A"Seﬁ'conduct or Device Having A Second Level O Metallization Fornmed Over
A First Level Wth M ninmal Danage To The First Level And Method This
application clains the benefit of U S. Provisional Application No.

60/ 547, RNomichl riyary 25,2004, entitled A Sem conductor Device
Havi ng a é%nnﬁgﬁggeggggﬁgggéfégl|§§FPB Leyehiod Mytadlization Borhed €vel t h

M ni nal Danéﬁfst Ve VL BabPagmagenEe Abd, Firstfiievial Zop] Mhob@n i S her eby
i ncorporated herein by reference. TECHNI CAL FI ELD This invention rel ates

general ly to Shiviapplivdtie! QiR HIRORSSHING e.particul arl 0 _a net hod
of fornming a second | evel of netall ngt'?gﬂo‘gﬁé?ﬂg‘gﬂ]fc glpgﬁfg %@fﬁ‘i%ﬁ?%vel of

et al | filzébth Bebruash 24) 2000 kReq 32EBLE he first .level resulting from
openi ng a diel e%qt[ri c used toggatte?%&fﬁéﬁegg%%ﬁﬂng %gg%@déﬁm@%wm As is

vel | Kiemni-bionthaser ki in_t rt. a.continuing goal in manufacturing
and product i on gfﬁgds%‘%%g% uﬂéepglrwmﬂ?@@&@ﬁg%ﬁql 5t Levelfand diglamient s and

Ci I CUI S -4H38 ; current result of an increase in the nunber of .
circuits and/ or cilsr}%gﬁ%ymecf’?r?% LGB RY Hferengeansi st or s, capacitors, etc.,

on a single sem conductor device. This relentless and successf ul
reduction in size of the circuit elenents has al so required reduction in
the siZERNIGHeFIESBAJuctive |ines connecting devices and ci.rcuits. In the
past, alumi num was used as the netal interconnect |ines and silicon oxide

as the diele ke, However, newer manufacturing techni ques now favor
copper as the%?@lem?ogrm aﬁeﬁg@ﬁﬁmﬁ%mﬁm@@%ﬁdcwmgm nhompitioabesi al s

- (or ganj i nporgani c) are favored as the -
%Qn?e%d o?% 2 a second ?evel of metallization that contacts a first level of metallization

with minimal damage to the first level resulting from opening a dielectric used fo pattern the

second level,

“BACKGROUND

As 1s well known by those skilled in the art, a continuing goal in manufacturing and
production qf semiconductors is a reduction.in size of components and circuits with the
- concurrent result of an increase in the nun-1ber c;f cﬁcuits and/or circuit elements sﬁch as
fransistors, eapacitgrs, efc., ona single-ssmjconduc‘ggr device. This relentless -and‘ succes#ﬁﬂ |
reduction in size of the circuit elements has also Iﬁéuired réductiou in the size; of the conduétive

lines connecting devices and circuits.

In the past, aluminum was used as the metal interconnect lines and silicon oxide as:
the dielectric. However, newer manufacturing techniques now favor copper as the metal for
interconnect lines and various Jow K materials {organic and morgaﬁc) are favored as the
dielectric material. Not surprisingly, these material changes have required changes in the
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dielectric material. Not surprisingly, these material changes have
requi red changes in the 1 processing nethods. In particular, because of
the difficulty of etching copper without also causing unacceptabl e damage
to the copper and/or dielectric material, the technique of formng the
metal interconnect |ines has experienced significant changes. Nanely,
whereas al um num interconnects could be fornmed by depositing a | ayer of

al um fyeasand ni-he i.ng: toresis |t hography, and etching to | eave a
desired pattern g‘?'thlpggﬁcﬁ%fhblelcwg%?gfpﬁglfh‘f}}hﬁfé’#@ﬁn%ﬁo@ém@hout alst er connect

l'ine : I ly.fornmed.by a process now commonly referred to as a

Da mazcg gﬂgg h%ér%g Rl siéldaﬁhag%‘i]?ﬁ §EI?JH’?E ‘“ﬁf/ 6’:%%1@3‘1{1%%‘13%5@6 teelmiqeve faaiof

et chi simply,stated a trench, __canal or via is cut, etched or

ot he rt\f;lvlg]sné= ?a? glrteﬁ%(%e% hpﬁglaﬁ e Figniianeehangss aNamely, Witesns hiukdigg Wi t h

met al; &Lbe. cogﬁg{). The Damascene process has all owed even further

r educt T on 1 578 ddeanmpd by depesitingrmiarer df phvesmanahdt then BRgGhohakMeen

inter%ﬁnn%&% lines, Unfortunately, as the space between i nterconnecting

| i ned AR cskeding tp v p desited phitere of alpaiiuhaines, m@@rﬂlﬂﬁh%é@gg As stated
t

above, the change in materials and processing steps has resul in a new

set SPCRraRRAChiRgseraiypictiht foengbisy a frocese XowRbemoRS @R §9s aPd.gL e ng the

dielectric |ayer that supports and surrounds a via interconnecting an

uppePreiess shgAdmmetenb biacadsiiostmosyihs rdversd of SRk ahELAL] Aali a0, Level, and
then renoving the resist or hard mask by the tgflpi céﬁl.bwgg%gdna%en ocess

of t efaREoUVinss ¢u, dwrd belehakie BAMRLR thOulddyih OB AU . of the. copper of
the lower metallization at the point of the ?%?%%%ﬁﬁﬂg‘é?‘?%@“rm@ damage
- may metall(te.)ovpdedr eased yields, and therefore, etching techniques and the

met hod of renoval of resist needs sone adjustnents.

The Damascene process has allowed even further reduction in the size of
mterconnect lines and the space between interconnect lines. Unfortunately, as the space between

Interconnecting lines has.decreased, the line-to-line capacitance hés increased,

As stated above, the change in materials and processing steps has resulted in a new
set of manufacturing challenges, For exampie, patterning ami etching the dielectric layer that
supports and surrounds a via interconnecting an upper or second metallization iéyer to a lower
metailization level, and then removing the resist or hard xﬁask by the typical .“;shing” process
) often results in considerable dazﬁage to the tdp surface of the copper of the lower metallization at
the point of the interconnection. This damage may result in décreased yields, and therefore,

etching techniques and the method of removal of resist needs somme adjustments.



-2 SUMVARY OF THE | NVENTI ON These and ot her problens are generally sol ved
or circunvented, and technical advantages are generally achi eved by
enbodi merEMMARY OIS BRYENR@Mt i on, whi ch provide semni conductor devices
and net hods of manufacturing the sem conductor devices having an upper

| evel of netalli | | pterconnected to.a lower |evel of tallization.
Unli ke the prior %gf%s{e%ﬂ%?{glgre%rggpgfm fsEepralh iy °5f’“?%veﬂfeéls%ﬁtteqhm?@ﬁt i on
provi de faor the interconnection, bet n the .two |evels of netallization
with m ni%ﬁ@%%&e{‘ﬂgﬁgﬁ@%ﬂ%’ﬁgw rbd %féf’f@lﬁ Presmvention, whichgrovidgect

t here issgrovi ed a net hod for(&kgcessing_a sem conductor structure

def i ni ng SEMRIPGIGIGT sy iceAnd apehodsel ernplactring the semigparugtor devices heviopan ayer
bei ng substantially free of damage conprising the steps of: capping atop
surface owPprgdevl sbmriaBiainnisicrepnnestadie e loverlevgbdi metallizgmndUntikeahd priatarton

| ayer with a thin stop |layer, wherein the thin stop layer is nultilayered,
f ormi ng aro@sses, taf prd¢esies of thepraserdinweatich prayide fop thetihfervosiootion Isdivebnltay®vo of
- dielectric defining at | east one area where said thin stop layer is

exposed; lawmt ofemmilizgios siitth neixjrs ddmbgdd to tist loped @yENizitdon I&6pOSE a top
surface of said netallization |ayer which is substantially free of damage.

In a second aspeGist agﬁta@gmréise,&méa%ahmm%c&gﬁgg@%gg%% or an

upper level of netallization’in a sem conductor to a
| ower | eefining a metalilzhiictelbyed whicheesalts iBisild niebdlizati@NSyep beind NuBMABRINF@ of
substrate having a surface, said surface including a top surface of said
| oner | edamagefcomprising the ateponf: cappbyiariop et df savbsenti@néicton truaeteathdt idefirel on
with a sséﬁp | ayer deposjted to a thickness of |ess than 300A over said
surf ace, W@&ﬁat{oﬁ Ver With 3 thipestop layer, wherein thg tainestep laver isimliilayemsdt t er ned

layer of fglln%}:lg giaryieg of YR iogeres%i%iqayse% of; th}nagégpr, sa?iﬁ?z%%lq cl>fn (gelggtric defining at least
onc arca where said thin stop layer is exposed; and removing said exposed thin stop layer to
expose a top surface of said metallization layer which is substantially free of damage.

In a second aspect, there is provided a method of forming a layout for an upper level
of metallization in a semiconductor with reduced damage to a lower level of metallization
comprising the steps of: providing a substrate having a surface, said surface including a top
surface of said lower level of metallization; capping said lower level of metallization with a
stop layer deposited to a thickness of less than 300A over said surface, wherein the stop layer
is multilayered; forming a patterned layer of dielectric over said etch stop layer according to
a patterned layer of resist on said dielectric layer, said patterned dielectric layer defining said
layout for an upper level of metallization, and said layout including at least one area where
said etch stop layer is exposed; and removing said patterned resist and said exposed etch stop
layer to expose, substantially damage free, a portion of said top surface of said lower level of

metallization.
In a third aspect, there is provided a method of forming an upper level of metallization
in a semiconductor device with reduced damage to a Jower level of metallization comprising
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a patterned | ayer of resist on said dielectric |ayer, said patterned
dielectric layer defining said |ayout for an upper |evel of

netal lization, and said | ayout including at | east one area where said
etch stop | ayer is exposed; and renoving said patterned resist and said
exposed etch stao | ayer to expose, substantially damage free, a portion
of said thpstersralapevishngarbsiraRdavingadpp émfaqqeqaail topzsatfremdefiningsaidi r d
aspect, there is provided a nethod of form ng an upper |evel of

net al | i zaeVverevelef metdhrationderpping sdisMower lavelrofmectalbiedidamitlye stop Layer oner

| evel of metallization conprising -3 the steps of. providing a substrate
havi ng a depgriled it aghicknsay of lessghand Qb ovaesdihiopgustace) whemie thel seopelay af

metal | i zation, capping said |ower |evel of netallization with a stop |ayer
deposi t eds myltdayesed Kapsesstingf a lageroftintenn@o) dicloae (IMED toven paid stopdayer; wher ei n
the stop layer is nultilayered; depositing a |layer of inter-netal

di el ect r idgp¢sitiay) archmattend@igla yopof rasistrtp defispa pattdrngl mak pat s#d tyegoft | ayer
of resist to define a patterned nask over said |ayer of |MD;, etching said
| ayer of IMUD; ¢tohingsaiddayeabEIVB toaemovalinagrinbacsaidingeskid madkdsdi¢ rmveesd
material defining a | ayout for an upper |level of netallization, and said

| ayout i nohigdalndpfiaing d lepmit farm wpealewexf enesallightioay:ard safd Ihpddt ikl atet el y
etched through to expose said stop |ayer; renoving said patterned resi st
and sai d lexposedresvdprd syelayesfdMD lid dongplstalycktitey abtougle tcdigdsd idabg | MD

| ayer with netal to formsaid upper |layer of netallization. In accordance
with an eapadiremotingissidipagadedssit md sdibetmisbbdoplavs; 488 falisrBEY 1AbLAt
having a top surface that defines and surrounds the | ower |evel o

met al | i zadtéled,in hil MDD Bayet with @@dtdl Yo Fartesadd usiep Reer oPmeRildadigh/er of stop
material is then deposited by any suitable

In accordance with an embodiment disclosed herein, the method provides a substrate
having a top surface that defines and surrounds the lower level of metallization, which is
typically made of copper. A thin layer of stop material is then deposited by any suitable
method such as CVD (Chemical Vapor Deposition), PVD (Plasma Vapor Deposition), ALD

- (Atomic Layer Deposition) and lon Beam Deposition. As used herein, the term "thin" is
defined to include layers of about 300A and less. A 100A thickness of SiC (Silicon Carbide)
has been found to be particularly effectivé. Other suitable materials include SiCN, SiCOQ, SiN,
Si0, and SiOCH. Further, the layer of stop material may comprise two or more layers of
diﬂ'erent ones of the suitable materials. A layer of IMD (inter-metal dielectric) is then
deposited over the thin stop layer and a layer of resist is then deposited and patterned over the
layer of IMD to define a mask. The layer of IMD is etched using the patterned resist as a mask
such that apertures such as trenches and vias are etched into the IMD. The etched apertures will
include at least one via that is etched completely through the IMD layer and exposes the thin
stop layer. The paiterned resist is then removed by an "ashing" process. However, unlike prior
art methods, removing the thin stop layer capping the lower level of copper can be

accomplished without causing excess damage
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net hod ‘'such as CvD (Chem cal Vapor Deposition), PVD (Plasma Vapor
Deposition), ALD (Atom c Layer Deposition) and |on Beam Deposition. As
used herein, the term"thin" is defined to include |ayers of about 300A
and less. A 100A thickness of SiC (Silicon Carbide) has been found to be
particularly effective. Oher suitable materials include SiCN, SiCO SiN,
SiO and SiOCH Further, the layer of stop material nmay conprise two or
nmore kayers i ent _ones of the suitaple materials. A layer of IMD
(i nter-metar e %Ii %ﬁ*&%ﬁ I‘gf% p?rsortoﬁ?ﬁmeﬁéﬁ?fgjiu?téﬂlsé@f’érdeﬁqfiéeﬁ inithe e o dtlyer and a
| ayer i | S. then deposited and patterned over the layer of IMDtO
def i ng&gﬁ%s .Sthel'hrgmﬁ @PasﬁgnelW&F%St@{-ched using the patterned resist as a
mask such that apertures such as trenches and vias are etched into the

| MD. The et chEite fpebins1RS oihsd ratHEbUaRy Ao S & hat LS etched
conpl etely through the DM | ayer and exp%sees tﬁég%ﬁqgchﬂs@oagv Eigg’?‘?feThe

pat t ethegteseRtSh®dntibs id A& th8MRYRGiRY 18R L inPLRCEHS wever, unlike
prior art methods, renoving the thin ?P@‘%’%@%‘Pg%nﬁﬁ’bﬁ’ﬁbﬁﬁﬁ@@m | evel
of COPgRt ub@Rbst. ARKOSRI FSH8L W LARUL CaUSE NG excess, damge -3a to the
copper. A | ayer of copper eor ot her ne{aﬁ%%?ﬁed@g‘t%‘?n@‘?mc@éﬁosited in

t he Vide@aRe - t.he typical Damascene process step. The
- f or egoi ng harg&ﬂgﬁ{ foril %‘l!i{eﬁé?ﬁ%? %%Fﬁ@ﬁé%@&?%%él%%mm@@by

advangages @i i ke 4 nt invention in order that the detailed
descri ption ofm{ﬂ%em&h%%ﬁ? TOTRURAS SPcHiRshegingat dipresed may helwadityood.

Addi t tures. _and .advantages of the invention will be described
her ei {rlltgpt%te‘?; 4 ?‘Séﬁnf%F S’Pﬁﬁlﬁé oL fif5ieuie Bher shectienpragoastses fre cumyxiendut ae. | t

- shoul e appreciated by, those skilled in the art that the conception.
ana s St ipERES T sy iveeiiove dietwalt e brscalbay those skl in (e at iy

such equivalent constructions do not depart from the spirit and scope of the invention as set forth

in the appended claims;



tilized as a basis for nodi fyi ng or designing other structures or
processes for carrying out the sane purposes of the present invention. It
shoul d al so be realized by those skilled in the at that such equival ent
constructions do not depart fromthe spirit and scope of the invention as
set for i : lains. -4 BRI EF DESCRI PTI ON OF THE DRAW NGS
For a %%Fcoég@@%ﬂﬁﬁgﬁgéﬁwsthe present invention, and the
advant ages thereof reference is now made to the foll ow ng descriptions
taken in conj uBetadfrebihRclRdeRGEARPAY Eaw i ich: FIG A
illustrates a prior art nethod of pr o%ﬁ%ﬁ%sgl ?J\r%c ht%’t%ﬁ%%ﬁg‘f (7875 over a

| ower  thewd] reffenSORPSH - la and a patterned resi st
| ayer; FIG TB 1T ust reréagg kfﬁgq%%]%%éspﬂgpv%’#%%ﬁn eyl pEon iklathe o f

net al | iagadup@fyih Néd I fromprior art nethods of etching the |IMD
.layer and remvél]ngwf[%gﬁpﬁkﬁ?h'r ned resist by an "ashing" process; FIGs. 2A

- 2F illustrate the formation of a second | evel of netallization over a

first |evel nallhiiletiriona priovasabihe®bL6tiahy AEMEE SRS | he
met hods that reduce damage to the | ower IeveF as ta@%ﬁ%ﬂ%ﬁ%ﬁ’%&%m

i nvent il&i! ofanppeF BB weBBy an BBDINRIWaRI 4 aﬁ%&ﬂ%ﬁ@ésﬁstiagé strating the process
steps of the present invention. _5 DETAILED DE | PTI ON OF | LLUSTRATI VE

EVMBODI VENTS : . S, o
FIG. 1B iliustrates the damaged lower level copper layer of metallization that results

irom prior art methods of etching the IMD layer and removing the patterned resist by an

“ashing” process;

FIGs. 2A —2F illustrate the formation of a second level of meta]ﬂizatilon over a first
level metallization on a semiconductor device ac.cord;ing to ﬁle methods that reduce dﬁmage o -
the lower level as taught by ﬂ_le present invention; and

PIGs. 3A — 3B show a flow chart lustrating the process steps of the present

nvention. -



The naking and using of the presently preferred enbodi nents are di scussed
in detail below It should be appreciated, however, that the present

i nvention provides many applicable inventive concepts that can be
enbodied in a wide variety of specific contexts. The specific enbodi nents
di scussed are nerely illustrative of specific ways to nake and use the
invention, and do not limt the scope of the invention. Referring nowto
FIG |A there is shown a typical prior art.sem conductor structure

| ncl BT IR WEsicRab ey ' g of non-conductive or
dielectric materi al 1§*g9§q§E@%F%g@?ﬁﬁﬁ%bgﬁﬁhﬂﬁww§e or interconnect region

"~ 14, such as copper netallization or lines. It should be appreciated that

t he tern1subé@*@!@ﬂqﬂynégﬁugeﬂ&h¢m3hﬂbnnm%ﬁ&pﬁﬁﬁﬂﬁﬁmﬂﬁﬁeQ&mﬂRhﬁnﬁ&%frS of
vari Qus sem conductor devices including interconnecting netallizatlon

* | ayert§lovrnlishouldibe appraviataiyhstewt, ahdt el : r it er preted.
y ateghy dt $hel pRésBNGRFEnLiOh %’@eﬁoﬁ%}%&g'gﬁgﬁpp

Further; according to the prior art, it is typica hi ck

°apmhm§mﬁa?gmm¢@3ﬂﬂgmm“&QﬁﬁﬁamﬁEPQW§EQBﬁa§b?%%ggﬁ%?Qﬁggﬁfﬁthe' onducti ve

regions 14 of a material such as silicon.ni C RSt her 1ayer

of - metabioirzauts distubsd b hechal iR 8. LilSt laver. of dielectric
material 12 and first nef%ﬁl?%g??%ﬁﬁ?%gﬁaég%ﬁ%6wg%?§Pmig“#?*@@ﬁ%calIy

depo&hﬂﬁdnbolhﬁitttﬁgs@mes&ip%@ ptially. ‘greater than 300 A. A second | ayer
of dielectric 18, commonly referred to as an ILD (InterLayer Dielectric),

or IMD.(InterMetal Dielectric) is then deposited over the thick capping
| ayer 16. A KQ%WWgQﬁWF%EK%ﬁAzﬁgmémﬁhwagtﬁﬁ&h@ﬁﬁﬁ@§§§QMmh§ka§ﬂig%posited
_overP%He,IND | ayer 18 and patterned to define apertures such as trenches
fior - (RS Y prbstaty | beviama fatt ldyeasfinonrendiicBvd & d‘iél&:té@ﬁl%ﬁalllﬁ)é? a0f  AVID
layer 18 that will conprise the second or upper level of netallization.
The ffaft®werenducssé stintercomect region 14, such as copper metallization or lines. It should

be appreciated that the term substrate 10 as used herein may represent one or more layers of

various semiconductor devices including interconnecting metallization layers. Thus, the term

substrate is intended to be broadly interpreted.

-/}~ Further; according to the pﬁor art, it is typical to include a thick capping layer 16
‘used as etch stop or diffusion over the conductive regions 14 of a material such as silicon nitride -
if still aﬁother lay?er of metallization is to be formed over the first layer of dielectric material 12
@d first -metalhzation"14. Capping layer 16 is typically deposited to a thickness substantially -
greater than 300 A. A second layer of dielectric 18, commonly referred to as an ILD-(InterLayer
Dielectric), or IMD (InterMetal Dielectric) ié then deposited 6ver the thick capping layer 16. A -
- layer of resist 20, such as a photoresist, is then deposited over the IMD layer 18 and patterned to
define apertures such as trencheé for interconnéct lines and at least one via in the second l.ayer or
IMD layer 18 that will comprise the second or upper level of metallization. The patterned resist

20 is then used as a hard mask to etch the pattern or layout of the second level of metallization in
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20 is then used as a hard mask to etch the pattern or layout of the second
| evel of netallization in the |lviD layer 18, including for exanple, via
22 that is etched conpletely through the dielectric |ayer. 18, and as
i ndi cat he.sha cross-hatch portion 24 of the IMD | ayer 18. The
patt er n%%lJI H@éssl%}éetr IE%CXWBW viarfiedRat dingipicA gomalptely theoush theawéiclogtit om of
via 22 4 en .typi.cal repoved by an oxidation process at a high
" tenper af iﬁrggt%%ﬁ]ﬂya?%g%meéamce@ cEpsS-Bfch parkipmt of the BéPSlsyad 8i ghwel | known
by those, skilled in the art. The apertures, including via 22 defined in
the DABYUEPES repst taver 40 puskie fhigh esppini d4yonl ot otivme fvit 20 isshghygisalgopper .
However, referring now to .FIG. 113, and as will also be appreciated by
t hose SKIPYEPY 3 cifationrocespain high empetatiné eanrhitdy redireldastak b “Afygr 18 and
t he asking process steps discussed above often result in substantial .
damage Rreceshes it wpll bunfrdyah@@ shiflied ethe AP Ehe ﬁﬂeﬁ&tes,liﬁe{@&mgfm@f&hh&fﬁt ion 14
as shown. This damage to top surface 26 may result in an unsatistactory

cont actthe BB leyep p& are théref10ArRecs cdn@bidiRE nhial Vidh as 28ndak | Hi & %ﬂ the
first. or lower |level of netallization 14 and aageép nd igb%g‘ﬁ%’e%e evel of

met al | imosst odG. Refed bd vig a%%et@Fﬁbiﬁd b?ﬁ%o’se %‘rﬁléﬁ[}g é@fﬁ fog%’%gagrg %%g’?% her e

is illustrated a process for elimnat S i ®such

damage didedthelayatier. e8find _ e r, .and | ower. | evel _qf

netal | i Zati on.ayEllgrfag(ﬁ{BE of %Fﬁ@sé\%ggt,&ﬁ@dl%%gﬁaa ngroza[e?ﬁeé&ﬁé’ﬁél’%ﬁ@n%@enent s in
FI GS. dhi ! referen nunber s. is well known by

hose <ehaBOh tiofgidtite ?@8%%3%8%?%% ﬁa&’%@”@ﬁ%"@b‘*ﬁ%@%% theamy Shispfamage
Danasc e_use of. tals such as copper .as the

Ppter contriae BT R PR RuBE e oo B enet ospn Gced

‘with t -de et ched al um nym process. for formng a netallization |ayer.
For exlz’ahr%p e, é%t?/ﬁnqgen’g‘ftﬁéﬁmﬁ?r %‘Tegﬂﬁoméf%%?tﬂ%ﬁé@édmmnﬂi@e uppmdiet ofig or
intercqg%fim%g lines 14. are made of copper or copper

Referﬁng. now to FIGs. 2A — 2F and FIGs. 5A and 3B, tﬁae is ﬂlustraxed a process
for eliminating or sﬁbstantia]ly reducing such daﬁ:age to the intércpnnect i)etwecn an uf)per and a’
lower level of métalliza-tioxlx.. Elemenfs of FIGs. ZA — OF that are the same as elements in FIG#. |
1A and 1B carry the same reference numbers. As is well known by thc.;se sicilled i the m, and
as was discussed above, the use of the ngasccné process and the use of metais su&i as'coppér

' .as'thé nterconmecting layers has created various new proﬁléiﬁs not expcn'er-xcedl with the olde-r.

etched_ alpminum process for formiug a metaliiiatioﬁ llayer. Fof example, still another problem |
experienced when the conducting orAinterconnecting lines 14.are %nadé of 00ppér orf copper
containing materials, is that the copper may diffuse into the surrounding non-conductive |
dielectric or substrate areas 12 if steps are not taken to prevent such diffusion. Thus, as shown in

FIG. ZA, there may also be included a barrier layer 28, which stops or hinders the diffusion of

o



containing materials, is that the copper may diffuse into the surrounding
non-conductive dielectric or substrate areas 12 if steps are not taken to
prevent such diffusion. Thus, as shown in FIG 2A, there nay al so be
included a barrier |ayer 28, which stops or hinders the diffusion of 7 the
copper ions fromthe copper interconnecting strip 14 into the surroundi ng
non-conductive dielectric portions or regions 12 of the substrate 10.

Sui t I | ayers ar.e well known i:n . the ‘art and include, for

ex ang e&-}é’??{1,0{’%0‘83%?0@???fﬂ’)ﬁ?m?’élﬁctlil%ﬁfla|1ﬂ: e thesmgandinginog-condantiver) and Ti N
(titagny qapi%fide and various conbi nations of these and other materials.
Thus, when PHPE G rgens 12)of fhersubsirate; 1 Gy rpitable dartigi jasirowetiknbheicapper 14
into thedsuEngynding materials is slowed if not substantially elimnated.
Fur t Asrnd ielyde. for exarmple oali oféastaump TaNotaeduma hitficen St (aguphal Tiveed | ayer
30. _Although a single seed | ayer maybe sufficient, a preferable technique
i's téé%%ﬁw@d&) frd wrioppecalbinationsiof thyserand Other mitbidls, MBYs Bensulshanti al | y
non-gonformal to the trenches supporting netal 14. Metal seed |ayer 30a

i s t R Edisimseidedsylifinsive obthd coped 1k aytethe3Ahobittaly :@Jt&ié&ﬁ@%lmwﬁ ptially
smooth surfaces. It is not even necessary, however, that both of the seed
| ayerebspatipiieliminatethe same material . As an exanple, either one or both of
the seed |layers may be selected fromsuch naterials as Cu (Copper), A

(Al'um num , ﬁ%ﬂ&ngveg%hwﬁﬁg Gol d), . W{(Tungsten) and TaN (Tantal um
€

Nitride). Li gris PRS0 Highds atlsnr orsepetalisegddrperdty be deposited

by tgg Oéﬁge.dagosition met hod or a different nethod; as appropriate.
suita ' HOBS Spaidrra mapkasuifiqiet ea prefovbioieciDigio s th idepsit « B nidBheni cal
‘-vapogﬁéﬁgosgéio ). ALD (Atomnic Layer Deposition) and/or ECP (Electro
Chem al Ff 3te S8}t mRebepbtamiadly nopceniohes tafid tehdss aupporting thetd f4.ed Wit h

t he

Metal seed layer 30a is then followed by a second seed layer 30b that provides substantialty

smooth surfaces. It is not even necessary, however, that bofh of the seed layers be made of the

same material. As an example, either one or both of the seed layers may be selected from such

materials as Cu (Copper), Al (Aluminum), Ag (Silver), Au (Gold), W (Tungsten) and 'I‘aN

(Tantalom Nitride). Likewise, both the first and second seed layers may be deposited by the

same depositioh method or & different method. as apiniopﬁate. Suitable methods include PVD.

_ (Plasma Vapor Deposition), CVD (Chemical Vapor Deposition) ALD (Atomic Layc;,r Depositionj

= and/or ECP (Electro Chemical Process). The apertures, trenches and vias are then filled with the

metallization (such as copper for eﬁamﬁle).

_ Then according to the present invention, instead of a thick capping layer (greatér
than 300A) as was used in fhe prigr art, a thin (Iéss than SOOA) stop layer 32 is deposited as an
etch stop or ‘di_ﬁilg_ion s_top. Preferably, stop layer 32 is dgposjted fo a thickness of about 1004,
The stop layers may be organic or inorganic and suitable materials for use as stop layer 32 may

be metal or non-metal and include silicon, nitrogen, carbon, oxygen and/or hydro geﬁ containi ¢ N
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retal | i zation (such as copper for exanple). Then according to the present
i nvention, instead of a thick capping |layer (greater than 300A) as was
used in the prior art, a thin (less than 300A) stop |layer 32 is deposited
as an etch stop or dlffu5|on stop. Preferably, stop layer 32 is deposited

to at hP@fPH&%@%ﬁ“é%@ﬂCﬂoﬁﬂo Siﬁh@x@t&i@d}ﬁgﬂr&hmggbgghgg &g@h@s Ojaugth or gani ¢

and suitable materials for use as stop layer 32 may be neta on: net al

and i nchUHE bsiappreeinted hy thosgediledda EaaR, (HOMERR, { 9% ai ni ng
8 materials such as SiC, SiCN, SiCO SiN SO p O(:I—Img%gg%t%ﬁ Ye&ﬁ Bn- 1 i ke

mat er i afleposirdrin hers tharachewtep) arI@hAPRILAE kBl ohY, Jc}g S& 8 ]{fer tesﬁlII . Eh?gf? the art,

the thin.stop |layer 32 nmay be multil ayered and. posi e than one

Step, amdictifie. SuitabRusetitdk i RY S TBY, ifferent suitable materials.
‘Sui table nethods for deposi tlﬁg a SI n %C)Ig;rmlg yteﬁP%Se egdpuigbles el ect ed

Sui t abl matetist fivak & pivpcipud sma. \Vapor osition) process, a CVD
(Chemi cal Vapor Depositi o&)aav 0Ces: 081 QWA &%ﬁ.@h@% rVapeposi ti on)

pr oces sDasditiaR) Arodks Beam Ps | t. ocess.. Further, the thin layer is
preferably deg)olgl ted at” a R% %WESGQPSIB%@\H@%S%@@IQ@B@@Dapckxﬁrﬁﬂ C.

Ref er r i fg.Q0W: theth| stop.layer 32 is followed by the
deposi tI?on of lgﬁﬂgil(hgt%%%yﬁ lslpé‘if I@e%ﬁsﬁé‘? abgripoperetuee ofibelveeh sbauthager 18

i s. coveLady, 51,y a resist, which is patterned to define-apertures such as
trenches and vVias in the ] MD | ayer 18. Depending on the sel ected
Damascene process, dielectric layer 18 may be conprised of a first |ayer,

2 Cocond di el eotri o ayer 180, "‘“98“%}%?92& D IBREEhY Py tln Fi G

a second dielectric layer 18b. For exa
N :2B a fdislsdtrid Ayer: sahel @SEShe 3hqechS:. lg%rt@ is covsreg by a resist, which is pattemed to

deﬁne apertures such as trenches and vias in the IMD 1aycr 18 Depcndmg on the selected

Damascene process, dielectric laycr 18 may be compnscd ofa fn‘st 1ayer such as IMD (inter-

metal dielectric) layer 18a, an etch stop layer 19 and a second dlelectnc layer 18h.

For example only, refcmng again to FIG. ZB a first layer of resist 343; 18 pattemcd to
define apertures or trenches 36 and 38 on the t0p of IMD layer 18b. It should be noted that
| trench 38 is located d]:ecﬂy above copper hnc 14. Thc trenches 36 and 38 are then etched
through dwlectnc layer 18b down to etch stop layer 19 and the first layer of resist 34a Is stnp;)ed |
as shown m FIG. 2C Then, accordmg fo one embodmlcnt of the mvention, a second layer of |
resist 34b is deposﬂed over the TMD 1aycr 18b, Whmh ﬁlls the etched trenches 36 and 38. The
second layer of resist 34b 1s then patterned to deﬁne the Iocanon of at Ieast one mterconnect via
as shown in FIG 2D, Layer 18a is then further etched such that via 38a exiends completely
through the IMD layer 18b and dlelectnc Iayer 18a After the etchmg 1s complete, the resist

layer 34b and thc exposed portion 40 of the thin stop layer or capping layer 32 is stnpped and/or
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define apertures or trenches 36 and 38 on the top of |MD | ayer 18b. It
shoul d be noted that trench 38 is |ocated directly above copper |ine 14.
The trenches 36 and 38 are then etched through dielectric |ayer 18b down
to etch stop layer 19 and the first layer of resist 34a is stripped as
shown in FIG 2C. Then, according to one enbodi nent of the invention, a
second layer of resist 34b is deposited over the | MD | ayer 18b, which

fill Setbeetrehed, and 38. The . second | ayer of resist 34b is
t hen gatter ned tgf(gcieg|%E&t%gef{%%sgais%ﬂgé’?rléfyﬂlfétggf)y%’éshlmmoe@ﬁhﬁect via as

showdyrbdlicE er.18a i hen further etched such that via 38a
ext\tlav:]bés ccolrtfhg]sgt% (%%/e ?ﬁ?&h@?@ﬁegﬂswmaag@rmre 2 frigppdntdhas ttedop swefbayer 18a.

Aft erygt i.ng.jis conplete, the resist |ayer 34b and the exposed
port i ondﬁaﬁf)e? Etyﬁlgp{lﬁinﬂt ‘g}gf@ﬁe‘f%"”@?d sdbmiting altayerssd The tehttiepPeshand/ or
9 relg%vagg,th R‘ggg%aglgca{wt he resist and exposed stop layer is typically by

the asking p filed Hiilbea metal el asconpe 46 hoswndinMtofth&dua?E. It i S

inpo? ant to note at this point that the top surface 26 of copper |ayer
14 i s HEPCASRERFEY tagrasieethe sdudturetoi BIG2For art processes. The trenches 36
and 38 and the via 38a are then filled with a netal such as copper 40

accordi ng t orkhgigugdlpr ne.process to produce the structure of FIG
2F. Referring to FI G gA t grr%é&lu@ St{ﬁ?ﬁﬁsf}q%gglgagz o thspreneatpliih wesenhe

pr oC &&nf@bn 18Rk invention as djscussed above. As shown, substrate
10 _having a di el e%??‘?‘%:"el A7 &PoYS syby W g @ dideniiag lapyr 1aletuing that i on

| ayegg b i ded_as .shown hy process step 42. Then, according to the
} presenlgﬁéir ni%l%ﬁl\gh%’nga%%g 1§ BoRided 35 fhavmby paocess stri@s Thed, abesding fane 300A i s

- deposj . . the, conbipation dielectric 12 and netallization |ayer 14
“as s%%é\smégg?/y e%%%%35&0@?@5523&%3@@?@3@@%3 thag 380 & isafopbsdiyéover The DAD or

I LD r 18 1.s then_deposited according to process step 46,
L:%gmatlon dislectric 12 ar Fnetalhzatmn layer 14 as shown by process step 44 and will serve

as a stop layer. The IMD or ILD layer 18 is then deposited according to process step 46,
followed by the deposition and patterning of a resist layer 20, as shown at step 48. The IMD
layer 18 is then etched (step 50) and the resist and exposed portions of the thin stop layer 32 are

removed by the ashing process indicated at step 52. Finally, the trenches and vias are filled with |

a metal, such as copper, as shown at step 54,

FIG. 3B illustrates details comprising the steps for providing the substrate 10 showﬁ
) at step 42 of FIG. 3A. As-A'shoWn, a first dielectric layer is depc-)sit.ed over.the substrate as shown |
‘at step 56. ‘Then, ina maﬁner well know by thbse skilled in the art, a trench for the metallization

layer is formed as indicated at step 58. A bartier layef 28, such as tantz;lum nitride, is ﬂllen

deposited over the sidéé and bottom.o'f the t;ench as indicated at stép 60. The barﬁer layer 28 is

then followed bya se;ed layer 30, which may be comprised ofa ﬁrst.seed layer and a second seed
- layer as indicated by step 62. Finally, ﬁ suitable metaL.sﬁch as copp.ex, alumix—m.m,. gold, sﬁver,

tungsten or tantalum nitride, is deposited in the trenches to form the first level of metaﬂjéaﬁon

-10-



foll owed by the deposition and patterning of a resist |layer 20, as shown
at step 48. The IMD layer 18 is then etched (step 50) and the resist and
exposed portions of the thin stop |ayer 32 are renoved by the ashing
process i ndi catvateater, sticaporzd tid pradehtyapplib@ioh Feme RESaan e ve sl § «id | | ed
with a metal, such as copper, as shown at step 54. FIG 3B illustrates
det ai | spatumpir embogmehte oSthe PockQI mhui MAmgrathe, 84 &1 at step
42 of FIG 3A As shown, apfﬁrst dieIectrictﬁgfgggﬁéﬁggggég?%gﬁgggT t he
subst r ainetheds 28 deds Sy, | 4 know. by t hase
skilled in the 2%?% a ??%%gﬁégg?ﬁ?ﬁgmﬁé?% eﬁ?ﬁ?@%ﬁyﬁ¥%§5£gﬁgVﬁgfﬁﬁayas

i ndi cat gfhraat ) : ! such as tantalumnjtride, is

t hen dggosi;ggﬁggggm?@gggpggg53%%X§%F 6%%8Fxf%8%FF@HEW’E@HQ%ﬁPﬁhted at
step 60, -bar rel ayer 281 then foll gwed by a seed_ | ayer 30, which
oy be coanmaaRtatti MGl SnbT pLOGR. biterl Soetie o be dpetoned.

i ndi cat step 62. Finally, a suitable nmetal, such as copper, alum num
gol d, s@%\})le%%lf?m %'f?ﬁ%%?aélﬁ rSaps fmofion praciiqvg gubstagliyllyfbe sanesres i astibe t r enches
to forn%the first |eyel of netallization 10 Morreover, the scope of the

~ pr esent “APHPYEE FBRofEepeseribesstsdn ey be ufilissinewrding tobe prssert irwhtisn.
enbodinEnts.of t he process; machine, manufacture, conposition of matter,
means, “Feruds Bneprewdspslagesur imvaded v inbleds pikin ficmtopnsuchprootgesf
ordinary skill in the art will readily appreciate fromthe disclosure of
t he pre@éﬂ@mﬁﬁvﬁﬁﬁwﬁm%G%mwwékmesfmn&nhhﬂﬁ$,mﬁh@hf@ﬁh@@e, conposi tions of
matter, neans, nethods, or steps, presently existing or later to be

devel oped, that perform substantially the sane function or achieve
~substantially the sane result as the correspondi ng enbodi nents descri bed
herein may be utilized according to the present invention. Accordingly,
t he appended clains are intended to include within their scope such
processes, '
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machi nes, manufacture, conpositions of matter, neans, nethods, or steps.
11 WHAT IS CLAIMED I'S: 1. A nethod for processing a sem conduct or
structure defining a netallization layer which results in said

metal lization | ayer being substantially free of damage conprising the
steMHﬁﬂS@é\-ﬁﬁWﬁ\é [ t op surface of said sem conductor structure that
“defines said netallization layer with a thin stop |ayer, wherein the thin
st of- | ayeh methadifer prpessing af semicardustdrsgteuctund defieingca matallimetion dayed | ayer
of thi.% stop, said |layer of dielectric defining at |east one area where
sai 4Ny ngﬁ%dnﬁ&vﬂeme lizghiQy GYEF PRIRG SHBHANHY fesi of danreseapmpiisingshep | ayer
to %?32)330?' a top surface of said netallization |ayer which is
substanttally free of damage. 2. the nmethod of claim 1l wherein said step
oft_for m ngingl B Satk & S5k oM GARREDS Sfuctl 8 i Mo PaNE IASHLdBYer O
dielectric according to a patterne ayer of resist, Said patter | ayer
of dhyet edth rai thindedp lajergwherehy@rtthih @topdayaHiPaiultig¥esg; of metal lization, and
said step of renoving further conprises renoving said patterned | ayer of
resi st. -femmiag ateyensf iieledfic aivar maitl leyer of rthis aito, t sdich |sieo wf | dislectric s
deposjted to a thickness of about 100% 4. The nethod of claim2 further
conFETIANG gt eRet Adeareawhene saihHinssten 1avgy s RxPosad BBY i n sai d diel ectric

layer w tljém%vﬁ:wgns%lljac é)'(p\é%eg%iﬁlstopsﬂggr f%sex%%gg %rtbp surface of said metallization

layer which is substantially free of damage.

2. the method of claim 1 wherein said step pf forming a léyer of dielectric comprises
forming a patterned layer of dielectric according to a patterned layer of resist, said pattemed
layer of dielectric defining a layout for an upper layer of metalization, and said step of

removing further comprises removing said patterned layer of resist.
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5. The method of claim1l wherein said thin stop layer is an organic
material. 6. The nmethod of claim| wherein said thin stop |layer contains a
nmetal. 7. The nmethod of claim1l wherein said thin stop | ayer conprises at
| east one of the materials selected fromthe group consisting of SiC,
SICN, SICO SIiN, SiO SiOCH and conbinations thereof. 8. The met hod of
claim1 wherein said thin stop layer is deposited by at |east one of the
processes selected fromthe group consisting of PVD (Plasnma Vapor
Deposition), CVD (Chem cal Vapor Deposition), ALD (Atom c Layer
Deposition), and Ilon Beam Deposition. 9. The nethod of claim1l wherein
said thimstop |ay i about
200Cand about. 5006 @qu@gﬁ%ée'ﬁﬂét hefein sSINGH Y By et '%Qgﬁ%ﬁ%%% ng the
fol | ow n%,ggr%%ofé}%ouft%mng sai d sem conductor structure: depositing a
dielectric layer ormng a trench in said dielectric layer; formng a
netal seed | ayer over the dielectric layer with said trenches; and
depositing a netal in said trench. 11. The nethod of claim 10 further

conprising form HGJg.et}ﬁéthb& of CAYRY 2 Afifer cbRBrSHE 1R &eBlor Rith dsgﬂﬁgy?ohutpri or

to form ng said se |'ayer
etched in said dielectric layer with a conductive metal such as copper.

5. . The method of claim 1 wherein said thin stop layer is an organic
matierial.

6. The method of claim 1 wherein said thin stop layer contains a metal.

7. The method of claim 1 wherein said thin stop layer comprises at least

one of the materials selected from the group consisting of SiC, SiCN, SiCO, SiN, SiO,

SIOCH, and combinations thereof.

W

-8 The method of claim 1 wherein said thin stop layer is deposited by at
least one of the processes selected from the group consisting of PVD (Plasma Vapor
Deposition), CVD (Chemical Vapor Deposition), ALD (Atomic Layer Deposition), and

lon Beam Deposition.

9. The method of claim 1 wherein said thin stop layer is deposited at a

temperature of between about 200°C and about 5007
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12. The nmethod of claim 11l wherein said barrier |ayer includes at |east
one of the materials selected fromthe group consisting of Ta, TaN, Ti,

TN and jgeombi nat ipasndified §tfiaim! 3 rurtiis cBFioNGHo Ble li8liY LepdiiiGirding 21 d

step of formng a nmetal seed layer conprises The step ormng a first

met al  segdid AKfLomNd ol dr@r m ng a second netal seed |ayer over said
first seegI I ayero. 94.0 %lﬁ{;}’t r¥e’t hod of claim 13 wherein the surface of said

second netal seed ; . surface. 15. The nethod of claim12
wherein at | east Ogé@%ﬁfngg?ﬁleﬁcﬁgﬁ@aeﬂd second netal seed |ayers are

sel ected fromthe %r%-% %Rgﬁéhsihils%% %[e&ﬁg - alumnum gold, silver,
m ride. : €

tungsten and tantalu nmethod of claim15 wherein said
netal seed | ayers . i : g th roup
consi sting of PVD %ﬁé@ﬁ%ﬂ%ﬁ%&%@ﬁ%@?ﬁron @éfeitﬁl:ﬁy%?%&g%ﬁ‘ggpgh por
Deposition), ALD ( LGk ; ! and ECP (Electro Chem cal
Process). 17. A m?hgg%g?én%gmm%%%@gg%w%or an upper |evel of
nmetallization in a sem conductor with reduced damage to a | ower |evel of

metal lization conprising the steps of: providing a substrate having a

surface, paid surfafe dddd On? 10YBrtnSUEdASRIng roRfhd o ARLr it Sl

netal lization;
the surface of said trench prior to forming said seed layer.

12, The rhethod of claim 11 wherein said barrier layer includes at least one
of the materials selected from the group consisting of Ta, TaN, Ti, TiN, and

 combinations thereof.

13. The method of claim 12 wherein said step of forming a metal seed layer
comprises the step of forming a first metal seed layer and then forming a second metél

seed layer over said first seed layer.

14. , " The method of claim 13 wherein the surface of said second metal seéd

layer has a smooth surface.
15. The method of claim 12 wherein at least one of said first and second
metal seed layers are selected from the group consisting of copper, aluminum, gold,

silver, tungsien and tantalum nitride.

16. The method of claim 15 wherein said metal seed layers are deposited

by a process selected from the group consisting of PVD (Plasma Vapor Deposition),
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w capping said | ower |level of netallization with a stop |ayer deposited to a
thickness of |ess than 300A over said surface, wherein the stop layer is

mul ti | ayéI\GEzl(Chémlr:an\r‘m)oaDaptbshmrr)edLﬂJMﬁjmlof_aﬂir@eﬁ@éﬂfdm() ANMPECPRE[CHS Ch stop
| ayer according to a patterned layer of resist on said diel ectrl c layer,

sai d pat tGHendcaldiredergl.ri c | ayer defining said layout for an upper |evel
of nmetallization, and said layout including at |east one area where said
etch stop Iayer_ls exposed; and renoving said patterned resist and said
exposed etch stop |ayer to expose, substantially damage free, a portion

of said top surface efetiicd 6 fPMRiy hauedutahr aHREBb icgat 6f01'?1eta11%atlooh 'FPEhOd of
formng an upper |evel of netallization in a sem conduct or evice wth

reduced damagediictobwitd\WEdudet\Rimatfe RhabléZRY4IN rﬁ&ﬁﬁiét%h%nﬁ;%% L fBS of :
provi ding a substrate having a top surface, said top surfac 'ning said

| ower | evglps@f: netal | ization; capping said |ower |evel of netallization
with a stop | ayer deposited to a thickness of | ess than 300 A over said

top surface, wher eipfovidify Bt SibdhaYe habing WbV E® durs ayer
of inter-metal di elp?étrfbc (I MD) over Sgl d sut op | ayeru Q(%gg%!sqdﬁagaatgh

patterni agriged GhHsaId I8dver 189! BF nictaifi@kibAe a patterned mask over said |ayer of |
-15 IMD;, etching said |ayer of IMDto remove material according to said

mask, said renovegapmiheEaialontalievt BEndIBXAH witiPh s IR YEpb &SR0 9F
met aI l'ization, and said |ayout
thickness of less than 300A over said surface, whereln the stop Iayer is muliilayered:
forming a patterned layer of dielectric over said etch stop layer
according to a patterned fayer of resist on said dielectric layer, said patterned dielectric
layer defining said layout for an upper level of metallization, and said layout including at
least one area where said etch stop layer is exposed:
and removing said patterned resist and said exposed etch stop layer to

expose, substantially damage free, a portion of said top surface of said lower level of

- metallization.

18. A method of forming an upper level of metallization in a semiconductor

device with reduced damage to a lower level of metaliization comprising the éteps of:

providing a substrate having a top surface, said top surface defining said
lower level of metallization;

capping said lower level of metallization with a stop layer deposited to a
thickness of less than 300 A over said fop surface, wherein the stop layer is
mutilayered;

depositing a layer of inter-metal dieleciric (IMD) over said stop layer;

depositing and patterning a layer of resist to define a patterned mask over said layer of
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including at | east one area where said |layer of IMDis conpletely etched
through to expose said stop |ayer; renoving said patterned resist and
sai d exptidBdetshiopsdidjayer obdD ta feniavg rezierkl lbagayding do shidanask, szidld | MD | ayer
with netal to formsaid upper layer of netallization. 16 A Sem conduct or
Devi ce Haamogd. netSeat definibg adayddt fdvien alpperzlavel ohmetallimatioDend sald IByowt Level
Wth Mniml Damage To The First Level And Method ABSTRACT OF THE
Dl SCLOSUREIHirgeatiezehohecarern wieve said ayer nhiMihiswopwietély withedfthnoegiatd | zat i on
interconnected with a |ower level of nmetallization and a nethod of
f orm ng tksosdesaidestop lmygr ovi ded. Accordingly, the process of the invention
i ncludes capping the lower level of netallization wth an thin stop | ayer
havi ng a t hi cknessrepfoviressaiti ipatier@ed resiat dnghsaifl expdidad sibmwiayed @A such t hat
the etching and ashing processes of renoving photoresist and internedi ate
portions of etch sfiimy saiyf éayouseabeinslaicsiMiziiayed wittometad tnfiagye stainl upiper | ower
| evel netallization, (FIG 2A

layer of metallization.
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