electroplating microelectronic components is set forth in co-pending provisional
patent application U.S.S.N. | entitled " PROCESS AND PLATING
10 - SOLUTION FOR ELECTROPLATING A COPPER METALLIZATION
LAYER ONTO A WORKPIECE" (Attorney Docket No. SEM4492P0250US;
Corporate Docket .No. P98-0039) which is hereby incorporated by reference.
The electrochemical process of the disclosed embodiment may be used
to electroplate a copper metallization layer onto the wafer at a thickness
15  sufficient to at least fill the trenches and/or vias. Generally stated, the
embodiment disclosed herein may be divided into five sub-processes. A dwell
(pre-plate) sub-process takes place when the wafer is first introduced to the
electroplating bath. At that time, no plating current is provided. Rather, the
surface of the wafer that is to be plated is exposed to the plating bath for a
20 predetermined period of time without plating power, such as for five seconds.

After the dwell cycle, a low current initiation sub-process may ensue.



el ectroplating bath. At that time, no plating current is provided. Rather,
the surface of the wafer that is to be plated is exposed to the plating
bath for a @8 g0/4Bd1 determ ned period of time w thout plating fogsesessh as
for five secona fter the dwell cycle, a low current initiation

sub- process nmay ensue. WO 99/ 40615

PCT/ US99/ 02504 - 19 - During the low current initiation sub-process, a | ow
plating current is provided between the anodel@nd the wafer. In accordance
with the disclosed enbodinent, a direct current with a current density of
approximately 3.2 mA/cnferr] i s utilized. The | ow current process nmay
proceed, for exdmplmg thedowaufrent pittdioheubiprectsper losdplafing icnerestuis iprasdd&D
seconds. After the low current initiation sub-process is conpleted, a high

current plating b%p&eﬁrtﬁe &fcdel shdl dib wa@éredxn dct:ofd%n@wcmﬁghé Bis8loseP- process
that a majority o e copper is plated onto the wafer. During this step, a

hi gh plating current,.is pr vi ded for the el ectro ti era The
pl ating vvaveforrﬁ“ﬁ’é’&‘}rﬂ%m a fiect Qg é%rth %/%‘frf%{ﬁélegﬁlg'c‘lﬂﬁgﬁ %Sigard-onl y
pul sed vol tage or current, or forvvard and reverse volta e or current. In
accordance wi t h mAdmfiis atiliged @h\b&mﬂ GRITEnt pIACEsa vaay-Ryecesds herdkxagple.dor a
density of approximately 20 mA/cnferr] is used with a current waveformthat

is direct cusre edét&imﬁédll griddsettime kudieye3® secppudissed. Preferably, a direct
current or forvvard only pu?sed current is 15 utilized with a frequency

between 1 and 1000 Hzy ¢ NbRE 18 RhfeAPinttiato Sub-process is completed, a high current

plating sub-process is initiated. It is during this sub-process that a majority of
the copper is plated onto the wafer. During this step, a high plating current is
provided for the electroplating operations. The plating waveform may be a

10 constant voltage or current, a forward-only pulsed voltage or current, or a
forward and reverse voltage or current. In accordance with the disclosed
embodiment, and average cathode current density of approximately 20 mA/cm’
is used with a current waveform that is direct current, forward pulsed, or
reverse pulsed. Preferably, a direct current or forward only pulsed current is

15  utilized with a frequency between 1 and 1000 Hz. More preferably, the
frequency is between 5 and 20 Hz, with a duty cycle between 50 percent and 95
percent. More preferably, the duty cycle is between 65 percent and 85 percent.
The tirﬁe duration of the high current plating sub-process is dependent on the
nominal thickness of the copper metallization layer that is to be applied to the

20  wafer. For a copper metallization layer having a nominal thickness of 1.5

microns, the high current sub-process proceeds for approximately three minutes



frequency is between 5 and 20 Hz, with a duty cycle between 50 percent and
95 percent. More preferably, the duty cycle is between 65 percent and 85
percent. Thwos9meéldur ati on of the high current plating sub- prRScd8%9{03504
dependent on the nom nal thickness of the copper netallization |ayer that
Is to be applied to the 20 wafer. For a copper netallization |ayer having
a nom nal thickness of 1.5 mcrons, the hi gh’%p_rrent sub- process proceeds
for approximtely three m nutes WO 99/ 40671

PCT/ US99/ 02504 - 20 - and 40 seconds. During both the | ow current

Spun on the 1 ot 8040 SEEdt c IO sy BiF RBTETSR: SGHPH P gk SHEPRORgaD
rpm. Once the desired amount of copper has been plated onto the wafer, the
5 wafer is |ifulegrdoesnes, thenaden is wrefprablyespynenn thg rewr at p gare ofhetvgenocess

t akes approximately two seconds, after which the wafer is spun on the rotor

to renove the plaBbutng- 300 ghmapreférablye20aippt)e, the wafer may be spun at 200 -
2000 rpm (preferably 500 rpn) for a tine period of five seconds to renove

the majority of the ' ' f f fer.

Subsequent 10 rinsi %n%%#g%séﬁeggﬁ%soﬁlgggf%e{)éﬁ’%@(&g@fﬁ@gﬁgﬁﬁ)ﬁﬁg w\/\%f%grtﬂ]\?n,

for exanpl e, other processing chanbers dedjcated to such functions. The
rm’ﬁ

foregoi ng pr &ceafefcls diftgd drom cangagt Ptk the plading gphtigng ArosesakiSsns, and
copper grain sizes that are sufficiently small so as to fill trenches and
vias with approximately two seconds, after which the wafer is spun on the rotor to

remove the plating solution. For example, the wafer may be spun at 200 -

2000 rpm (preferably 500 rpm) for a time period of five seconds to remove the

majority of the electroplating solution from the surface of the wafer. Subsequent

10  rinsing and drying steps may be executed on the wafer in, for example, other

processing chambers dedicated to such functions.

The foregoing process generates nucleation sites, grain growth mechanisms,
and copper grain sizes that are sufficiently small so as to fill trenches and vias with
widths as low or less than 0.3 micron and aspect ratios greater than 4-to-1. Initial

15  grain size may be varied depending upon the plating waveform used and/or the
additives used in the plating solution. Despite the small copper grain size that results
from these processes, the resulting copper metallization layer may be annealed at
substantially lower temperatures than traditionally suggested to form substantially
larger copper grains thereby providing the copper with enhanced electrical

20  characteristics when compared to copper deposition processes that do not promote

self-annealing.

Figs. 3-5 are derived from experimental data obtained by the present



widths as low or less than 0.3 mcron and aspect ratios greater than
4-to-1. Initial 15 grain size may be varied dependi ng upon the plating
wavef orm US&SgQ,Q&/;Qr the additives used in the plating sol utipgtudgespdose _
the smal| coppér grain size that results fromthese processes, the
resulting copper nmetallization | ayer may be anneal ed at substantially | ower
tenperatures than traditionally suggested to form substantially |arger
copper grains thereby providing the copper w2h-enhanced el ectrical 20
characteristics when conpared to copper deposition processes that do not
pronote self-annealing. Figs. 3-5 are derived from experinmental data

obt ai ned by t heinpvestenh two diiere/ waedsShowing that copper metallization deposited in a
PCT/ US99/ 02504 - 21 - inventor on two different wafers showi ng that copper
metal | i zation depeeédiadviiich thehitiabgin szo\bf tho cbﬂfs;eericaystdmis syffadientBi stealDf t he
copper crystals is sufficiently small so as to fill sub-m cron dinension

trenches and vi g -1 ' € re.
§§ agpud@g g@cgﬁqégtoﬁ QlirheMIERbdches HLHES ﬁn&trgc%e?, %;Eelfﬁc{iﬁal@{ilﬁ{

Fig. 3is a grap resi stance, Rs, over 0

5
The sheet 1 asi sPamees Baapnacpiabd B20d 5 plafh BR B4 rstPiaoss S8 4% Sr (e

copper netal lization has heen el ectrochem ca) ]y deposited t he wafer.
After about 20 MEIFEL2 k> MiFONLAPPE) figedsposited inhe manasrsiated B9Vst dice t akes
place until, ultimately, the sheet resistance is stabilized at a tine

bet ween 40 and 8iustBted, thesheet a¢sisiancelbsgine po dearcass appwsimatelysuigltrhonrssafiesr e
made using a 4-point probe

the copper metallization has been electrochemically deposited on the wafer.

After about 20 hours, a substantial decrease in the sheet resistance takes place

until, ultimately, the sheet resistance is stabilized at a time between 40 and 80

10  hours after the deposition. Such measurements were made using a 4-point probe
such as a Prometrix RS30.

Figs. 4 and 5 relate to x-ray diffraction scanning of the electrochemically
deposited copper layer. With respect to Fig. 4, the area under each curve is
proportional to the volume of the copper film with crystals having their [111]

15  crystal plane directions perpendicular to the plane of the exposed surface of the
copper layer. As illustrated, line 510 represents the measurements taken
immediately after the copper metallization layer was deposited onto the wafer.
Line SZQ represents the measurements taken hours after the metallization layer
was deposited. A comparison between the curves represented by lines 510 and

20 520 indicates that the number of re-oriented crystals has increased over time.

In the Rocking Curves of Fig. 5, line 530 represents the Rocking Curve of

the copper metallization layer immediately after it has been deposited on the



such as a Pronetrix RS30. Figs. 4 and 5 relate to x-ray diffraction

scanni ng- of the el ectrochem cally deposited copper |ayer. Wt to
Fig. 4, t heWQ%84%IRder each curve is proportional to the vol ﬁe{@%%em -
copper filmwth crystals having their [II11] 15 crystal plane directions
per pendi cular to the plane of the exposed surface of the copper |ayer. As
illustrated, line 510 represents the neasurem@Enis taken inmmediately after
the copper netallization |ayer was deposited onto the wafer. Line 520
represents the nmeasurenents taken hours after the nmetallization | ayer was

deposi ted. A corgddr| #hile liné $4Erepkdients thie/Rockisp Caserifelst dppkt memilwhlioand 20
520 indicates that the nunber of re-oriented crystals has increased over

time. In the Rogklpoiyaesit Bhs Bl depositellN Theo IAhITHRSARN S dédiendrQrly hie
Curve of the cogda}ggg?ret al i zatSi OI’? I gg%srl ei mredi ately after it ’%‘?s been

deposited on th 9{ 4061 . .
PCT/ LS00/ 02504 5393t M\g? é‘?‘g}%\mﬁih% compared 1o, thaL of the SHve deign st Y ioe &ifve of
t he copper netall ',zatsie'gntb‘bayer hours after it. has beﬁn mskt ed. The width
of the curve deé‘i“ijﬁ%? atfhe CopReT g§taly arf hegoming mre gfigne RIAH &R t o
that of the curve designated by |ine 540, indicates that the copper
crystal s ar eSbestzas afthaseppaiicrptadehayednensasedt he grain 5  sizes of the
copper crystals have increased. Pursuant to the foregoing findings, one
enbodi nent of the pr@&esuannetthefbregoing findingtane thnbodmpne of thetpatdenvmbibod be
all owed to self-anneal for a
requires that the copper metallization be allowed to self-anneal for a
predetermined period of time prior to chemical mechanical planarization thereof.
At room temperatures, this predetermined period of time may range, for example, .
10 - between 20 and 80 hours. In accordance with a further embodiment of the
method, chemical mechanical planarization may take place before the self-
annealing is completed (e.g., before the end of the predetermined period) and,
further, may enhance the self-annealing process by imparting activation energy to
the metallization layer during the process.
15 In accordance with a still further embodiment of the method, the copper
metallization layer may be annealed before or after chemical mechanical
polishing at an elevated temperature which is substantially below the temperature
used in the annealing processes that have been traditionally employed. To this
end, the wafer having the metallization layer may be placed in an oven having a
20  temperature that is substantially below the 400 degrees Celsius traditionally

thought to be necessary to promote the annealing process of copper having such

small grain sizes. At a low temperature of about 60 degrees Celsius, the



predeterm ned period of time prior to chem cal nechanical planarization
thereof. At roomtenperatures, this predeterm ned period of tine may range,
for exanpl eyol@/s06:8€t Ween 20 and 80 hours. In accordance W t hp@rhdsd 3864
enbodi mrent of the nmethod, chem cal nechanical planarization nmay take place
before the self- annealing is conpleted (e.g., before the end of the
predeterm ned period) and, further, may enhance the self-annealing process
by inparting activation energy to the netall+23tion |ayer during the
process. 15 In accordance with a still further enbodi nent of the
met hod, the copper netallization |ayer may be anneal ed before or after
chem cal mechaniagzgalipg prosgssigan be sampletadimepout Wparimites. dtwkmpératiges above
substantially below the tenperature used in the annealing processes that

have been tradi t100dedrkss @atpilus,ythdanﬂ'ealihgitisnssﬂﬁcombeo\mcfreg<lhﬂx\i’ﬁlﬂg)Mto
metal lization |layer may be placed in an oven having a 2 tenperature that

i's substantial | yodRelaANsaliRg af h%ﬁ%&tﬁ%kﬁh%ﬁn&ﬂt@&‘hﬁ%%@ﬂeh}i. t hought to be

necessary to pronote the anneal i ng process of copper having such snall
S0 40615 o e TBRELMEHiSAl bl SFHEERRRN R St o ou i cal ) ng
fegr cos Gl f us hTRSAARRPIoALbTIhiae EMENE B ayelver e oo Feanics 84 ( o
make anneal i ng at higher tenperatures unwarranted and wasteful. The
f or egoi ng pr oce$§Bemisah®reas s reamoNe eoppei they éodepoviteshiniexeessmfivdrat isodesired
for interconnects. As a direct result of changes in the grain size of copper films,
the CMP polish rate, or removal rate, is seen to vary. The initial, small grained
(i.e. many grain boundaries) films are seen to polish faster (at least with a
10  particular CMP slurry) than they do after self-annealing and the associated grain
growth. This indicates that with the particular slurry being used, the chemical
action may be more severe than tile mechanical action, or that the mechanical
polishing is more effective on films with higher hardness values. The observed
change in polish rate of 30 to 50% is to be expected as a direct result of the grain
15  size change.

The change in grain size is expected to affect both the mechanical and the
chemical aspects of CMP. Small-grained films are generally harder than large-
grained ones. The hardness of a material will have a direct effect on the abrasion
rate in a mechanical polishing process. Likewise, grain boundaries are

20  chemically etched faster than single grain areas of a metal film. Therefore, a film

containing a larger fraction of grain boundaries per unit surface area will

chemically etch faster, on average, than one with larger grains, and therefor fewer



5 chem cal mechanical polishing (CWP). CWP invol ves the use of nechanica
and chem cal forces to renpve copper that is deposited in excess of what is
desired forwD®pieaddnnects. As a direct result of changes in tH(d/g¥&10#%i ze
of copper filns, the CWP polish rate, or renoval rate, is seen to vary. The
initial, small grained (i.e. many grain boundaries) filns are seen to
polish faster (at least wwth a 10 particul ag4 CVP slurry) than they do
after self-annealing and the associated grain growh. This indicates that
with the particular slurry being used, the chem cal action nay be nore
severe than the ' action, or that the mechanical polishing is nore
effective on figﬂﬁgaggﬁﬁﬁ%%her har dness val ues. The observed change in

polish rate of 30 to_50%is_.t0 expect ed e result of the grain
15 ' “aize change. ThESEHRGEHAFIGRETI SFDEYS ga‘sxﬁé&@%ﬁ’ o8t h 198 he
mechani cal and the chem cal aspects of CVWP. Snall-grained filns are
general |y hardeft STHH?FW%Q%COI’@P%ﬁ%dh%ﬁ&entm%enﬁgﬁgﬁlé%gouﬁfl thataieiferial wil |
have a direct effect on the abrasion rate in a mechanical polishing
process. Likew sdyantpgaous tocstabiliae the coprer Zilm in ¢ kapivostdty proctiodgtie CMR er t han
single grain areas of a netal film Therefore, a filmcontaining a |arger

fraction of Yraprochaundeie sefte pLtheUfilid atshe fideof OMR istighbreahipodibh yatext ch
faster, on average, than one with larger grains, and therefor fewer WO

99/ 40615 will vary as a function of elapsed time since deposition due to the EQT@!&E&%%QzSOA'
-24 - grain boundari és.
characteristics of the copper films observed by the present inventors. Therefore,
to properly control the polish rate of the CMP process, the grain size of the
deposited film when the CMP process is attempted should be in a known state.
10  This known state may be achieved by performing the low-temperature annealing
process prior to performing CMP of the workpiece, thereby effectively bypassing
the self-annealing process. The low-temperature process fixes the metallization
layer in the unknown state prior to performing the CMP process. As such,
workpiece-to-workpiece consistency in the performance of the CMP process may
15 be achieved.
If the CMP process is not performed prior to a low-temperature annealing
of the copper film, then the CMP process should be undertaken at a
predetermined time after the deposition of the film. In this manner, the CMP
process is undertaken at a time at which the film characteristics are known to
20 - thereby ensure the desired workpiece-to-workpiece consistency.

Each of the disclosed embodiments of the method is particularly suitable

for providing a copper metallization layer in combination with a low-K dieléctric



Because of the changes in renoval rate of the CMP process with a change in
grain size of a copper film the present inventors have found that it is
advant ageoug g 93,4861&bi | i ze the copper filmin a known state prpefyukey g6 CVP
5 process. If the state of the filmat the tinme of CMWP is ignored, the ~
polish rates will vary as a function of elapsed tinme since deposition due
to the self-annealing characteristics of the copper filns observed by the
present inventors. Therefore, to properly confol the polish rate of the
CWP process, the grain size of the deposited filmwhen the CVP process is
attenpted should be in a known state. 10 _This known state nmay be achi eved
by performing t Heaterdl Mapy dvekudislegtirompieniglshesoms ungtrbleif subjgvétd or mi ng CVP
of the workpiece, thereby effectively bypassing the sel f-annealing process.
The | ow t enper atemperptucesegzsatén thews abdie 256139001 degpdes Qeldhiy eAs isticH, BEndalikpan
state prior to performng the CMP process. As such, workpi ece-to-workpiece

consi stency in tierfffié®] fEnsattes dese YR MIADBIRIRY CERius rﬁgy .oﬁ\ﬁ?&e | f
the CMP process is not performed prior to a | owtenperature annealtng of

th filmg; K t .

or cdet o1 m ned 1AL are S eRe saery e Bt FHRRE SR o slhortine of e
CWP | dert ak t ti t. which the fil h teristi

nown to 20 >t ndYerPPEREIAD elan jer AamRsatyes substataly Rpeectdsses  ency.

Each of the disclosed enbodjpents of the nmethod is tgarti cularly suitable
for providing a%&%@%wmepm%m@y@ures typieatlyi feurd brcledn toom | ow K
dielectric

environments), the method is particularly suitable for use in manufacturing

semiconductor devices using both copper metallization and low-K dielectric
materials. With respect to the first and second embodiments of the method noted

10 above, the wafer is not subject to any elevated temperature process to anneal the
copper layer. With respect to the third embodiment discussed above, the copper
metallization may be annealed at an elevated temperature that is high endugh to
substantially accelerate the self-annealing process while being low enough so as
not to corrupt the low-K dielectric material. Low-K dielectric materials suitable

15  for use with such copper metallization layers include, but are not limited to,
fluorinated silicon dioxide, polyimides, fluorinated polyimides, siloxanes,
parylenes, Teflon AF, nanofoams, aerogels, xerogels. Such low-K dielectrics
include pornmercial]y available organic polymer dielectrics such as: Avatrel (B.F.
Goodrich); BCB and PFCB (Dow Chemical); Flare 1.0 and Flare 1.5 (Allied

20  Signal); PAE2 (Schumacher); and PQ100 and PQ600 (Hitachi). In such
instances, the annealing process may also be combined with the baking process

required for the low-K dielectric.



WD 99/ 40615

PCT/ US99/ 02504 -25 - material. Many low K dielectric materials becone

unst abl e i f Wau9%48615 t 0 tenperatures greater than about 250- 30DCHE§PUES04 .
Cel sius. As such, annealing at the traditional tenperatures close to about

400 degrees Cel sius may destroy these dielectrics. Since the nethod of the
present invention suggests the annealing of 5,0 the copper netallization

| ayer at tenperatures substantially bel ow 400 degrees Cel sius (even anbi ent
roomtenperatures typically found in clean roomenvironnents), the nethod

is particularly sui tafg{e%rgggss Hﬁ_gtrgtgdq@p ag] uri@?}c;ﬁgd?é ﬁ}%@ﬁ)‘é“\fi%z@ﬁ{%ces

usi ng both copper netalllzation and [ ow ielec materials.

respect to the first d second enbodiyents of t. met hod t 10 above,
the wafer is not”eélﬁlbf’gg?‘retfgmé togg;g‘&‘étggwﬂé"r‘fp’érwd{]??leée%g&z@ggha?gheanneal t he
copper layer. Wth respect to the third enbodi nent di scussed above, the
copper netal | i zatiefyresayaee gansedlydarmaed and Biled sepevately ipescatdanse withtthe s

hi gh enough to substantially accelerate the self-annealing process while

bei ng | ow enougsirmpbe-dsmassene processrdgpdribed @abboamd suiteinstancdscthente42(Gis. firkow K
dielectric materials suitable 15 for use with such copper netallization

l'ayers incluge, pited 8f &cbRiantd With @k dteps set Atk iRt 231 | DE Whildi thX tréfch 415
pol yi m des, fluorinated polyimdes, siloxanes, parylenes, Teflon AF,

a0t AT % oA A9 e Lot oL CEr Gk i SR e
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anneal i ng process may al 5o e conpined with the haking progess required for
are suitable for both the single-damascene and dual-damascene processes
IQ described herein.
It 1s also possible to plate micro recessed structures other than those set
forth above and employ the foregoing low temperature annealing processes. For
example, recessed structures forming a pattern in a photoresist layer may be
plated pursuant to other processes used to form copper micro-metallization layers
15  and structures. In such processes, the seed/barrier layer is preferably only
provided at the bottoms of the microstructures and does not cover the photoresist
sidewalls. After the plating of the recessed microstructures, the copper is subject
to anhealing at room temperature or at an elevated temperature below about 100,
substanﬁally below the 400 degrees typically employed.
20 Figs. 6 and 7 illustrate the use of low-temperature annealing of a copper

film to remove voids that may occur when the copper film is deposited into, for

example, a recessed microstructure of a workpiece 490. In Fig. 6, one of"more
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PCT/ US99/ 02504 - 26 - The process illustrated in Figs. 2A - 2G indicate
that the via 420 and trench 415 are forned together. Hovvever,P(iT.]t ggglmlzs&ae

r ecogni zed YRMPHE structures may be general Iy forned and filled -
separately in accordance with the singl e-danmascene process descri bed above.
In such instances, the via 420 is first 5 pl ated i n accordance with the
steps set forth in Figs. 2A - 2F while the trgnech 415 is subsequently
plated in accordance with the steps set forth in Figs. 2A - 2F after
plating of the via 420 has been conpleted. In effect, the via 420

corresponds to tfRe34INakers 560 AR Buehipattertled wilfo®S o M6rd feRBEBd 415. The
nmet hods di scl osed herei’n are suitable for both the single-damascene and

dual - damascene pr.ocesses 10 descri herein. 1t is alsa possi to
plate nicro rec é@%%?rgf?'ﬂ??t &qc&asot{wgg%ﬁaﬁfq%%eorsxgwefrg??ﬁagﬁgerétggﬁdn%| oy
the foregoing | ow tenperature annealing processes. For exanple, recessed
structures for nibsgompsised.ciop ckampleppbe dyved] dielacyematesipl, iacbasrigr Byepisuant
to other processes used to formcopper mcro-netallization |ayers 15 and

structures. In sdbksigd RYesTembindiens o sidbdaydrs) ett aQ8¢E ot mopé bfyeradf soppst Y
provided at the bottons of the m crostructures and does not cover the

hot ist gid f i liad | ' ,
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t he copper iS s nea _ an el evated
gre}prr})g;ggfjr e bel 0385? uet co%%gf ﬁﬁ'tllJ lg%%glatyll% cl: m;?r?slegyvfotrrgm%gpe, %?%rc%SSert egclical 'y
layer and a layer of copper that has been electro-deposited over the copper seed
layer.
When attempting to fill a recessed microstructure, such as trench 505,

10  the upper portion of the microstructure tends to fill before the lower portions of
the microstructure have been filled. This resuits in a "pinch-off" condition that
leaves a void region 515 within the microstructure. Such void regions 515 are
undesirable and may effectively render the metallization disposed in the
microstructure useless.

15 A low-temperature annealing of the copper film 510 may be used to
close the void regions 515 that have formed within any microstructures due to
the occurrence of a "pinch-off" condition. The present inventors have found
that anﬁealing temperatures of about 250 degrees Celsius and below are
sufficient to eliminate such void regions 515. Annealing at temperatures of

20  about 250 degrees Celsius and below has numerous advantages over the

traditional high-temperature annealing at 400 degrees Celsius. First, such'low



20 Figs. 6 and 7 illustrate the use of |owtenperature annealing

of a copper kil renove voi ds that nmay occur when the COpp?ETHSbﬁMs
deposi ted in‘?g,ggﬂ?é)sﬁsexanpl e, a recessed microstructure of a workprece ﬁ‘bo

In Fig. 6, one or nore WD 99/ 40615 _

PCT/ US99/ 02504 - 27 - naterial layers 500 have been patterned with one or
nore recessed mcrostructures, such as trench28065. The one or nore materi al
| ayers 500 nay be conprised, for exanple, of a lowK dielectric material, a
barrier layer, an adhesion | ayer, conbinations of such |ayers, etc. One or

more |ayers of ctemperatire anhédlimgFitcesses pimfrabe dseovflowt Keiidlonets B4t hagrl of
the layer 500 and in the trench 505. The copper film510 may be conpri sed,

| e, of r en
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recessed mcrostructye ch .as trench 505, 10, the upper portion of the
i crostructure t‘ésﬁgs %J’Ff)éq‘i Ilf?wﬁ%‘le‘?rémf‘ﬁémP TERSCES E%ﬁ§°8‘fer{1§1é”th respect to

mcrostructure have been filled. This results in a "pinch-off" condition
that |eaves a voliffereagirlorkpgngompf Hiercopher fiine 68 endiunderlyingSmateriabyi. dTied)i ons
515 are undesirable and may effectively render the netallization di sposed

in the mcrosr uehwempe@iresfnealing produces fifink QuYihe ANEW AL SR ﬂlv@rtﬁzﬂ of
the copper film510 may be used to close the void regions 515 that have

formed within ang. %ﬁéa‘ﬁﬁk i ﬂrrgﬁlti%ﬁ sh6rt. Fourth, the stabilized copper film assists

in ensuring uniform application of subsequent CMP processes. Finally, low
temperature annealing is easily controlled and is suitable for single workpiece
or batch workpiece annealing processes. Fig. 7 illustrates what the workpiece

10 of Fig. 6 looks like after being subjected to a low temperature annealing
process.

Fig. 8 illustrates a preferred manner of heating the workpiece 490
during the low-temperature annealing process. As shown, heat is applied to one
side of the workpiece 490, as illustrated by arrows 520, and is removed from

15  the workpiece 490 from the opposite side, as illustrated by arrows 525.
Preferably, heat is applied to or generated at the side of the workpiece 490
proximate the lower portions of the microstructure 505, and is removed from
the workpiece at the upper surface of the copper film 510. This creates a
temperature gradient through the cross-section of the workpiece 490. This

20 temperature gradient is illustrated by temperature designations T1 through TS

3

where: T1>T2>T3>T4>T5. The temperature gradient through the copper



the occurrence of a "pinch-off" condition. The present inventors have found
t hat anneal i ng tenperatures of about 250 degrees Cel sius and bel ow are

suf fici ent %@ Shicgk nate such void regions 515. Annealing at tRApEERJMERS Of
20 about 8 élegr ees Cel sius and bel ow has nunerous advant ages over the”
traditional high-tenperature annealing at 400 degrees Celsius. First, such
| ow WO 99/ 40615

PCT/ US99/ 02504 - 28 - tenperature anneal i ng f@%eesses permt the use of

| ow-K di el ectrics that would otherw se be danaged at the higher
tenperatures that have been traditionally used. Second, |ow tenperature
anneal i ng reduc€gmtshe caeses arshesypiadishetiae providest dfieingforce! thepgranpiesreof
the copper film 510 and underlying materials. Third, 5 | ow t enper at ure
anneal i ng produ [ ' | St Vi LNg
e i s Tl at i veryiiralin SEMc hoel fith 5FE, Tt Lok BED-E Rl A uR EAY
ensuring uni form application, of bseque CWP processes. Finpally,.low
tenperature ann8¥ ﬁ’é“qlsexg%&siqwoi‘gﬁlcia qrgamaﬁdzopétr%lﬂ?‘fﬁbl(@ Plgnderlyinge

wor kpi ece or batch workpi ece anneal i ng processes. Fig. 7 illustrates what

t he wor kpi ece 1naterial ldsiers aml (20 thesovearkyengfitm at bevergempbgatoeed to a | ow
tenperature annealing process. Fig. 8 illustrates a preferred nmanner of
heating the yorkpi ec@Sdctdt HalehalytR dseivtd BHRESIAhY N pAN@AbT REPRFAGRSS. AS
shown, heat is applied to one sidé of the workpiece 490, as illustrated by

arrows 520, and g'résdién qglyo%g tlIerv%?kpiece is the temperature ramp rate that is used to apply

the heat. Higher magnitude ramp rates will result in larger temperature

gradients, particularly at the end of the ramp. This property is illustrated in

Figs. 9 and 10 in which the ramp rate of Fig. 9 is greater than the ramp rate of
10 Fig. 10.

Figs. 11- 15 illustrate various manners of heating a surface of the
workpiece 490 to create the desired temperature gradient. In Fig. 11, the
workpiece 490 is disposed on a hot plate 530 to heat a first side of the
workpiece. Heat is removed from the opposite side of the workpiece 490 by

15 directing a flow of a cooler gas, illustrated by arrows 535 across the workpiece.
The temperature difference between the hot plate 530 and the cooler gas 535,
as well as the flow rate of the gas, can be used to control the temperature
gradienf. Depending on the desired temperature gradient, a separate source of
cooler gas may be unnecessary thereby allowing the use of ambient gas.

20 Fig. 12 illustrates a further manner of generating the desired

temperature gradient. In this embodiment, the hot plate 530 is used to apply



15 the workpiece 490 fromthe opposite side, as illustrated by arrows 525.
Preferably, heat is applied to or generated at the side of the vvork}oi ece
490 proxi mewe 99MesiBower portions of the mcrostructure 505, &SdYE%02ved
fromthe workpi ece at the upper surface of the copper film510. This
creates a tenperature gradient through the cross-section of the workpiece
490. This 20 tenperature gradient is iIIus_t;{Pajt ed by tenperature
designations Tl through T5, where: T1 > T2 > 13 > T4 > T5. The tenperature
gradi ent through the copper WO 99/ 40615

PCT/ US99/ 02504 ; - frlm510 us t IRS radient th F oV de
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This stress gradient is due to the fact that the thernmal expansion of the

copper filmis senondsidernfdheyorkpieest430ier hoatminkedibat|for example.amay bg) t he

overlying filmat |ower tenperature. 5 One factor that may be used

to control the ga@si bydeoatroliedpiewadfivoelagt,adiitodraaal BEarrbwe Su6r Khe ece s

the tenperature ranp rate that is used to apply the heat. H gher nagnitude

ranp rates wll | t ’?’Qé@t ! rly at the

end of the rarrp.t&ﬁ#é&lﬁérgrp?g?eingﬁ{ag b?quag{srta fr‘%{{g&g?n gsﬁy S&g#&{n‘%gh ?n whi ch

the ranp rate of Fig. 9 is greater than the ranp rate of 10 Fig. 10.

Figs. 11- 15l FW&%W&CWHBYYSOfﬁé%F@ﬁ@tOf heating a surface of the

wor kpi ece 490 to create the desired tenperature gradient. In Fig. 11, the
Radiant heating of the workpiece 490 using, for example, ultra-violet

light is illustrated in Fig. 13. As shown, a source of ultra-violet light 550 is
disposed above the workpiece 490 and radiates ultra-violent light energy, as
shown at arrows 560 to generate heat at a first side of the workpiece. Heat may

10 be removed from the second side of the workpiece 490 by any one of a variety
of the apparatus. In the illustrated embodiment, heat is removed from the
second side of the workpiece 490 by the heat sink 540 that is cooled by a
controlled flow of coolant. A similar configuration is illustrated in Fig. 14
where the first side of the workpiece 490 is heated by 2 heating element 565.

15 A high-precision apparatus for generating the desired temperature
gradient is illustrated in Fig. 15. In this embodiment, a laser 570 is connected
for two-dimensional movement to a laser position drive mechanism 575.
Control of the position of the laser 570 by the drive mechanism 575 is effected
by a programmable control system 580.

20 The laser 570 is disposed to direct laser light toward a first side of the

workpiece 490 to generate heat at the first side. The laser 570 may be



wor kpi ece 490 is disposed on a hot plate 530 to heat a first side of the
wor kpi ece. Heat is renoved fromthe opposite side of the workpiece 490 by

15 directing a f]low of a cooler gas, illustrated by arrows t he
wor kpi ece. Wﬁg”l"@ erature difference between the hot plate 5§§§g%85/?%§4 -

cool er gas 535, as well as the flowrate of the gas, can be used to control
the tenperature gradi ent. Depending on the desired tenperature gradient, a
separate source of cooler gas may be unnecessd&ly- t hereby all owi ng the use
of anbi ent gas. 20 Fig. 12 illustrates a further manner of
generating the desired tenperature gradient. In this enbodi nent, the hot

plate 530 is usefnhmidPR!positionPdBAngAelmnealing process to selectively heat
PCT/ US99/ 02504 - "30 - héat to the first side of the workpiece 490. However,

540 that 1 or exeiFeT ey PRECRF e i ick iy PRCPRIRRR bRt ol TR

il lustrated by arrows 545. The tenperature gradi ent. may be controlled, for
exanpl e, by regupseripesitionelaser llgléﬁ%@ﬂamraédgﬂﬂe fyigiion usedhior @agpealing thiradi ant
heati ng of the workpiece 490 using, for exanple, ultra-violet light is

il lustrated in Firgdetdininéd psitions of shesfitst gRieahayubé rfor ekahpie, tdt®yta &oei s

di sposed above the workpi ece 490 and radi ates ultra-violent |ight energy,
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one of a variet yat the first side of the workpiece to effect temperature feedback control of the
annealing process, as illustrated at line 585.
Heat is removed at the second side of the workpiece 490 by the heat sink
540. Accurate control of the temperature of the heat sink 540 and, thus, the
10 temperature gradient, may be effected by accurately controlling the temperature
and flow rate of the coolant. In thq illustrated embodiment, the flow of coolant
is regulated by a ﬂov;/ regulator 590 that is under the control of the control
cystem 580. Higher coolant flow rates through the heat sink 540 typically result
* in larger temperature gradients while lower coolant flow rates typically result in
15  smaller temperature gradients. As such, programming within the control
system 580 may actuate the flow regulator 590 to limit coolant flow when the
temperature gradient, or a measured parameter related thereto, exceeds a
predetérmined recipe value and to increase coolant flow when the temperature
gradient, or a measured parameter related thereto, falls below a predetermined

20  recipe value. Flow regulation may also be obtained by replacing flow regulator

590 with a pump mechanism.



of the apparatus. In the illustrated enbodi nent, heat is renoved fromthe
second side of the workpiece 490 by the heat sink 540 that | a
control | ed WQ 84%#06#5 cool ant. A sinilar configuration is ill ust%f:g‘?}'g%s/g#a%l gr
14 where the first side of the workpiece 490 is heated by a heating el enent
565. 15 A hi gh-precision apparatus for generating the desired
tenperature gradient is illustrated in Fig. -B8%.-1n this enbodinent, a | aser
570 is connected for two-dinensional novenment to a |aser position drive
mechani sm 575. Control of the position of the laser 570 by the drive

mechani sm 575 is eff ;Bm ) ;se;?b for20

The | aser 570 is di Sggéggnﬁeg}@é@?q@ ser ?F%ﬁ?){gvﬁ%a |%§ét)csri de of the
wor kpi ece 490 to ge era&le helat ﬂt thlg: first side. The |aser !'%gg may, be

WD 99/ 40615 controliing the coolant flow. For example, a temperature sensor may be

PCT/ US99/ 02504 - 31 - dynamically positioned during the annealing grocess

to sel ectivel y tsedito preasiredhertamntrpuore ¢fthe codlanthas it exisy theihgat fink 54
predeterm ned periods of tine. The |aser position, laser light intensity,

and tine duratipre bg@dt 6Othe IAFEhiuRE deRSorB950ak P bEapFIEkdR 4d MPat ©f the he
first side may be, for exanple, set by a recipe 5 that is entered by the
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process, as illustrated at |ine 585. Heat is renoved at the second side of
t he wor kpi ece 44dematively, e additiga, a temperature sensor 600 may be used to measure

the temperature of the coolant as it enters the heat sink 540. In instances in
which both temperature sensors 595 and 600 are utilized, the control system
580 may use the ‘temperature difference between the entering and exiting
10 * coolant to calculate the amount of heat extracted at the second side of the
workpiece 490. This calculated heat value, in turn, may be used to control the
laser light intensity and coolant flow rate according to a user programmed
recipe, a multi-variable system model, recipe/model combinations, etc.
One or more of the foregoing heating systems may be integrated with a
15  wet-chemical processing tool that is capable of electrochemical deposition of
copper. Once such processing tool is the LT-210™ electroplating apparatus
available from Semitool, Inc., of Kalispell, Montana. Figs. 16 and 17 illustrate
such integration.
The system of Fig. 16 includes a plurality of processing stations 610.
20  Preferably, these processing stations include one or more rinsing/drying stations

and one or more electroplating stations, although further wet-chemical



540. Accurate control of the tenperature of the heat sink 540 and, thus,
the 10 tenperature gradient, may be effected by accurately controlling the
tenperatureyand flaw rate of the coolant. In the illustrated gmIg8doiRE
the flow of "COOI ARt is regul ated by a flow regulator 590 that i1s under the
control of the control system 580. Hi gher coolant flow rates through the
heat sink 540 typically result in larger tenperature gradients while | ower
coolant flow rates typically result in 15 sddl-l er tenperature gradients.
As such, programmng within the control system 580 rmay actuate the fl ow
regulator 590 to Iimt coolant flow when the tenperature gradient, or a
measur ed par ametgrocdseingtseddiont afagtalso exaapldged Thedgdienmisogstefeeshlpénoladage
and to increase coolant flow when the tenperature gradi ent, or a neasured

pe et ) o TPl Rl s, BCELeG Pk Mol B,

Fl ow regul ati on may a alned by replacing

punp nmechani sm WO 99/ 40615 . . .

PCT/ US99/ 02504 -Prggess ogysach workpiece o The anpepling, procgss may begreqyted jnagsingle,
basis for controlling the coolant flow For exanple, a tenperature sensor -
595 may be used wafenenback prénessingrfashionurEheoworkipicces atemanséegradt betweersthehe
heat sink 540. The output of the tenperatures sensor 595 nay be applied as

an input to tse &ocesefz\,gtsmion%w@ﬂaaﬁomﬁ@am{ fediort O @the bhOB g Adbotic

cool ant tenperature. ernatively, or in addition, a tenperature sensor

600 may be used gr%lsné%stﬁgteare disposed for linear movement along a central track 625.

Fig. 17 illustrates a further manner in which an annealing station 630
may be integrated in a wet-chemical processing tool set. Unlike the
embodiment of Fig. 16, this embodiment employs a separate heating unit 635

10  that is serviced by a dedicated robotic mechanism 640. The dedicated robotic
mechanism 640 accepts workpieces that are transferred to it by the robotic
mechanisms 620. Transfer may take place through an intermediate staging
door/area 645. As such, it becomes possible to hygienically separate the
annealing station 630 from other portions of the tool set. Additionally, the

15 illustrated annealing station may be implemented as a separate module that is
attached to upgrade an existing tool set.

Numerous modifications may be made to the foregoing system without
departiﬁg from the basic teachings thereof. Although the present invention has
been described in substantjal detail with reference to one or more specific

20 embodiments, those of skill in the art will recognize that changes may be made

thereto without departing from the scope and spirit of the invention. -



the tenperature of the coolant as it enters the heat sink 540. In instances
in which both tenperature sensors 595 and 600 are utilized, I
syst em 580 YRP9(#8¥5t he tenperature difference between the entpg:reriﬂﬁsg%%%“
exiting 10 coolant to calculate the anount of heat extracted at the
second side of the workpiece 490. This cal cul ated heat value, in turn, may
be used to control the laser light intensity.spd cool antim,’ mlmu"”””"’
according to a user programmed recipe, a nmulti-variable Lt

reci pe/ nodel conbinations, etc. One or nore of the foregoing heating® *
systems may be integrated with a 15  wet-¢Regiggl processing tool that is
capabl e of el ectrochem cal deposition of copper. Once such processing tool
is the LT-210[err] electroplating apparatus available from Sem tool, Inc.,
of Kalispell, Montana. Figs. 16 and 17 illustrate such integration. The
systemof Fig. 16 includes a plurality of processing stations 610. 20
Preferably, thede prdtaethadgos fillingresessed micke-ssrusnes atoy surfacasif ag/ dryi ng
stations and one or nore electroplating stations, although further

wet - chemi cal WO 9%ed@huctor workpiece with copper metallization comprising%he steps
PCT/ US99/ 02504 - 33 - processing stations may al so be enpl oyed. The system
al so prefera?ly i ncl uoq,,es an anneal ing station, such as at 615, for
executing a Fowtenperature annealing process on each workpi ece. The

anneal i ng process IT&% be executed. in a single- wafer or batch processing
fashi on. The wordeppuldRga sPRPer 1ayes inp thymigpwiagturesewith a process generating

copper grains that are sufficiently small so as to substantially fill the
recessed microstructures;
subjecting the deposited copper to an annealing process at a temperature below

10 about 100 degrees Celsius.

2. A method as claimed in claim 1 wherein the copper is deposited using an

electroplating process.

15 3. A method as claimed in claim 1 wherein an electroplating waveform is

used, at least in part, to ensure sufficiently small copper grain size.

4. A method as claimed in claim 1 wherein an electroplating solution
additive is used, at least in part, to ensure sufficiently small copper grain

20 size.
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5 processing stations 610 and the annealing station 615 using one or nore
robotic arns 620 that are di sposed for M enent along a central

track 625. 17 illustrates a m‘ nvvhich an a&Tn[e}Qg
station 630”93 4945 nt egrated.i n *processi ng t oo gn)gﬁ’nl i ke

t he enbodi nent of Fig. 16, this eri’bo |rrent enpl oys a separate heating unit
635 10 that is serviced by a dedicated robotic nmechani sm 640. The

dedi cated robotic nmechani sm 640 accepts wor kydsces that are transferred to
it by the robotic nechanisns 620. Transfer may take place through an

i nternedi ate stagi ng door/area 645. As such, it becones possible to

hygi eni cal |y separat ? &Eﬁoé%@%ﬁa‘u‘n@@u?&l@hh%vﬁé@nﬂh@rihﬁéﬂ ?;ﬁ@éésk%éarﬁ@dt he
tool set. Additl onal the 15 illustrated annealing station may be

i npl enented as a separ ate at attached to upgrade an existing
tool set. Numerous mBHi{ agg??rgngowgymggaﬂﬁﬁe to the foregoing system

w t hout departing fromthe basic teachings thereof. Al though the present

i nvention has been described in substantial detail with reference to one or

nore specific 20  enbodiments, those of skill in the art will recognize
that changes nag, be nmdgethdieay élainvedt iMaldindepaickdinghd sro@alifepfoese an dsprit
of the invention -34- CLAIMS 1. A nmethod for filling recessed

mi cro-structyres 2t BoBEAC Suibotig SROWRARHUES 8 a USHIHeR S6mBliatlrt QPRREac

metal conprising t

in which the temperature decreases along a cross-section of the
workpiece in a direction that is opposite to the direction of formation of

the copper during its deposition.

10
7. A method for filling recessed micro-structures at a surface of a
semiconductor workpiece with metallization comprising the steps of:
depositing a metal layer into the micro-structures with a process generating
copper grains that are sufficiently small so as to substantially fill the
15 recessed microstructures;
subjecting the deposited metal to an annealing process at a temperature below

about 100 degrees Celsius.

8. A method as claimed in claim 7 wherein the metal is deposited using an

20 electroplating process.
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depositing copper into the recess T ] - yctures using an

el ectropl atjng. process that genergtymawgi“}‘ ;lut that are kol ly
smal |l so as%g”z‘ﬁ“?‘éw substantial fidTfelg, M” ﬁ* essed mi crﬁ@%%@?ﬁ“esf
subj ecting the sem conductor workpiece with the el ectropl ated copper to an
el evated tenperature annealing process at a tenperature bel ow about 100
degrees Celsius for atime period that is suffgcient to | ower the sheet
resi stance of the el ectroplated copper bel ow a predeterm ned sheet
resistance value. 2.  [Cancel ed] 3. A method as clainmed in claim 1
wherein an el ectg opl aj if@hypyeiined i dERMT whkrdias blebRoplafihg waleRpause the
sufficiently small copper grain size generation within the recessed

m cro-structures. 4. A net hod a | ai med in.claim rei.n_an

el ctropl ati ng. sl ut i BAREdR JerRd G Tptitigul MormbRPeiR sflur o « ne
sufficiently small copper grain size generation within the recessed

m cro-structures. 5. [ Cancel ed] 6. A nethod as clainmed in claiml
wherein the anneal ing process conprises subjecting the workpiece to a
control | ed tenpertat ur & rgethod aselaimmednini aidint hevhiessip an aleotroplating $Slutibmcr eases
along a cross-section of the workpiece in a direction that is opposite to
the direction of formadie Rhustdi% KABPRIpatklib Bikuirt SufERARY ShRll mdtal grair

met hod for filling recessed mcro-structwure ace

size.

11. A method as claimed in claim 7 wherein the annealing process is carried

out at ambient room temperature.

12. A method as claimed in claim 7 wherein the annealing process
comprises subjecting the workpiece to a controlled temperature gradient
in which the temperature decreases along a cross-section of the
workpiece in a direction that is opposite to the direction of formation of

15 the copper during its deposition.

13. A method for filling recessed micro-structures at a surface of a
semiconductor workpiece with copper metallization comprising the steps
of:

20  providing a2 semiconductor workpiece with a feature that is to be connected

with copper metallization;
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sem conduct or wor kpi ece with copper netal conprising the steps of:
depositing copper netal into the r ctures usi ng an

el ectropl atin ess that generaﬁiﬂﬂiﬁﬂﬂ!‘ﬂ%ﬂﬂﬂm that are ly
smal |l so as™ 939}) gt antially fill the reecessed m cro- structurIZ%LMJE&’Jtl)(ﬁgﬁ4 ng
t he sem conduct or wor kpi ece and the el ectropl ated copper to an el evated

t enperature anneal ing process at a tenperature bel ow about 250 degrees

Cel sius for atine period that is sufficient-8p-lower the sheet resistance
of the electroplated copper bel ow a predeterm nd sheet resistance val ue. 8.
[ Cancel ed] 9. A method as clainmed in claim7 wherein an el ectropl ating

wavef ormis usedyppiing @efehsti cheRBlkctric Qayh DvELa SilffAdComt ls¥midmtiicteppper
grain size genera i'on"within the recessed mcro-structures. 10. A et hod

as claimed in clai m Oﬁﬁﬁ%&’e I{%lmﬁh%%&g 4 ating solution additive is used,
e's

at least in part, I Cl en y small netal grain size
generation within the recessed mcro-structures. Cancel ed] 12 A
met hod as cl ai meRFOVIding EACASSEd HYFEPSHHCIURRS iB|the at ’@él“t@ﬁﬁ&?la‘ﬂﬂﬁéa)@ﬁneal ing
process conprises subjecting the workpiece to a controlled tenperature

-36- gradi ent i npreparidp 4 berficerngfahetworkpieccine ity tleadgessed nuisso-siewtiren of
the workpiece in a direction that is opposite to the direction of formation

of the coppeg during Jilisa d&R0a}Er P subsequent electrochemical copper deposition;
electrochemically depositing a copper layer to the surface of the workpiece to
substantially fill the recessed micro-structures;
allowing the electrochemically deposited copper layer to self-anneal for a
predetermined period of time at ambient room temperature;
10  removing copper metallization from the surface of the workpiece except from
the recessed microstructures, said removing step occurring after the

predetermined period of time has elapsed.

14. A method as claimed in claim 13 wherein the predetermined period is
15 greater than about 20 hours.
15. A method as claimed in claim 13 wherein the step of preparing a

surface of the workpiece comprises:
applying at least one barrier layer over the dielectric layer; and

20  applying a seed layer over the barrier layer.
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13. A nmethod as clainmed in Aaim7, further conprising the steps of:

provi di ng a_sem duct or wor kpi m i f that is to e t ed
W th copperW é‘i‘ﬁﬁ%igzati on; appl yie' llytmmlmﬁt”ﬂ!”m ielectric & @ngp\?@s&a -
surface of the sem conductor workpi ece i'ncludind the feature; providing
recessed mcrostructures in the at | east one dielectric |layer; and
preparing a surface of the workpiece includinggthe recessed m crostructures

with a seed | ayer for subsequent el ectrochem cal copper deposition prior to
the step of depositing copper netal, and after subjecting the sem conductor

to the el evatedjgenpesahethed adBiaahéd th QLRF €S WheF SRR ﬁg;% BPﬁ@ﬂ%ing the seed
netallization fromthe surface of the workpiece except Tromthe recessed

m crostructures, said renoyi te ccurrin fter the edet er mi ned
period of time has e?ae‘/ﬁgésdé.{e@%.dsu[ycgﬁéﬂé}n&fﬁes  1aYCT IS %g%e’g’&ﬁ\'aﬁoﬁed in
claim 13 wherein the step of preparing a surface of the workpiece

conpri ses: applyi ng S€Pesitian posessbarrier |ayer over the dielectric |ayer;

and applying a seed | ayer over the barrier |ayer. 16. [ Cancel ed] 17.
[ Cancel ed] 18. [ Cancel ed]

5 17. A method as claimed in claim 15 wherein the step of applying the seed
layer is defined by applying the seed layer using a physical vapor

deposition process.

18. A method as claimed in claim 13 wherein the step of preparing a surface
10 of the workpiece comprises:
applying at least one adhesion layer over the dielectric layer; and

applying a seed layer over the adhesion layer.

15 19. A method as claimed in claim 13 wherein the step of removing the
copper metallization is defined by removing the copper metallization

using a chemical mechanical polish technique.

20
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19. A method as clainmed in claim13 wherein the step of renoving the

copper netallization is defined bi"{mﬂ” pper netallization using
a chem cal q% Gg\%al polish tech ,ﬁm ]mﬂgﬂi’cel ed] 21. pc-f,g@})ﬁﬁg(ﬁd]
22. [Canc f)‘ [ Cancel ed] 24. ¢ [ Cancel ed] 26. "A
met hod for filling recessed mcro- structures at a surface of a

sem conduct or wor kpi ece with copper netallization conprising the steps of:
provi ding a seni conductor workpiece with a fe3%ure that is to be connected
wi th copper netallization; applying at |east one dielectric |layer over a
surface of the sem conductor workpiece including the feature; providing one
or nore recesse@Onm crdnsthadconfidldng rectdsed atictoestaicnoeearh elrérderofa | ayer that
open to the feature; REPLACEMENT SHEET -38- preparing a surface of the

wor kpi ece, 1 ncl udi ng Lol &driffiedsGick eggﬁ% (SRSl L the k" 2
yer for subsequent e ectrochem ca er deposit
of:
providing a semiconductor workpiece with a feature that is to be connected
5 with copper metallization;
applying at least one dielectric layer over a surface of the semiconductor
workpiece including the feature;
providing recessed micro-structures in the at least one dielectric layer;
preparing a surface of the workpiece including the recessed micro-structures
10 with a seed layer for subsequent electrochemical copper deposition;
electrochemically depositing a copper layer to the surface of the workpiece to
substantially fill the recessed micro-structures;
removing copper metallization from the surface of the workpiece except from
the recessed micro-structures;
15 allowing the electrochemically deposited copper layer to self-anneal at ambient

room temperature without subjecting the workpiece to a separate and

distinct elevated temperature annealing process.

21. A method as claimed in claim 20 wherein the step of preparing a surface
20 of the workpiece comprises:

applying at least one adhesion layer over the dielectric layer; and
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el ectrochem cal ly depositing a copper layer to the surface of the workpiece
to substanti il JIBr O- structures; subjecty

el ect rochem(gédl%ﬁgdepuumgﬂnmﬂﬁﬂﬂ ”Ir[wer to an anneal i ng pro%gglgggbt%zgm

t enperat ure bel ow about 250 ‘dedreés Celsius for a tine period that is
sufficient to | ower the sheet resistance of the el ectrochem cally deposited
copper bel ow a predeterm ned sheet resistaned0val ue. 27. A net hod as
claimed in claim26 wherein the step of preparing a surface of the

wor kpi ece conprises: applying at | east one adhesion | ayer over the

diel ectric | ayeipplydigla 3s4d Myergoversheddheadioariapser the adhesion layer. 28.

A nethod as clainmed I1n claim?26 wherein the step of preparing a surface of
t he wor kpi ece conprises: applying at | east one barrier |ayer over the
dielectric layer; and applying a seed | ayer over the barrier layer. 29. A
met hod as clained in clajm?28 wherein the step 0 | ying the seed | ayer

f
is defined by 2plyifhdnathed axdlaimedyia claigy J{hw e@%m%ggqp QP epariig;? 841acsn

process. 30. A nmethod as clainmed in claim28 wherein the step of applying
t he seed | ayer is dedfahes/ookpieqpdoppriges:he seed | ayer using a physical vapor
deposition process. 31. [Cancel ed] -39- 32. A method as clained in

claim 26 whaer ehphiifis ANWSEOAKhrBELTRESover the dielectric layer; and

applying a seed layer over the barrier layer.

23. A method as claimed in claim 22 wherein the step of applying the seed
layer is defined by applying the seed layer using a chemical vapor

10 deposition process.

24. A method as claimed in claim 22 wherein the step of applying the seed
layer is defined by applying the seed layer using a physical vapor
deposition process.

15

25. A method as claimed in claim 20 wherein the step of removing the

copper metallization is defined by removing the copper metallization

using a chemical mechanical polish technique.
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conprises subjecting the workpiece to a controlled tenperature gradient in
whi ch the tenperature increases al n of the workpiece in a
direction t\Mat99/u(1615)pp03| te to the mmm ,ﬂ“m]mfgmgtl on of tHE/BBPHRE4
during its deposition. . met tod<for f¥lls ng recessed

m cro-structures at a surface of a sem conduct or workpi ece with copper
nmetal conprising the steps of: providing a sepj conductor workpiece with a
feature that is to be electrically connected‘@fh copper netallization;
applying at least one |owK dielectric layer over a surface of the

sem conduct or wor kpi ece i ncl ud| ng the feature; providing at Ieast one
recessed micro- %@rucﬁuméthioﬁ fonEling Tesessed BHEror $HoRITgs al 2 8UKface ofdyer -
preparing a surface of the workpiece, including surfaces of the recessed

m cro-structures, W sémiosécwxor wyrkpidcerwish boppen emdtaltiogtper comEdding fHeastepsg;
el ectroplating a copper |layer onto the workpiece to substantially fill the
recessed m cro-structygres; subjecting the electrochem cally deposited
copper layer to an el evat ed t enper at ure anneal | ng process at a tenperature.

L 11 L N B L

el ectropl ated copper below a predeterm ned sheet resistance vaI ue. 34. A
met hod as cl&i ned i nwithatoppeRmgtadlizationt he anneal i ng process conpri ses
subj ecting the workpiece to a controlled tenperature gradient in which the

applying at least one dielectric layer over a surface of the semiconductor
workpiece including the feature;

providing recessed micro-structures in the at least one dielectric layer;

preparing a surface of the workpiece, including the recessed micro-structures,

10 with a seed layer for subsequent electrochemical copper deposition;

electrochemically depositing a copper layer to the surface of the workpiece to
substantially fill the recessed micro-structures;

subjecting the electrochemically deposited copper layer to an annealing process

at a temperature below about 100 degrees Celsius.

15
27. A method as claimed in claim 26 wherein the step of preparing a surface
of the workpiece comprises:
applying at least one adhesion layer over the dielectric layer; and
applying a seed layer over the adhesion layer.
20
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-40- tenperature increases along a cross-section of the workpiece in a

direction that is opposite to the, di i mati on of the copper
during itsveepudicis on. 35. A mt\mﬂraﬂ@mﬁ%gmn cl ai m 33PGHEFE }R5¥he -
el evated tenperature annealing pr c S plsace at a tenperature
corresponding to a baking tenperature of the |lowK dielectric. 36.

[ Cancel ed] 37. [ Cancel ed] 38. [ Cancel ed] 45;9. [ Cancel ed] 40. A

met hod for reducing voids in electroplated copper that has been deposited
into recessed mcro-structures of a m croel ectronic workpi ece conpri sing

the step of subjecting the workpiece ta elevated te rature anneal i ng
brocesei i whi chs heABsan BoHAPelRsaur Sy Shetedh il uih Bepentin bptiae
gradient in which the tenperature increases along a cross-section of the

wor kpi ece in a direcof tha warkpietescaspprassbt e to the direction of the formation
of the el ectroplated copper. 41. An apparatus for use in applying

netal | ization i RpplgaRSAeehstibid Batiet Giydf 6¥erQhe dielicei®Rlyestanani ¢ wor kpi ece
conprising: at |easSt one electroplating station for depositing a netal into

?le_ east the r egp%%%gg arlje&{ ﬁ%rr Lb%}’{h%%aﬂfiertlgferm croel ectroni ¢ wor kpi ece;
29. A method as claimed in claim 28 wherein the step of applying the seed
layer is defined by applying the seed layer using a chemical vapor

deposition process.

10 30. A method as claimed in claim 28 wherein the step of applying the seed
layer is defined by applying the seed layer using a physical vapor

deposition process.

31. A method as claimed in claim 26 wherein the step of removing the
15 copper metallization is defined by removing the copper metallization

using a chemical mechanical polish technique.

32. A method as claimed in claim 26 wherein the annealing process
comprises subjecting the workpiece to a controlled temperature gradient

20 in which the temperature decreases along a cross-section of the
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at | east one-annealing station for sybjecting the m croel ectronic workpiece
I ncl udi ng the el ectropl ated net al totlwmm/ﬂuﬂm al i ng tegﬁerat ure that
is at or bavoep/lsdtit 250 degrees Cel v e ﬂﬂmystem cSHTEEPYY -
control the annealing station so that the el edtrdplated metal is anneal ed
for a tinme period sufficient to | ower the sheet resistance thereof below a
predet er m ned magni tude. 42. An apparatus ag, set forth in claim4l

wherein the at | east one deposition station el'ectrolytically deposits the
conductive material and wherein the conductive material conprises copper.

43. An apparatus as set. forth.in claim4l and further conprising,.a
roboti c workpi ece har‘i‘mrﬁﬂﬁc%l}ls? gﬁ?qt@patb?}tdﬁgpgqstxtieﬁa 'gltr%cglloé‘cﬂfr %mr%non of
wor kpi eces to and fromthe at |east one deposition station and to or from
the | east one anneal itheycaeppsr dening 8 deposfipnappar at us as set forth in claim
42 wherein the workpi ece handling system conprises: a first robot arm

di sposed to transfer the m croel ectronic workpieces to and fromthe at

| east one deposition station; a second robot arm di sposed to transfer the

m croel ectronic r kpd t Al | leng station.
35, A appar afis. ad LEge By Fifhd SALR B iRkt BRRERG St e
controls at |east one anpnealing station to subject the workpiece to a
t enper at ure Jradi ent SPIGRAARIIOT werkpicrseyith corper metallizytiongogiyising the steps
cross-section of the workpiece in a direction that is

of: :

providing a semiconductor workpiece with a feature that is to be connected
with copper metallization;
applying at least one low-K dielectric layer over a surface of the semiconductor
10 workpiece including the feature;
providing recessed micro-structures in the at least one low-K dielectric layer;
preparing a surface of the workpiece, including the recessed micro-structures,
with a seed layer for subsequent electrochemical copper deposition;
electrochemically depositing a copper layer to the surface of the workpiece to
15 substantially fill the recessed micro-structures;
subjecting the electrochemically deposited copper layer to an annealing process
at a temperature below which the low-K dielectric layer substantially

degrades.

20 34, A method as claimed in claim 33 wherein the annealing process

comprises subjecting the workpiece to a controlled temperature gradient
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-42- opposite to the direction in m rn r is formed recessed
m cro-structures at the at | east ml gyima@igmp station.
appar atus X0 4%} vrth in claim 4i *wLer M east one gﬁ%’eua ?'ﬁ%m
station is controlled to subject the workpiece to a tenperature gradient in
whi ch the tenperature increases along a cross-section of the workpiece in a
direction that is opposite to the direction-igg which the netal is fornmed at
the at | east one electroplating station. 47. An apparatus as set forth in
claim4l wherein the at | east one annealing station conprises: a heat

gener ator proximat e ﬁ‘.&ﬁi"cgh}ééeﬂﬁ)epafmxfefh%gm%%%ﬁ&gfgfc?cisgﬁé&%&nﬂ?f the! st si de of

t he workpi ece; and a flui | ow'system directin ow of cooling fluid at -

a second side of the r kpi ece, ..opposite.the first side, .to thereb
generate a tenperat uY’\é\ﬁﬁ’i‘%ﬂi”é ﬁtdlﬁgﬁ%gﬁt thePRasEE fo Q’r‘?dg’é%ﬁl%é]% sfgffgéa/%’f % he

wor kpi ece. 48. An apparatus as set forth in claim47 wherein the fluid
fl ow system di rect s thecoppérrdpriggsitsadaposisionhe second surface of the
wor kpi ece. 49. An apparatus as set forth in claim47 wherein the fluid

fl ow system conprises: a cooling nmenber proxi mte a second side of the

m croel ectroni c workpi ece for cooling the second side of the workpiece; and
at | east ong channel associated with the cooling nenber for directing a

fl ow of cool"ing gas therethrough to cool the cooling nmenber.

35. A method as claimed in claim 33 wherein the annealing step takes place
at a temperature corresponding to a baking temperature of the low-K

dielectric.

10 36. A method for reducing voids in a metal material that has been
electrolytically deposited into recessed micro-structures of a
microelectronic workpiece comprising the step of subjecting the
workpiece to an annealing process at a temperature that is at or below

about 250 degrees Celsius.

15
37. A method as set forth in claim 36 wherein the metal material comprises
copper.
38. A method as set forth in claim 36 wherein the annealing process
20 comprises subjecting the workpiece to a controlled temperature gradient

in which the temperature decreases along a cross-section of the
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43 50. - An apparatus as set forth ”ym ' rein the heat generator
Is selected fromthe group consisti FMIPMHM]@#@ contacting the first
si de of thewpisssembectroni c workpi ece, &n ultra ot radi at iP&T/E9a0eW4 -
di sposed to direct ultraviolet radiation toward the first side of the

m croel ectroni c workpi ece, a radiative heat source disposed at the first
side of the mcroelectronic workpiece, and a Jaser source disposed to
selectively direct laser radiation at selectiVve portions of the first side
of the mcroel ectronic workpi ece. 51. [ Cancel ] 52. [ Cancel ] 53.
(Cancel ] 54. [Cancel | ed] 55. .. An. apparatus . for_use iLn bricating
nmetal lization in r&%ggéﬁe MG%F?%B@F S ORpPsite iy e gérf:%t&‘?’} Béﬁ.er%]'q{‘pi ece
conprising: at |east one electrochem cal deposition station for depositing
a metal into at | eastoftieemeet awtesial diingits depasitianes of the microel ectronic
wor kpi ece; at | east one annealing station for subjecting the

m cr oel ectroni ¢ workpi ece i ncluding the deposited netal to an annealing
process in which the workpiece is subject to a controlled tenperature

Pner eases al ong b or obangndl AONERbed T Bk 47 vulelh, bSehEIRE BRUS. |

opposite to the direction of the formation of the deposited netal material.
56. [ Cancefl ed] REPCRPESE\Fubippting the workpiece to a controlled temperature gradient

in which the temperature decreases along a cross-section of the
workpiece in a direction that is opposite to the direction of the

formation of the deposited metal material.

10 40. A method for reducing voids in a metal material that has been
electrolytically deposited into recessed micro-structures of a
microelectronic workpiece comprising the step of subjecting the
workpiece to an annealing process in which the workpiece is subject to
a controlled temperature gradient in which the temperature decreases

15 along a cross-section of the workpiece in a direction that is opposite to

the direction of the formation of the deposited metal material.

41.  An apparatus for use in applying metallization in recessed micro-
structures of a microelectronic workpiece comprising:
20  at Jeast one deposition station for depositing a conductive material into at least

the recessed micro-structures of the microelectronic workpiece;

Thi

|
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wher ei n t he WOMHIIS ve material co
forth in claim55 and further conprising a robdtit wor kpi ece handl i ng
system for transferring mcroelectronic workpieces to and fromthe at |east
one deposition station and to or fromthe | eagt _one annealing station. 59.
An apparatus as set forth in claim58 wherein the workpi ece handling system
conprises: a first robot arm di sposed to transfer the m croel ectroni C

wor kpi eces to ang . obot
arm di sposed to ?trlg%sg?h : g‘ﬁ?]e%lﬁé g?@é gttgzlrterS %8&%\%&%&1 12%:0?8& mcﬁ\géﬁg e at
| east one anneal ing station, apparatus as set forth in clai m 55
wherein the at |east a@r?@naﬂﬁgépmeragqrs *Bﬁs aoprslawaboyt Zntdeggensdrelsins.
proximate a first side of the workpiece to heat the first side of the

wor kpi ece; and a fluid flow systemdirecting a flow of cooling fluid at a
second side of the workpiece, opposite the first side, to thereby generate

a tenperature gradi eniy DEEURERN 4Net fdrfhsltn A4lth f\ﬁ%@kaﬁ hﬂ:ecﬁ IQJst Bﬁ‘@d sliRinece.
ereint fl

-44- 57. An apparatus as set for cl aim 55 wherein the at | east one
deposition station electrolyticall fﬂ umm,m Imnduct ive material and
An apPal/HBti2aY set

61. An apparatus as set forth in claim 55 system
5 station electrolytically deposits the conductive material and wherein the
conductive material comprises copper.
43. An apparatus as set forth in claim 41 and further comprising a robotic

workpiece handling system for transferring microelectronic workpieces
10 to and from the at least one deposition station and to or from the least

one annealing station.

44, An apparatus as set forth in claim 42 wherein the workpiece handling
system comprises:
15  afirst robot arm disposed to transfer the microelectronic workpieces to and
from the at least one deposition station;
a second robot arm disposed to transfer the microelectronic workpieces to and

from the at least one annealing station.

20 45, An apparatus as set forth in claim 41 wherein the at least one annealing

station operates to subject the workpiece to a controlled température
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directs a cooling gas across the second surface of the workpiece. - 45-
62. An appar atus as set forthin nthe fluid fl ow

syst em conpM&®&061F cool i ng nenber mmmui"@ d side of PERAIS99/02504

m croel ectroni c workpi ece for cooli ng e se@on e of the workpiece; and
at | east one channel associated with the cooling nmenber for directing a

fl ow of cooling gas therethrough to cool the_geoling nenber. 63. An

apparatus as set forth in claim 55 wherein the heat generator is selected
fromthe group consisting of a hot plate contacting the first side of the

I k d ' di
i reot ultraviof ot v araienedf G R e Sk Bl op80 A0k £ e B Get B

wor kpi ece, a radiative heat source disposed at the first side of the
ni croel ectroni ¢ wor kpy@kpiece g aglirestion thay is eppepitsfo shaidirectionl &rwhich the
direct laser radiation at selective portions of the first side of the

m croel ectroni ¢ wor kphetalematsial is fofrfieatethk ab%east ond &osiioh séion. [ Cancel |
67. An apparatus as set forth in claim 55 and further conprising a.
programuabl e control system connected to control the magnitude of the
tenperature gradient.

5 46 An apparatus as set forth in claim 42 wherein the at least one annealing
station operates to subject the workpiece to a controlled temperature
gradient in which the temperature decreases along a cross-section of the
workpiece in a direction that is opposite to the direction in which the
metal material is formed at the at least one deposition station.

10
47. An apparatus as set forth in claim 41 wherein the at least one annealing
station comprises:
& heated generator proximate a first side of the workpiece to heat the first side
of the workpiece; and
15  afluid flow system directing a flow of cooling fluid at a second side of the
workpiece, opposite the first side, to thereby generate a temperature

gradient between the first and second sides of the workpiece.

48. An apparatus as set forth in claim 47 wherein the fluid flow system

20 - directs a cooling gas across the second surface of the workpiece.
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68. An apparatus for use in applying netal to form netal

m cro-structures on a m croel ectronj ! rising: -46- at

| east one dWPE9MO616N station for dgummﬂlltmﬁﬁmﬂmponto t he PCT/US99/02504

m croel ectroni c workpi ece; at | east *oné annéal iSng*station for subjecting
the m croel ectronic workpi ece to an annealing tenperature that is at or

bel ow about 250 degrees Cel sius, the annealing station conprising a heat
generator proximate a first side of the workpiece to heat the first side of
t he workpi ece, and a fluid flow systemdirecting a flow of cooling fluid at

a second side of the rkpi ece, opposjte the first side, to_thereby
generate a tenpéPat ur H@P&Hﬁ@ﬁ@s B%tfﬂg Al Fﬁgnﬁ7r‘§lﬂer8‘f’i‘dg§ Suyhfowisyslsmor ¢ he

wor kpi ece. 69. An apparatus as set forth in claim68 wherein the fluid
fl ow system directs aompuobkésng gas across the second surface of the
wor kpi ece. 70. An apparatus as set forth in claim69 wherein the fluid

fl ow system conpf &t Aerfb&! ProGintBe® Sécond QideB¥ tBe ﬁlié%@ﬁeﬁ'oxﬁb%rﬁfnieé@e
m croel ectroni c workpiece for cooling the second side of the workpiece; and

at | east one channel 0G4 d.w the.cooling.nmemer for directing a

fl ow of cooing gas tﬁ@f‘g‘f‘ﬁﬂf‘gtﬁg SetCBBéc]E)lgF 0{&5’ ‘88‘3%,1??5’ er. 71. A et hod
for electroplati ng{ a metal onto a mcroel ectroni c workpiece conprising the
steps of: 5  at'least one channel associated with the cooling member for directing a flow

of cooling gas therethrough to cool the cooling member.

50. An apparatus as set forth in claim 47 wherein the heat generator
comprises a hot plate contacting the first side of the microelectronic

10 workpiece.

51. An apparatus as set forth in claim 47 wherein the heat generator
comprises an ultraviolet radiation source disposed to direct ultraviolet
radiation toward the first side of the microelectronic workpiece.

15

52. An apparatus as set forth in claim 47 wherein the heat generator

comprises radiative heat source disposed at the first side of the

microelectronic workpiece.
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subj ecting the mcroelectronic wo to alowcurrent initiation
process in which a first amunt o ,m‘& ”Lllﬁ“ |ectropl ated onto the

m cr oel ect WEn99406Ir kpi ece: transi -current ePEEYBHPE4 ng-
process in which a further anount of the rret al is dep05|ted onto the

m croel ectroni c workpi ece. -47- 72. A nethod as set forth in claim?71

wherein the mcroel ectronic workpiece conpriggs a plurality of recessed
m cro-structures and wherein the high current el ectroplating process is

used to provide a bulk-fill of the recessed mcro-structures. 73. A

met hod as set fQrth in claim erein the curr.en nitiation process
el ectropl at es ISEe rretAé’I p@@faﬁ‘ﬂf%?% qrélmnc&gwgﬁ#w%mg@eaé SR n{ err] . _
74. A nmethod as set forth in claim 71 wherein the low current initiation

process i s execut ed dompriseppdaher source cdispnsed susadectivelyedirers laser xagigtiomat as
set forth in claim71 wherein the predetermned tine period is

approxi mately 30 secedtive portions Af Nt st side sfthe mRictdeldctroaicaioikpiecsher ei n
the nethod further conprises subjecting the mcroelectronic workpiece to a
dwel | process prior to the low current initiation process in which the
m croel ectronic workpiece is in contact with an el ectropl ating solution
w t hout application of external ct rical, power. A et hod of
depositing & neYal | A\PeIPPIFATES %%?ﬁt o i £1aim ¢ rag @%rqoﬂm&mgﬁpom ting a
seed | ayer on a surface of the wafer;

programmable control system connected to control the magnitude of the

temperature gradient.

55. An apparatus for use fabricating metallization in recessed micro-
10 structures of a microelectronic workpiece comprising:
at least one deposition station for depositing a conductive material into at least
the recessed micro-structures of the microelectronic workpiece;
at least one annealing station for subjecting the microelectronic workpiece to
an annealing process in which the workpiece is subject to a controlled

15 temperature gradient.

56. An apparatus as claimed in claim 55 in which the temperature gradient
. is such that the temperature decreases along a cross-section of the
workpiece in a direction that is opposite to the direction of the

20 formation of the deposited metal material.
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imersing the wafer in an el ect ro” j ft ' ont ai ni ng netal ions;
bi asing-the wafer negatively with mﬂﬁm maumﬁfkl ectrol yti ; SO
as to creaO ¥ P8t ent flow at a f+r rent densi ?g%&%&éﬂ“ an

anode and the wafer to thereby deposit a plated |layer electrolytically on

the wafer: and -48- increasing the current flowto a second nom nal
current density greater than the first nomngh-current density after a
predeterm ned tine period has el apsed. 78. A nmethod as set forth in claim

77 wherein the method further conprises subjecting the mcroelectronic

wor kpi ece 10 asgwel 'Aﬁrapgé‘;%ﬁxswsise{ £rfh {GaihPY% GHEFER eidliléaisf‘ﬁhé’fi%ﬂgsﬁfbﬁss in

whi ch the nicroel ectron workpiece 1s in contact wmth an electr at1ng
rnal. el ectrj cal

sol ution without application of. ext ower, 79. A net hod
as set forth in claiSiA#8 %@P&tﬁaﬁﬁée%‘?sétﬁ%c%ﬁiﬂf‘ém ﬁa&r&ahéﬁw&iﬁ%@@ to an
el evated tenperature annealing process conprises placing the workpiece
proxi mat e a heat i ng cehduntive materialrdompriges beppeeat i ng el enent to a

predeterm ned tenperature using a high ranp rate. 80. An apparatus for use
in applying metal to formmetal mcro-structures on a mcroelectronic

wor kpi ece conprising: at |east one deposition station for depositing a
metal onto the g crogleebranlGuar kRIERCI,B! 55 532 ks BAREAIALO-BHAL | On
or subjectingthe m<cr ectronic workpiece 10 an anheal Fng tenperature

that is at or bel ow about 250 degrees Cel sius, the annealing i
workpiece handling system for transferring microelectronic workpieces

to and from the at least one deposition station and to or from the least

one annealing station.

10 59.  An apparatus as set forth in claim 58 wherein the workpiece handling
system comprises:
a first robot arm disposed to transfer the microelectronic workpieces to and
from the at least one deposition station;
a second robot arm disposed to transfer the microelectronic workpieces to and

15 ' from the at least one annealing station.

60. An apparatus as set forth in claim 55 wherein the at least one annealing
station comprises:
20  a heated generator proximate a first side of the workpiece to heat the first side

of the workpiece; and
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station conprising a heat generato roximate a first side of the workpiece

to heat the first side of the wor ﬂlﬁ H’Mim’mmmL sink at a second side
of the wor kpiosep6ispposi te the f| by gener at RCHUS99/02504
tenperature gradi ent between the fi rst ahd Becbnd sides of the wor kpi ece.

-51-

a fluid flow system directing a flow of cooling fluid at a second side of the
workpiece, opposite the first side, to thereby generate a temperature

gradient between the first and second sides of the workpiece.

5 61 An apparatus as set forth in claim 35 wherein the fluid flow system

directs a cooling gas across the second surface of the workpiece.

62. An apparatus as set forth in claim 55 wherein the fluid flow system
comprises:
10  a cooling member proximate a second side of the microelectronic workpiece
for cooling the second side o.f the workpiece ; and
at least one channel associated with the cooling member for directing a flow

of cooling gas therethrough to cool the cooling member.

15 63. An apparatus as set forth in claim 55 wherein the heat generator
comprises a hot plate contacting the first side of the microelectronic

workpiece.

64. An apparatus as set forth in claim 55 wherein the heat generator
20 comprises an ultraviolet radiation source disposed to direct ultraviolet

radiation toward the first side of the microelectronic workpiece.
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65. An apparatus as set forth in claim 55 wherein the heat generator
comprises radiative heat source disposed at the first side of the

microelectronic workpiece.

5
66. An apparatus as set forth in claim 55 wherein the heat generator
comprises a laser source disposed to selectively direct laser radiation at
selective portions of the first side of the microelectronic workpiece.

10 ° 67. An apparatus as set forth in claim 55 and further comprising a
programmable control system connected to control the magnitude of the
temperature gradient.

15
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