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-1- ESCRI PTI ON REFRACTORY METAL CAPPED LOW RESI STI VI TY METAL 10407<—2
CCNDUCTCR LI NES AND VI AS FORVED USI NG PVD AND CVD The present i nventi on
Generally relates to the manufacture of electrical conductor |ines and vias
that interconnect circuits on substrateg such as sem con- ductors and
rel at ed packages and, nore particularly, to a |ow cost nethod of filling
seans or holes in sub- strates using a conbination of a low resistivity

nmet al - deposited by physical vagpar gepagsitimm (PPN and a refractory netal
deposited by chem cal vapor deposition (CvD). The invention has particular
application_in submcron circuit manufacture. Low resistivity nmetals such
as al um num and copper and their binary and ternary alloys have been w dely

explored as fine |i [ ' cturing. Typica
exanpl es of fine | |%€FM¢§{)§92§%‘?2% %m%%smﬁm[err], wher e
t he sum of MERAId GONRBUGTOR| LINEShANhYV NG FORMEN USING RVI2ANP €VRn or
equal to zero and less than or equal to one, ternary alloys such as

Al -Pd-Cu and Al -Pd-Nb, Al -Cu-Si, and other simlar lowresistivity netal
based al | oys. Today's enphasis on scaling down |ine width dinensions in

very | ar ge gafeali i ddurngr Bl fent Yorl heidrilly keTRRUSARG ihdias | ed to
reliability problens including

manufacture of elettrical conductor lines and vias that
interconnect circuits on substrates such as semicon-
ductors and related packages and, more particularly, to
a low cost method of filling seams or holes in sub-
strates using a combination of a low resistivity metal
deposited by physical vapor deposition (ﬁVD) and a
refractory metal deposited by chemical vapor deposition
~{(CVD). The invention has particular application in

submicron circuit manufacture.

Low resistivity metals such as aluminum and copper and
their binary and ternary alloys have been widely
explored as fine line interconnects in semiconductor
manufacturing. Typical examples of fine line inter-
connect metals include AGCuy, where the sum of x and y
is equal to one and both x and y are greater than or”
equal to zero and less.than or equal to one, ternary
alloys such as Al-Pd-Cu and Al-Pd-Nb, Al-Cu-Si, and
other similar low resistivity metal based alloYs:
Today's emphasis on scaling down line width dimensions
in'very large scale integrated (VLSI) circuitry |
manufacture has led to reliability problems including
inadequate isolation, electromigration, and

planarization.

The IBM-Technical Disclosure Bulletin to Ahn et al.,
Vol. 33, No. 5, October 1990, pages 217-218, discloses
tungsten wrapped copper conductors and via holes



_ inadéhuate I solation, electromgration, and planarization. The | BM
Techni*cal Disclosure Bulletin to Ahn et al., Vol. 33, No. 5, Cctober 1990,

pages 217-218, discloses tungsten w apped copper conductors and via hol es

-2- fabricated by selective depositien2using a m xture of WF[err] and

SiH err] in the presence of hydrogen. Encapsul ated interconnects |ike those

of Ahn et al. have significantly higher resistance to electromgration and

the smal | dredimicidzed oby asetbettvee depogdttdror idsine duaeisktnefe ezf ance and
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a donut shagg at. the bottom of ihe | ines which is normally created by the
reaction oP QHF IR teRlantovEPERs) and resolve photoresist

images. However, the tungsten layer formed.using the
low temperatures described by Ahn et al. would be
silicon rich (e.g., 3-4%) and would not be a good
diffusion barrier for copper since copper resistivity
would be degraded by the formation of copper silicide.
Thus, it is difficult to deposit a diffusion barrier by
selective means at.low temperature. Moreover, the Ahn
et al. technique relies on the formation of a donut
shape at the bottom of the lines which is normally
created by the reaction of outgassing.moisture and WF6°
The creation of the donut shape is believed to be not

reliable.

Dalton et al., VMIC Conference, June 12-13, 1990, pages
289-292, points out that a hot wall CVD reaction
involving SiH4 and H2 reduétion of WF6 to form a .
selective tungsten layer on an aluminum or alloy
conductor results in the incorporation of fluorine at
the aluminum and tungsten interface. The fiuorine--
incorporation is a byproduct of the reaction of WFG ‘
with aluminum as shown by Equation 1. '

=

Eq. 1 WFg + 2A1 -> 2AlF, + W
The thin layer of aluminum fluoride will increasée the
series contact resistance of Metal 1 fo Metal 2 vias.
Dalton reported that sputtering TiW film on top of the
aluminum prior to tungsten encapsulation using-CVD
eliminates the problem of fluorine absorption.



The cr.eation of the donut shape is believed to be not reliable. Dalton et
al., VW C Conference, June 12-13, 1990, pages 289-292, points out that a
het wall CVD reaction involving SiH err] and Herr] reduction of WF to form
a selective tungsten layer on an al unmirndmror all oy conductor results in the
I ncorporation of fluorine at the alum num and tungsten interface. The
fluorine incorporation is a byproduct of the reaction of WF[err] with
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overcoated with a passivqtion dielectric such as S_io2
or polyimide which itself is subsequently patterned,
subjected to RIE, and metallized to create a
multilayered structure. Figure 1 is taken from Dalton
and shows that multilayer devices produced by
traditional processing schemes héve seams in. the
dielectric layers at the location of the metal
conductor lines and have a very irregqular top surface.

It is difficult to achieve planarity of the dielectric
using RIE. Planarlity’'is in part dependent on the

| pattern density, and non-planar surfaces result in
puddling problems during subsequent metallization. 1If
an RIE technique is used on polyimide, an etch stop is
needed for removal of photoresist on top of aluminum or
copper based lines when the lines are etched down to
the polyimide surface because the photoresist removal
process would also remove polyimide;. RIE of any high
copper content, aluminum or copper alloy is extremely
difficult. - A serious drawback of traditional processes
which include metal RIE is that a large number of metal
shorts tend to develop with fine geometry due to
particle defects.

U.S. Patent 4,824,802 to Brown et al; discloses a
method for filling interlevel dielectric vias or
contact holes in multilevel VLSI metallization
structures. In particular, an intermediary metal such
as tungsten or molybdenum is either selectively



I on etehlng (RIE). The resulting structure is then overcoated with a

passi vation dielectric such.as Sierr] or polyim de which itself is
subsequent|ly patterned, subjected to RIE, and netallized to create a
multilayered structure. Figure 1 is raHen'fron1DaI;on and shows that _
nul tilayer devices produced by traditional processing schemes have seans in
the dielectric |ayers at the |location of the netal conductor lines and have
a very irréﬂ%@%?l 89 40rPREBings 18 apf inewkatar i eve planarity of the
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tallization
e does not avoid metal corrosion and other problems

associated with etching and is not useful for
planarizing Al-Cu or other soft alloys because they
have different properties from the harder metals such
as fungsten and molybdenum. Moreover, using the Brown
et al. method, it is difficult to completely fill vias
and lines.

U.S.iPatent 4,944,836 to Beyer et al. discloses a
chemical-mechanical polishing technique which can be
used to produce coplanar metal/insulator films on a
substrate: In particular, Beyer et al. contemplate
patterning an underlying insulating layer, depositing
an Al-Cu film, and then using a chemical-mechanical
polishing technique wherein an alumina slurry in dilute
nitric acid is mechanically rubbed on the surface to
remove Al-Cu. The polishing compound tends to have a
significantly higher removal rate for Al-Cu than the
underlying insulator. The resulting structure includes
Al-Cu lines planarized with the insulating layer, and
subsequent layers can easily be added in the '
fabrication of multilayer structures.

U.S. Patent 4,956,313 to Cote et al. discloses a via
filling and planarization technique wherein Al-Cu alloy
lines are patterned on top of a first passivation layer
on a substrate, the lines are overcoated with a second



structures In particular, an intermediary netal such as tungsten or

nnlybdenuntls ei ther selectively -4- deposited in openings in an

i Msul at or or non-sel ectively deposited over the entire surface and in the
openi ngs of the insulator by CVD, ﬁg a planarization resist, such as
azoqui nonenovol ac-type resists, pon thacryl ates, polyim des, or other

thernopl astic materials, is applled over the top of the internmediary netal.
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internediary neta FtRE Fesist met hod does
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different properties fromt arder neta S su as tungsten and
nnlybdenUﬁ?eNB?%BQEFs a8 f Betﬁé §Poﬂ41@5'$1HQﬁﬁtﬂkﬁsl4r¢st@¢mflcuIt to
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produce cbbPehardRdt LYPREENat S Ppﬂﬁﬁdo VETs G SHeEaqe PharkRRul ar, Beyer
et al. coécopd pp&ssivation layer and in the vias by CVD. It is

reported in Cote et al. that CVD tungsten is conformal
in character and can fill the vias without creating
voids. The structure is then planarized by polishing
with an abrasive slurry. ' |

Neither Beyer et al. nor Cote et al. recognize that
polishing is not practical for low resistivity, soft
metals such as Al-Cu alloys. This is because such
materials tend tb scratch, smear on the surface, and
corrode under the influence of the slurry. Moreover,
creation of the planarized structures in accordance
with Cote et al. takes-several processing steps which
increases costs and reduces output.

Rossnagel et al. J. Vac. Sci. Technol. 2:261 (Mar/Apr.
1991) discloses a collimated magnetron sputter
deposition technique for depositing films that are
compatible with lift-off patterning techniques and hole
filling. The technique is also presented in U.S.
Patent 4,824,544 which is herein incorporated by
reference.

Shiozaki. et al., Abstracts of the 19th Conference on
Solid State Devices and Materials, discloses the use of
selective tungsten deposition for hole filling on top
of a high resistivity hard metal such as MoSi_ and is
unrelated to encapsulation of a soft metal.



patterning an underlying insulating | ayer, depositing an Al-Cu film and
then using a chenical - mechani cal polishing techni que wherein an al uni na
sl'urry in dilute nitric acid is nechanically rubbed on the surface to
renove Al -Cu. The polishing conpound tends to have a significantly higher
renoval rate for Al -Cu than the underlying insulator. The resulting
structure includes Al-Cu lines planarized with the insulating | ayer, and
subsequent | ayers can easi | \SUIMARSI O THEEINVENTION on of nultil ayer
structures. U. S. Patent 4,956,313 to Cote et al. discloses a via filling
and pl anari zatlt dnan ebjeci oflithevreseat invéhtiéa toehmeljorhierst®e drroRadifivagegsof op
of a first passivation layer on a substrate, the lines are overcoated wth
~a second the pgor peissi vati on | ayer which is preferably a doped gl ass such as

phosphosilicate gl ass (PSG or borophosphosi|icate 8’1 ass (BPSG which

conforms over Agordingttoupre @spachofalhecpresent olpventioastherg i papeidedhen devicerd
in the second passivatjon |ayey to expose the lines, and tungsten is
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from a surface which is substantiélly co-planar with a surface of said at least one
dielectric layer towards said substrate, said metalization comprised of a low resistivity
metal or alloy and being encapsulated by at least one refractory metal or alloy, said low
resistivity metal or alloy having side walls which taper inwardly towards one another
towards said surface of said metalization which is planar with said surface of said at least

one dielectric layer.



in character and can fill the vias without creating voids. The structure is
then planarized by polishing with an abrasive slurry. Neither Beyer et al.
nor Cote et al. recognize that polishing is not practical for |ow
resistivity, soft nmetals such as Al -Cu alloys. This is because such
materials tend to scratch, smear on the ‘surface, and corrode under the

I nfl uence of the slurry. Mreover, creation of the planarized structures in
accordance with Cote et al. takes several processing steps which increases
costs and reduces output. Rossnagel et al. J. Vac. Sci. Technol. 2:261
(Mar/ Apr. 1991) discloses a collinmted magnetron sputter deposition -
techni que for depositing filnms that are conpatible with |ift-off patterning
techni ques and hole filling. The technique is also presented in U S. Patent
4,824,544 which is herein incorporated by reference. Shiozaki et al.
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di scloses th se of selectlv st.e dep for _hole fi g on top
of a high r@ﬁﬂ$ﬂ REHEST TR ggeﬁ g§ efP?lﬁﬁd Ngs dto
encapsul at i desefriptsiairi o®talpreferred embodiment of the inventlon

with reference to the drawings, in which:

Figure 1 is a cross-sectional side view of a prior art
semiconductor substrate showing an uneven top surface;

Figures 2A through 2E are sequential cross-sectional
side views of a semiconductor substrate illustrating
one variation of the invention;

Figures 3A and 3B are sequential cross-sectional side
views of a substrate with a device thereon overcoated

- by an insulator being planarized prior to patterning
the insulator;

Figures 4A through 4E are sequential cross-sectional
side views of a semiconductor substrate illustrating
another variation of the invention; "

Figure 5A through 5E are sequential cross-sectional
side views of a semiconductor substrate illustrating-
still another variation of the invention; ' '

Figure 6 is a scanning electron micrograph (SEM) of a
liner deposited in a via using PVD;

Figures 7A and 73 are sequential cross-sectional side
views of a semiconductor substrate illustrating yet
another variation of the invention;



6 SUMMARY OF THE INVENTION It is an object of the present invention to
anel i erate one or nore di sadvantages of the prior art. According to one
aspect of the present invention there is provided a device, conprising: a
substrate; at |east one dielectric |ayér -positioned on said substrate; and
metalization positioned in an opening in said at |east one dielectric |ayer
and extending froma surface which is substantially co-planar with a
surface of Bigurat8| tasa onesdrepetirnall ajew odwadLxenplarmhst rate, said

metal i zati Qrﬁﬂﬁ@i*?éé;?f? QimAstafer S8 rabtUirkY iR v 1 2Y @nd being
encapsul at e y at least one refractory netal or alloy, satdY¥ow
resistivit @l igrcapped WathngVRi §anggtra:winch t aper i nwardly towards
one anot her towards said surface of said netalization which is planar with
said surface of said at | east one dielectrig Iaﬁer. - 7- The foregoing

and ot her JHjBERS 1A RRYE sIBNATEJIGERFEGES TP e TR 0d from
the fol | owigrg Hsiﬂhfc't&mbgle;ssthﬁthggsaénacappéam&dhcmmmmmnlima‘s t he

i nvention wi th reference 1o the drawmngs, in which, FEigure 1 is a

cr oss- sect PE* st'r%lea‘%/(?e#%?r acﬁ??b?agr ‘Pégéﬁ‘f‘&gﬁéu It rat e. showi ng an
uneven top resdeactei vélyur es 2A through 2E are sequential cross-sectional
side views of a sem conductor substrate illustrating one variation of the

i nvention; :
The invention is generally related to methods for

forming metal filled vias and conductor lines on a
substrate where the vias and conductor lines include a
soft, low resistivity metal which is capped with a
relatively hard, refractory metal which is resistant to
corrosion, wear, and electromigration, and where the
vias and conductor lines are plahar with a dielectric
layer coated on the substrate. Several different and
novel structures are created accordiﬁg to the
procedures described in conjunction with Figuresle—q!
Figures 4A-E, and Figures 7A-B, depending on the PVD
deposition technique utilize§. It should be understood
that the techniques and resulting structures are not
limited to using any specific substrates and dielectric
overlays, (e.g., composites of inorganic and organic -
layers like that shown in Figures 2A-E and 5A-E can be
used as well as single layers of inorganic or organic'
insulator materials). Moreover, the invention is noi
restricted to any-particulaf metal combinations; . '
rather, an objective of the invention is to overiay a
soft, low resistance metal or metal alloy with a hard .
refractory metal which can withstand wear, corrbéion
and electromigration. The invention has pafticular |
relevance to electrical systems which use aluminum and
copper alloys since it has been discovered that
uniform, conformal coatings of a refractory metal liner
material can be deposited in submicron vias and



Fi gures 3A and 3B are sequential cross-sectional side views of a substrate
W th a device thereon overcoated by an insul ator being planarized prior to
patterning the insulator; Figures 4A through 4E are sequenti al
cross-sectional side views of a sen1coqpuctor substrate illustrating

anot her variation of the invention; Figure 5A through 5E are sequenti al
cross-sectional side views of a sen1conductor substrate illustrating stil
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m crogr aph I'i'ner “deposi t via using PVD; ures” 7A and 7B
are sequentB'@ %@b%ém§§€ﬂléﬁaﬁt§ﬁd@9V|eﬂ@QNIQ£n§§ﬁQ§ﬁuﬂﬁﬁQ* rate

illustrati mwtséf%hsg Uar thfb%ﬁhQE BHth:@i%t M¥rier t& ddppeL 8 is a
cross-sectional view of an exerrp ary, mul til eveI damascene structure

wher ei n PW§9¥[%H??%%P%PF]P§PF8§SR§9Capped with CVD tungsten; and Figures
9A and 9B are cross-sectional SEM m crographs of structures W th tungsten
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overcoated with a dielectric which is subsequently
patterned. The substrate 10 is preferably silicon,
gallium arsenide, or some other material which is.
suitable for making integrated circuits. However, the
substrate 10 may be a ceramic, glass, or composité
material commonly used for packaging semiconductors and
for making thin film interconnections. The substrate
10 preferably has a plurality of semiconductor devices
formed therein which may include field effect
transistors (FETs), bipolar transistors, resistors,
SchotFky diodes, or t@e like. It should be understood
that the substrate 10 shown in each of Figures 3A-B,
4A-E, S5A-E, 7A-B, and 8, can have any of the attributes
discussed above plus many other attributes known within

the art.

The dielectric. composite shown in Figure 2A includes
top and boftom inorganic dielectric layers 11 and 13,
respectively, which may be silicon dioxide (S;Oé),_
silicon nitride (Si3N4),.or the like. ?he inorganic
layers 11 and 13 aré -both preferably deposited using’
plasma enhanced chemical vapor deposition (PECVD) where
8i0, is first deposited at 90 Torr on the conducting
substrate 10 and 813N4 (0.075 to 0.1 um) is provided as
a barrier against mobile ion diffusion. A thicker
organic dielectric layer 12, such as a polyimide, is
deposited between the inorganic layers-ll and 13.
Alternative to the dielectric composite created by
layers 11, 12, and 13, a single layer of an inorganic
dielectric, such as Si0,, PSG, or BPSG, or an organic



The invention is generally related to nethods for formng nmetal filled vias
and conductor lines on a substrate where the vias and conductor |ines.
imclude a soft, lowresistivity nmetal which is capped with a relatively
hard, refractory metal which is resistant to corrosion, wear, and

el ectromigration, and where the vias a ¥ conductor lines are planar with a
dielectric |layer coated on the substrate. Several different and novel

structures are created according .to the procedures .described in_cgonjunction
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(e.g., inorganic or organic) used by itself or in
combination could be employed in the practice of this

invention.

Figure 2A shows an opening 14 formed in the dielectric
composite, and this opening may be a via or a trench
for a conductive line. 1In VLSI applications, the
substrate lb_is likely to have several hundred to
thousands of openings 14 like that shown in Figure 2A
where the resulting dense, complex pattern will
ultimately interconnect circuits on or in the
substrate. The openings 14 are preferably formed using
contrast enhanced lithography (CEL) followed by trench
or hole etching with a multiwafer tool using CHF3 and
02 with an optimum ove;etch to ensure that the opening
14 has the desired dimensions and extends to a contact
on the surface of the substrate 10 for a via stud. _
pattern.. For line patterns, the dielectric layers are
preferably partially etched to a depth about 10% higher
than the metal thickness to be employed. When etéhing
polyimide 12, O, RIE at low temperatures is prefetred.
It should be understood that the formation of the
opening 14, as indicated in Fiqures 2A-E, 4A-E, 5A-E;
and 7A-B, is well understood within thé,art and can be
created by many different techniques.



mat eri.al can be deposited in submcron vias and . -9- trenches with
reliabl e high aspect ratio filling using PVD collimted sputtering. The
_refractory netal 1Tiner will serve as an effective diffusion barrier to
copper for subsequent processing. Wthyjeference to Figure 2A, a substrate
10 is first overcoated with a dielectric which is subsequently patterned.
The substrate 10 is preferably silicon, gallium arsenide, or sone other
mat eri al wiifchhes stittaine éwsmﬁ@gm nhegr at edv@hécm'at forhiedever, the

substrate be a cer mat er i al nIy used
f or packag%% 5H%dﬁ%t %H gﬂﬁﬁ?nggp ﬂ ?Prn??n?ggggﬁﬁn%tlons The
substrate thepmﬁaﬂwangsﬂnﬁtei1ﬂLwtﬂhtgoompwendtpnpnotnuddaglces f or med

t herein wh el ud £f r @Qsi r pol ar
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under st oodcoh&ed: leyeyuse a:ta-ym)e slﬂ)vﬁ‘hmnl‘éaéhr@t Pegpteanashzed 4A-E, 5A-E,

AB. and Bortdd bay QuUidy JN9Aldrddes de&HéfPE'a@P&MeﬁQh“Be”&”y ot her
attributes known wthin t ectric conposit own 1 n Figure
2A incl udegchieved by RIE, - chemlcal—mechanlcal polishing, a

combination of both RIE and chemical-mechanical
polishing, or by other means.

Figurés 2B-2E illustrate a first variation of the
present invention wherein a planar patterned structure,
which can be either the one shown in Figure 2A or the
one shown in Figure 3B or any other structure which has
an opening 14 formed in an overcoated dielectric, then
has a refractory metal layer 15 deposited over the
inorganic dielectric layer 13 and on the exposed
substrate 10 at the bottom of gap 14. This is
accomplished using an evaporation PVD technique best
described in Handbook of Thin Film Technology, eds.
Maissel and Glen, McGraw-Hill Co., 1983, pp. 1-100. An
important feature of employing evaporatioﬁ PVD at this
point is that the refractory metal layer 15 does not.
coat the side walls of the opening 14 in the
dielecoric. It should be understood that PVD
collimatéd sputtering, similar to that described in
U.S. Patent 4,824,544, can be used in the practice of
the invention, but that collimated sputtering produces
a conformal layer which would coat the 51de walls of
opening 14, contrary to that which is shown in Figure
2B. The use of collimated sputtering to create a

refractory metal liner is discussed in more detail
below. The refractory metal may be titanium (Ti),
titanium alloys or compounds  such as Ti/TiN, tungsten
(W), tltanlum/tungsten (Ti/W) alloys, or chromium (Cr)
or tantalum (Ta) and their alloys, or some other



top and bottominorganic dielectric layers 11 and 13, respectively, which
may be”silicon dioxide (Siderr]), silicon nitride (Si[err]Nerr]), or the
li'ke. The inorganic layers 11 and 13 are both preferably deposited using

pl asma enhanced chem cal vapor depos+timn-(PECVD) where Si(Jerr] is first
deposited at 90 Torr on the conducting substrate 10 and Si[err]Nerr]
(0.075 to 0.1 [err]nm is provided as a barrier against nobile ion

di f f usi on. SpitRPdRemadegdidile- dilf exepper |ysed 1Ringachrayiaspalng mde, is
deposi ted pgt peerothed,n ' e I vg it the
dielectri cggoﬁrr%osi te gr e%{ gggybia%?&g ?%ﬁ%%%\%%é ngg \#g‘ﬁlté: ayer of an
i nor gani ¢ @@B| 8Etr g, as@df faw igrokarnierdn eppBESGIUsh &hadr ganic - 10

- di el ect rggFFEHEBnAGURANY Fubbe A sxbAEs SIRY QWEdqapasTRygde deposited
by any of a nunber of_ well known techniques such” as by growing in an

oxi dati ve %?HB?Ehé?th§p8Pﬁ&¥qﬂ;limlqﬁ§3ﬁ§e\NHQ%§¢@§ﬁrgQ 28 E and 5A-E
show t he useewéntéd.conposite structure and Figures 3A-B, 4A-E, and 7A-B
show the use of a single inorganic or dielectric layer, it should be
understood that the dielectric layer is not limting to the practice of

t hi s i nveriféxh, aadsihgleanbidiaelyechr iternary metallization 16 is

deposited over the refractory metal 15 by PVD usiﬂg
evaporation. Again, since evaporation is used, the
side walls of bpening 14 are not coated. However, it
should be undgrstood that the metallization 16 could be
applied by collimated sputtering, in which case a
conformal coating of the metallization within the
opening 14 and on top of the dielectric stack.
Preferably, the metallization is AGCuY, where the sum
of x and y is equal to one and both x and y are greater
than or equai to zero and less than or equal to one;
however, ternary alloys such as Al-Pd-Cu and
multicomponent alloys such as Al-Pd-Nb-Au would also be
suitable. The principle characteristic of the
metallization 16 is that it is a low resistivity and
soft material compared to the refractory metal 15.
Preferably, the .opening 14, which represents the line
pattern or interleﬁel via pattern, is filled with the
metallization 16 -to a depth of 100 to 400 nm below the
surface of the line or via. It should be understood
that the metallization 16 shown in Figures 4A-E, S5A-E,
anq'7§-B would be of the same sort described'abOVe.

Figure 2C shows a refractory metal 17, such as
tungsten, cobalt, nickel, molybdenum, or |
alloys/compounds such as Ti/TiN,'depoéited over fhe
structure. Deposition of the refractory metal 17 may
be by one step CVD or by a two step process, as is best
explained in Figures 4a-e, wherein the first step



(e.g., inorganic or organic) used by itself or in conbination could be
enpt.oyed in the practice of this invention. Figure 2A shows an opening 14
formed in the dielectric conposite, and this opening may be a via or a
trench for a conductive line. In VLSl applications, the substrate 10 is
likely to have several hundred to thougands of openings 14 |like that shown
in Figure 2A where the resulting dense, conplex pattern will ultimtely

i nterconnect circuits on or in the substrate. The openings 14 are

preferably ifirolBee distoOL Rt E@Sp@Pbapeng birt Reer apke ©EEK fol | owed by
trench or hol.e etching with a nultiwafer tool using CHE[-err] and Jerr]
with an opﬁ#ﬂﬁﬁ%ﬂﬂwgé%wpﬁip%wﬁ?ﬁgp?ﬂatsPﬁ SﬁeZFﬁgan &% the desired
di mensi ons tdrwhreixre st t tded tontrestenat benforhadtebdbinked soastimge 10 for
partiaily @Ehddd S reBonCibisn: JRePoLrIRb: Ao tHEFSEVER ckness to bo
enpl oyed. \Nagermtahitungatien iadeadiiedear hiBhEradegowet edperat ures is
Pre oot oo SN S AL Gt B8 SARTELERRSRheL et o 1, as
the art andsc@referatly arievethywithi8ilyt orehnrgdustion of
WFS. A particularly preferred CVD procedure involves
SiH4';eduction of WF, followed by H, reduction of WF,
because, on top of a TiN layer, CVD of tungsten
prodéeds smoothly with SiH, reduction of WF, but not
with H2 reduction. The refractory metal 17 provides a
wear resistant, corrosion resistant, and
electromigration resistant coating to the underlying
. soft, low resistivity metallization 16 in opening 14.
A particularly good advantage to using CVD with SiH4
i reduction of WF6 is that the ratio of SiH4 to WFS can
be varied to incorporate different amounts of silicon
into the tuhgsten to achieve beheficiql properties.
For example, it would be preferable té deposit the
refractory metal 17 at a 0.5 SiH4 to WF5 ratio while
the opening 14 in the dielectric is being filled since
so doing will result in a lower resistance refractory
metal; however, towards the top surface of the
dielectric to deéosiy at a 2.0 siH, to.WFs ratio since
this will result in more silicon incorporation which
has greater wear resistance. Using the above-described:
"CVD technique, the silicon doped tungsten can be ‘used
as a wear resistant coating or a polishing stop (e.gqg.,
it will be more resistant to an alumina slurry in
ferric nitrate used in chemical-mechanical polishing).
Because the metallization 16 applied by evaporation
does not coat the side walls of the opening 14, the CVD
applied refractory metal 17 creates tapering side walls
around the metallization 16 and the metallization 16
becomes completely encapsulated in refractory metal 17
and underlying refractory'metal 15.



If the starting substrate 10 has a device 18 forned thereon as is shown in
. Figures 3A and 3B, as opposed to the flat substrate 10 with no upwardly
protrudi ng devices as is shown in Figure 2A, the insulator 20 coated over
the device 18 should first be planarized before an opening 22 is created.
Pl anari zati on can be achi eved by Rl E- diem cal - mechani cal polish
conbi nation of both R E and chem cal - mechani cal polishing, or by other

neans.

Figures 2B-2E illustrate a first variation of the present

ng, a

i nvention

wherei n a pfigrarepakDeandd28t shorutdatwsitenadarebd seinkananiredne shown in
Figure 2A cgfwf £Re ébswapbml@ag;%% %% Q:ﬁ'lea'}%ﬂia%'o? wmf' e yhigh has an

openi ng 14

ormed 1n an overcoated dielectric

ractory netal

layer 15 deptRlded sYEUCERES] HBegRANC aditeloe PRt SoRfiIC iV it HIPX he

exposed subsigey ewﬂpcﬁtlﬁezuaebt gmc@ht&an 140fthi 90w ALY S
evaporati on PVD tec nlqueéaest describ I n Han

Technol ogy P&RLLizaELRR

d @‘Eﬁpsh’/éé«tﬁ\% Ry 2

d using an

book of Thin Fil'm
rd, €8T pp. 1-100. An

i mpor t ant fﬁ?ﬁiw'&a@i ﬁ@ﬁi‘@&tbgyemélﬂaﬂ.allﬂqnhB‘éDaatoﬁ”lisﬁJﬁRidﬁ Wisidmat the

refractory netal

S_not

s .of the opening 14

15 d
in the dia%ﬁn?Y%ﬁ fgghgﬁ?ggﬁg ﬁHEéFEFoB& gﬁ&tgﬁ9g% €854t ed sputtering
simlar todduposicseromesiubatrate 10. Planarization can be -

accomplished within one or two steps by chemical-

mechanical polishing with a slurry such as alumina in
dilute ferric nitrate or by RIE in the presence of SF

or Cl2 based chemistry. If chemical-mechanical
polishing is employed, slurries can be selected to
remove different metal layers on the stack. For

6

example, Ti/TiN/W on top of copper can be removed using
the alumina in dilute ferric nitrate slurry, and then .

the remaining copper can be removed by switching to a

slurry without alumina. Combinations of RIE removal of

the refractory metal layer 17 followed by chemical-,

mechanical polishing of the remaining metallization 16
and remaining refractory metal 17 above the top organic

or inorganic layer 13 are also contemplated. A
particular planarization procedure contemplated
includes removing tungsten refractory metal 17 by

either chemical-mechanical polishing or RIE with SF6 or

_Clz based chemistry down to an Al-Cu alloy
metallization 16 surface as shown in Figure 2D, then,
using the tungsten as a mask, the Al-Cu CVD 1ayef is
etched down to the inorganic layer 13 surface, and
finally, the remaining tungsten 17 on the dielectric

surface is either poiished, wet etched or RIE etched in

Cl, to yield the structure shown in Figure 2E.

2

Figures 4A through 4E show another variation on the

invention where like elements to those identified above

are indicated by the same numerals in each of the



U S. Patent 4,824,544, can be used in the practice of the invention, but

t hat ‘col | i mated sputtering produces a confornmal |ayer which would coat the
side walls of opening 14, contrary to that which is shown in Figure 2B. The
use of collimted sputtering to create a refractory netal liner is

di scussed in nore detail below The refr%FkFry metal may be titanium (Ti),

titanium all oys or conpounds such as Ti AP , tungsten (W,

titanium tungsten (Ti/W alloys, or chromium (Cr) or tantalum (Ta) and

their alloysg; Or me qt her - 12..- i t,abl e, materi . r based
| i nes or vigglg?gggé bésfgpﬁg&,lg %éPP%%té?y et é%ﬁ@% %i%égggggnmhich can
act as a di f¥usisndepesii¢edt dncappepesdich tl4atcrtidtfadiom awri ng subsequent

processing Wndeganthed CopAshILn 1B 8ReALNG sl d iy e sybsteate 1019
prevented. Next,~a single, Dinary or ternary netallization I's deposited
over the ref#%mtoT?enﬁgaﬁflgiﬁiepvncesbﬁ@wé@@p&hﬁﬂ&ﬁruq%ﬁwﬁ,Sb@ﬂ%e

evaporation i pfgdret BR ahdetWal kerabtAPBNsRGw! i FIRir&Ofh efls Hovever,
it should be understood that the netallization 16 coul d be applied by .

col i mat ed ditA% PFHGT FR (RPERitdem gf copper metallization, a
thin layer of refractory metal 24 such as titanium,

titanium nitride (TiN), tungsten, tantalum, or alloys
and-compounds thereof, is deposited over the inorganic
or organic dielectric 15 surface and insidé the opening
14 via collimated sputtering.

As noted above, collimated sputtering is generally -
described in U.S. Patent 4,824,544 to Rossnagei et al.
where a lift-off procedure is discussed. In the
present in#ention, it has been discovered that
empldying collimated sputtering at higher pressures
where scattering dominates, as opposed to lower
pressures where directional deposition dominates,
allows for the creation of conformal coatings within a
high aspect ratio,'submicron level trench or via (e.g.,
both the side walls and base are coated). The aspect
ratio generally refers to the ratio of the height of a
trench qf.via relative to its width in the case of a
trench or its diameter in the case of a via.  Trenches
and vias with aspect ratios greater than two are -
generally considered to have a high aspect ratio. With
collimated sputtering, scattering tends to dominate
above pressures of lmTorr (preferably around 3mTorr),
while directional deposiﬁion dominates below 1lmTorr.
Collimated -sputtering is described in more detail below
in conjunction with Figures S5A-E and 6. '

Completely coating the bottom surface and side walls of
opening 14 with a refractory metal layer 24, as shown
in Figure 4a, is especially important when a copper



conformal coating of the metallization within the opening 14 and on top of
the, diel ectric stack. Preferably, the nmetallization is Alferr]Cu[err],
“vhere the sum of x and y is equal to one and both x and y are greater than
or equal to zero and | ess than or equal to one; however, ternary alloys
such as Al -Pd-Cu and nulticonponent alhgys such as Al -Pd-No-Au woul d al so
be suitable. The principle characteristic of the netallization 16 is that
it is alowresistivity and soft material conpared to the refractory netal

15. Preferghlyg tafl%gpermwulﬂzawbbﬁhlsepg eg884Ssiheel bB@ tann or
interlevel via pattern, is filled with bhﬁ talllzatlon to a depth of
100 t o 400dAkImSCINGR e rSitRSbFatRel | dRr bRI Syt s?ﬁ“?ﬂ&uﬂdib under st ood

that the meempleraaiiren pk%cséwwmgnaﬂdgmeﬁ dhe EebiecE, ignto/A- B woul d be of
t he sane s It descrlgm above ure %%: h@ g refractory netal 17, such
as tungste 1ffygdon BarHiSGT %%I QEATRT or TBF1 59RPSBnpounds such as

Ti/TiN, demesaﬂ&dza\tﬁrort He6 <tanicher depepoedtbpnPdd théngeferiadeary netal 17

may be by Ongp%%§&|9?t E}#) fﬁ$¥£b3t58u9£§§f§§ o@sbﬁsogﬁgE expl ai ned in

Fi gures 4a®¥
techniques. When submlcron, high aspect ratio holes

are to be filled, prior art CVD techniques have;been
unsuccessful for filling the holes with aluminum and
copper based alloys; therefore, the preferred method
for filling is by PVD techniques.

Subsequent to deposition of metallization 16, a thin
layer 26 of titanium, Ti/TiN, tantalum or chromium is
then applied over the copper:metallization 16 surface
to promote adhesion. A refractory metal such as
tungsten is then deposited by CVD by SiH, or H,
reduction of WF6 to yield the structure shown in Figure
4B. As explained above, varying the SiH4 tp WF6 ratio
during CVD can advantageously be used to make a harder,
more wear resistant, tungsten with incorporated silicon
layer near the top surface of the dielectric 15. The
interfacial thin layer 26 should be chosen so that it
does not attack the underlying copper metallization 16.

Figure 4c shows that first tﬁngsten is planarized. by
polishing or by RIE and'Figure 4d shows that copper is
selectively removed by wet etching. When copper or '
cobper alloy lines are being created, it is
advantageous to use a wet etch solution based on
hydrogen peroxide (H,0,) and hydrogen tetroxide (H,0,)
to planarize the copper. At room temperature, this
type of solution will not etch tungsten or dielectric,
but will etch off all copper positioned above the
dielectric since it is not protecte& from the wet etch
solution (e.g., at room temperature, H2 5 has almost



|nvolves collimated sputtering or the like of an adhesion pronoting
conpound such as titaniumor titaniumnitride to create a confornmal bl anket
coating, and the second step includes depositing a thin CVD | ayer of
tungsten to achi eve a higher degree of conformality. CVD deposition of the
refractory netal is preferably achievediwmit+h SiHerr] or Herr] reduction
of WF[err]. A particularly preferred CVD procedure involves SiHerr]
reduction of Wr[err] followed by Herr] reduction of W[err] because, on
top of a TiNifapdte @l asft ivifgsk en lbxmdﬂsessrhnmm’yha\ttaf&Mtheduct i on

of VFLerr], wBlt efteh, Wit Hadqiiad | P cdlhd SIL AL Ol Yo 19 ALnd oI YT des. a

wear resistant, corrosion resistant, ecT T oM gr at 1 bn Feal stan? coating
to the unde?F?vn§°§é§@1ﬂgmﬁ419§nﬁﬁ\ﬁQ%ﬁﬂﬂﬁQﬁ$1zaﬁlmﬁﬁﬂﬁrrﬁdomehhqg 14. A

particul arl fogogdmad\ial@t e @ ﬁﬁ& (;\Qrvgégb,g Iﬂ{leggpug oRi o Wl[err] is

that the ratio,of SleP{ziaip can be varied to Incorporate
different AOPHESEHta Gighdst sHEIAGR e \RY benefi ci al

properties. cmmleaambehamcmulguu%mr Qfﬁb{ drd Lfapesid fhe refractory
nmetal 17 at grg $ lp&e&r é errh8{at| mhlle the opening 14 in the
dielectric 1€5bE nGHFEREED ST qﬂ REGAUSS Fungsh@n esi st ance
refract ory anstelathvetyehartionatesitalle tutpdsws‘ R Heddtenligt ectric to
deposit at r re S|Qpe his will result in nore
S|I|con|rué%é%Qaéigﬁg&hLukgegghﬁ ﬁk cal meéhanical

polishing. Rather than the three step approach

discussed above, it may be preferable.to remove the

tungsten refractory metal 17, the thin layer 26

adhesion promoter, and the copper metallization 16

located above the surface of the insulator 15 in one

step using chomical—mechanical polishing.

i Figures 5A through $E show yet another variation on the
invention where like numerals indicate like elements.
Figure SA:showé a refractory metal liner 28 is
deposited in the opening 14 prior to metallization in a
fully or partially conformal manner using collimated
sputtering like that described in Rossnagel et al. J.
Vac. Sci. Technol. 2:261 (Mar/Apr. 1991) and U.S.
Patent 4,824,544 to Rossnagel et al. which are ‘herein .

~ incorporated by reference. In collimated sputtering,
refractory metal atoms are passed through a honeycomb
like structure with an aspect ratio of depth to area of

- greater than one at pressures greater than 0.5 mTorr.
Table 1 presents conditions which have been used for
liner deposition. '



has greater wear resistance. Using the above-described CVD technique, the
si bikcon doped tungsten can be used as a wear resistant coating or a
polishing stop (e.g., it will be nore resistant to an alunmna slurry in
ferric nitrate used in chem cal -nechani cal polishing). Because the
metal | i zation 16 applied by evaporatirod8does not coat the side walls of the
opening 14, the CVD applied refractory netal 17 creates tapering side walls
around the netallization 16 and the netallization 16 becones conpletely
encapsul ated in refractory netal T#BkBdlunderlying refractory netal 15.

- 14 - Figures 2D @mid@&@ﬁwwv@ﬁaLIﬁgRugyuchL§MR@§@gr|zed after the CVD
application of the refractou¥ net al a structure wherein a two

part conduBfPFET/RRTHO | i iE Q“Eﬁﬁepudes a E@ﬁ?@ﬁ(Togoft | ow
resistivity nmetallization difbEwAKRpBOPatey in a hayg) wear reS|stant
refractory tal 17, has a top i%rface which is eveg with the top surface
of the dieféétric conp05|te on bstrate 10. Planar?%ation can be
acconpl i sh&ed2wi thin one or two 3@ eps by chem cal - neghani cal polishing with
a slurry sygg as alumna in dilige ferric nitrate oiogy RIE in the presence

of SF6
NO COLLIMATION

0 ' 10 12

In the investigations presented in Table 1, the

pressure was varied from 0.5mT to 15 mT and the power

was varied from 0.5 kW to 12 kW. Table 1 clearly
indicates poor step coverage when collimation is not
employed. Using higher pressures (e.g., 3 mTorr) and a
collimator with aspect ratios of at least 1:1, the vias
or contacts with aspect ratios of more 7 to 8 were i
coated with Ti/TiN or Ti/W bilayers resulting in step
coverage more than 40% at the bottom and more than 30%

on the side wall. This is a significant advance in the
art since it allows semiconductor manufacturers to
provide a conformal layer within a high aspect ratio‘
_ trench or via which will promote adhesion of CVD
tungsten. Moreover, as will be discussed in more

detail below, providing a conformal layer of TiN or

other suitable materials will provide.an effective
diffusion barrier for copper based alloys. As

discussed above, in order to thoroughlf coat the side
walls and bottom of a trench or via pressures -should be
employed . where scattering dep051tion dominates (e.g.,
above 1 mTorr) rather than at lower pressures where
directional deposition dominates. .
Figure 6 presents an SEM micrograph of a refractory
metal liner in a via created by PVD collimated
sputtering as described above. Figure 6 shows that
complete coverage of the bottom and sidewalls of the



or Cl[err] based chem stry. |If chem cal -nmechani cal polishing is enployed,
slurriés can be selected to renove different metal |ayers on the stack. For
exanple, Ti/TiNWon top of copper can be renoved using the alumina in
dilute ferric nitrate slurry, and then. the remai ning copper can be renoved
by switching to a slurry w thout alum ba.-Conbinations of R E renoval of
the refractory metal layer 17 followed by chem cal - mechanical polishing of
the remaining netallization 16 and remaining refractory netal 17 above the
top organi ¢idr cRnobgasibtadined. 13Tardepdsit ChiN eiptai ed, K, ppi tisaal ar

I t tun fractory
etal 17 bp2s; Bpaacatchd N ALGS LASHN Trd e Mo ?#éﬁ[‘éﬁ] or
C[err] baseugeheni They ldawr tQiiTanilmrw eﬂdhﬁsm aand zxaremnmaaamface as
shown in FhgHaek2Br RPN tudgdied h AW ASy £n ﬁé\' Cu CVD layer

Is etched down to_the inorganic |ayer 13 surface, and f|na

renai ni ng T%g%?%ﬁowaél’rtﬁfhgfdlaelle’dﬁlf dngreasse Wrse%lﬁ%ra%??‘éhed wet

etched or fﬁfﬁ@t@heﬂhencsummmatdﬁ)gﬁdgéagéyastructure shomm in F|gur¢ 2E
Fi gures 4A through .4E show anot her variation on the invention where |ike

el enments to those identified above are indicated by the sane nunerals in
each of tiwhen copper lines or vias are to be employed in the.

structure, a robust liner which can serve as a
diffusion barrier 'is required. Low pressure
collimation of a refractory liner (e.q., Ta, Ti/TiN, or
'Ti/W, etc.) created a porous structure on the side wall
of the opening 14 in the dielectric. To prevent this
porous structure and provide a dense structure on the
side wall, a two step collimation process was employed.
Specifically, in the first step, a thin liner was '
deposited using a pressure below 0.8 mT to get bottom f
coverage of more than 60%, and in the second step, the
pressure was increased in-situ to 3 to 4 mT to get a
dense microstructure on'the sidewall using the same
collimator. Prior to this invention, there was no
means available for forming a liner in high aspect"
ratio, submicron holes, especially at low temperatures.
The results were similar for Ti/W and Ti/TiN bilayer
liners used as a diffusion barrier for CVD refractory
metal 17 or low resistivity soft metal.

Figures 5B-E show similar steps to those shown in
Fiéures 2B-E and Figures 4A-E are performed in another
variation on_the invention. Like in Figure 4A, Figure
- 5B shows. that an adhesion promoter layer 26, such as
Ti, Cr, Ta, Ti/W, or the 'like, is deposited by PVD
evaporation over the top of'the refractory metal liner
and in the bottom of the gap'14.- Like in Figure 2B,
Figure 5B shows Al-Cu alloy or other metallization 16
béing deposited by PVD evaporation techniques to a



- 15 « Figures. As shown in Figure 4A, copper netallization 16 is deposited
~in=an ‘opening 14 created in an inorganic or organic dielectric 15 forned on
substrate 10. The chief difference between the structure shown in Figure 4A
and the structure shown in Figure 2B is that prior to deposition of copper
metal lization, a thin |layer of refractgry netal 24 such as titanium
titaniumnitride (TiN), tungsten, tantalum or alloys and conpounds
thereof, is deposited over the inorganic or organic dielectric 15 surface

and i nsi deléwelopeni bg 4d0vhma beimeMhajsqnﬂacﬂidﬁ)tﬂs not ed above,

collimated,s g i akLyq ri 24 544 to
Rossnagel %thg%égﬁ}igfe g &ﬁ??é H: %%% lﬁ":'lr%e%cil‘}ser!L ss§lu05w5e %péfsnf e present
i nventi on,of tahasnbermali seyperref thagsmmm(gnrq;hﬁﬁlneﬁnantqnxuterlng at

hi gher pressUlEs Y‘*‘Eéecé;?a{ﬁgdi&g 98@‘1@%&??10@%}&%%}151%6 ion HE] Pressures

wher e dlrectlon deposi om nates, a e creation of
conf or nal n&ﬁnangginmthhﬁ surgHHensprc RIEaOro poddishiiciton drevidie t rench or

via (e.g..1008d0 4he élﬂ?af@iﬁgaﬂﬂebéiﬁu%ﬁ:%r@%fﬁ% tHee dPedlep ati o

general |y refers to the rati o of the % t of a trench or via relative to

i ts widthwWet t9fecking of the raliapipum-cobgexndldoy Withe Hofse of a via.

Trenches followed by chemical-mechanical polishing of tungsten
as shown in Figures 4c and 4d or simply planarizing by
one step RIE or chemical-mechanical polishing. For one
step chemical-mechanical polishing, a slurry similar to
that used for tungsten polishing can be used. Like the
structure shown in Figure 2E, the structure shown in
Figure 5E has a CVD refractory metal 17 encapsulating a
low resistivity metallization 16 where there is a
tapered refractory metal 17 region.

Figures 7A and 7B show yet another variation on the
inventiqn where like elements are indicated by like
numerals. As shown in Figqure 7A, both a conformal, _
preferably refractory metal, liner/diffusion barrier 28
and a conformal Al ch or other suitable, low'
resistivity alloy or metallization 16 layer are
deposited in the opening in the organic or inorganic
dielectric 15 on substrate 10 using PVD collimated
sputtering procedures. Subsequently, a refractory
metal 17 capping -layer, such as tungsten, titanium,
tantalum, or the like, is deposited by CVD to blanket
coet the structure. Figure 7B shows that the structure
is then planarized using RIE, chemical-mechanical
polishing, or by other techniques. Contrasting the
structure of Figure 7B with the structure of Figure 5E,
it can be seen that the shape of the via or line is
quite different. While both structures include a low
resistivity metal 16 capped by a refractory metal 17,
the two metallizations will likely serve different

environments.



and vias with aspect ratios greater than two are generally considered to
have ‘a hi gh aspect ratio. Wth collimted sputtering, scattering tends to
dom nat e above pressures of 1mflorr (preferably around 3mlorr), while
directional deposition dom nates bel ow lmlorr. Collimted sputtering is
described in nore detail below in confuRétion with Figures 5A-E and 6.
Conmpl etely coating the bottomsurface and side walls of openi ng 14 with a

refractory tal _Jayer 24 as shown jn Fiqure 4a, is .e i all |nportant
when a coppg‘perj!-m 1th'a%%%ls KR o h‘é?‘él g?ggPFgﬁdlB’ltélpﬁé’ﬁd Ipper
wi Il di ffusedtadlo dappedibbined efdbrilvated acbsediagt thi ghe anamfrﬁtqﬁe%
processi ng d rU|n evice 1f _no diffusion barr er r,oVvi . The '
copper neta s er#l%’%‘é% b:Irélef)}b |?’é@eﬁ§mWle’JS| él{‘ﬁp é\?&&ﬁation or
col | i mat ed sqau:titeei ifapmorl hy5 otmeto t2€ hem quish Wleareabmfcrtdrm dhiigh aspect
ratio holes gredq fd | , 1 Om n h

unsuccessfuf:afo%r qblq'l ndg the hg#ﬂg V\ﬁéul %@-m&ﬁ%% g% %d Fﬂ‘%“gﬁz&d Sl oys;
therefore, 2na. pr@h@wﬁﬁpﬁﬁ#rﬁﬁtIQNOf|¢h¢rkpl%5b§iPWBdtUema(ﬁnﬂm 2
Subsequent g @eRed AP 0dEIAlLd 28! | Ofapfe 2 bPbBents the

resistance test results.

TABLE 2
LINE RESISTANCE OF TUNGSTEN CAPPED LOW RESISTIVITY
METAL AFTER POLISHINGZ

(A) CREATED USING EVAPORATIONb

Structure Resistance Resistance Yield
' before W dep. after W dep. ;
'I‘i(20nm)/TiN(35nm)/_A1-Cu(800n£n)/W(200nm)

0.042 0.04 . 95%
Ti(20nm)/A1l-Cu(800nm)/W(200nm)

0.042 0.052 95%
Ti (20nm) /ALl -Cu (800nm) /Ti (20nm) /W(200nm)

0.042 0.054 94%
Ti(20nm) /TiN(25nm) /CVD W(30nm)/Al-Cu(1300nm)/
W(200nm) -

0.025 0.023 97%
Ti(50nm)/TiN(25nm) /T4 (20nm) /Al- Cu(1300nm) /T4 (20nm) /
TAN(20nm) /W(200nm) |

0.025 0.032 96%

Ti(50nm)/TiN(50nm) /T4 (50nm)/Al-Cu(600nm) /T4 (20nm)/
Cu(700nm)/Ti(20nm)/TiN(20nm)/CVD W(200nm) '
0.023 0.021 100%



| ayer, 26 of titanium Ti/TiN, tantalumor chromumis then applied over the
copper netal lization 16 surface to pronote adhesion. A refractory netal
such as tungsten is then deposited by CVD by SiH err] or Herr] reduction
of WF6 to yield the structure shown in Figure 4B. As expl ai ned above,
varying the SiHerr] to Wi err] ratie dyri-ng CVD can advant ageously be used
to make a harder, nore wear resistant, tungsten with incorporated silicon
|-.ayer near the top surface of the dielectric 15. The interfacial thin |ayer
26 shoul d e )chosenTsd tbakci todnENATED srUawErIMGUnder | yi ng copper

metal lization 16. Figure 4c shows that first tungsten is planarized by
polishing or by RIE and Figure 4d shows that copper is selectively renoved
by wet et cHiif@onnWywriK opPen) sALeOpH800ahl)dCViDi WL 0dman)bei ng created, it is
advant ageous to use a-wet tgg sol ution bas%q on hydroge ‘ﬁgroxide
(Herr]gerr]) and hydrogeh’ ?roxide (Herr'derr]) to planarize the
copper. At Tid@armvrel sCwl&00nh) ACVPpH (8P0nml)uti on will not etch tungsten
or dielectric, but wll etgbogif al | coppgr ggosi tioned akgwe the dielectric
since it is not protected fromthe wet etch solution (e.g., at room

t enper at ur &1 (I300m Y 20mb(A1-Cu(800nm) /CVD W(200nm)

0.040 0.039 85%
Ti(20nm) /TiN(75nm) /Cu(800nm) /Ti(20nm)/TiN(25nm) /CVD
W(200nm) i
0.024 0.022 : 80%
d

(C) CREATED USING SPUTTERING WITHOUT COLLIMATION

Ti(20nm)/TiN(35nm)/Al-Cu(800nm)/CVD W(200nm)

0.040 0.04 86%
2In all the experiments, the line lengths varied
from '13.5 to 50 cm with an are of the chip close to
1.6 mmz. The metal pitches varied from lum to 2um.
The aspect ratio of the holes filled were from 2 to
8 and for lines, 2 to 4.
bIn the Evaporation Experiments, Ti/TiN bilayers were

deposited by collimation sputtering.

€colimation aspect ratio of 1:1.

dSputtering pressdre ranged between 0.5 to 0.8mTorr.

The results in Table 2 show that the process yield for
the new technique is very good and that the line
resistance is not altered greatly by the presence of
the tungsten cap. Some of tﬁe above data shows an
increase in resistance when titanium is present
directly under Al-Cu alloy. This is due to the
formation of TiA13 at the interface. It has been found



|nf|n|te selectivity). Figure 4e shows that after the wet etch, the
tungsten 17 can be selectively renoved by RIE, polishing or other

techni ques. A preferred nethod for renoving the tungsten refractory metal
17 which projects above the dlelectrlc:#§ surface i s by chem cal - mechani ca
polishing using an alumina in ferric ni“®rate slurry or the |like. Because
tungsten is a relatively hard material, it does not scratch or corrode when

o o i

approach di scuss un
refractory MQtuﬁen7t1thelumlanha¢®ﬁ 2@umﬂmam1gognennﬁqyeramuevﬁetsopper

motal Vi zat | o 1fotfgeisd 8804aaiNe ot ik obly (Widd G M dotaRcane st ep

using chem ani cal . gyres 5A through 5E show yet anot her
vari ati on okP¥em- i nfhat b@ﬁtﬂﬁele@terkém S 2 ishaveattdhat kbf el enent s.

Fi gure 5A st\eté\rtﬁ&f;rﬁ@tﬁbﬁtn‘ebalnhta&qronZ&sl 2 id ekhé the opening 14
prior to netallization in partially con ormal _manper usi ng

col I i mat ed SHIEERF1RG FhRBlfih&F]%eP&ﬁ"Seé i JoNETs RIS uRes) (€9 vac. Sci .
Technol . 2:R&llow MarmBefr)18Ad) band ibeSt iBakdnly doftidhdietil o Rossnagel et
al . which are herein incorporated by reference. In collimted sputtering,
refractory netal atons are passed through a honeyconb |ike structure with
an aspect r®tiis cdntlbpipatedathatoperforming RIE or a wet etch

using H202 or H204 on the refractory metal cap after
chemical-mechanical polishing will be advantageous in
bringing the thickness of the capping layer down to a
bare minimum. A thick layer of a refractory metal
would increase capacitance, which is not desirable. By
allowing for a post-polishing wet etch or RIE procedure
(e.qg, SF6 etching), the semiconductor designer wi;l be
able to use thick layers of refractory metal to provide
maximum protection for the underlying low resistivity
Al-Cu line.or via during chemical-mechanical polishing,
yet will be able to subseéuently remove any.excess
refractory metal to achieve a structure which has very
little overlying refractory metal. For example, an
500-600nm thick refractory layer can be applied and
used for protection against polishing damage, and then
the refractory layer can be reduced down to;a s0nm
thick layer by wet etching or RIE.

F;gﬁre B shows an example of one multiievel
semiconductor device which includes a top surface
having tungsten capped Al ch alloy lines flush with
the top most insulator layer. As discussed in detail
above, the vias or trenches with CVD tungsten
preferably include a TiN liner formed by collimated
sputtering to promote adhesion. Many other
semiconductor devices can be fabricated within the

practice of this invention.
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greater than one at pressures greater than 0.5 nforr. Table 1 presents

conditions which have been used for |iner deposition. - 18 - TABLE 1
DEPCSI TI ON OF LI NER BY COLLI MATI ON ASPECT RATIO  STEP COVERAGE

BOTTOM TOP SI DEWALL/ TOP (%9 (%9 1:1 38

60 1:2 39 - 24 - 70 1:4 42

100 NO COLLI MATION O 10 12 In the
investigatigns presented.in Table 1, the pressure was varied fromO0.5nT to

15 niT and £HS r %va‘%ngagpeﬂr?r%WOF‘BCRWFéP’EE RW @Table 1 clearly
i ndi cat es pe@ssStapctbyRr ageanbenic6hiudBbrodevscaot giRuIeeda Usi ng hi gher
pressures %E‘% s3e mTor{%d\z,a\#d a colglmator vm'_thtas ect ratios of at |east
1:1, the vPRSST TR 82 BRPEELOPE PERIGF eUP £5%F Rere coat ed
with Ti/Ti Hiddchn WirfagersitksaltCugal bogt bptweear agd wor edphat 40% at
tag\e/agggt Ionmt?\%g sy 030 Ohnd NEn SLES YIB! tne TRIScLSaT184 9T lcant

CVD tungsten layer. Figure 9a represents a structure

with capped lines prior to polishing. Figure 9b shows

an SEM micrograph of the cross-section of a multilayer

structure after chemical-mechanical polishing has

removed the tungsten and Al-Cu alloy above the top

surface of the S.i.O2 projections.



art since it allows sem conductor manufacturers to provide a confornal

| ayer: within a high aspect ratio trench or via which will promote adhesion
of CVD tungsten. Moreover, as will be discussed in nore detail bel ow, _
providing a conformal |ayer of TiN or other suitable nmaterials will provide
an effective diffusion barrier for copp based al | oys. As di scussed above,
in order to thoroughly coat the side walls and bottom of a trench or via

pressures should be enployed where scagyfAamMsg deposition dominates (e.g.,
above 1 nmTorr) rather than at | ower pressures where directional deposition

dom nat es 1. Fi gudevi€e, poapeiRing: an SEM mi crograph.of a refractory metal Iiner
in a via created by PVD collimated sputtering as descri bed above. Figure 6
shows that coapkbitmte;over age of the bottom and sidewal | s of the - 19 -
via can be obtained. To deposit TiNin-situ, N2 plasma was used along with
argon in the ptlessirang dicleetricilayenpositionedyen saidrpubsiratepandan i nprove adhesi on
and prevent any attack of CVD tungsten on the underlying substrate. The
conformal ity &etalization positioned,da athepenipg ipsyid @t deast enef dieleetricolayermndr
I ncreases extending from a surface which is substantially co-planar with a surface of said at least

one dielectric layer towards said substrate,

said metalization comprised of a low resistivity metal or alloy and being
encapsulated by at least one refractory metal or alloy,
said low resistivity metal or alloy having side walls which taper inwardly towards

one another towards said surface of said metalization which is planar with said surface of

said at least one dielectric layer.

2. A device as recited in claim 1, wherein said at least one refractory metal or alloy is

selected from the group consisting of titanium, tungsten, tantalum, chromium and alloys,

conducting oxides, nitrides and silicides thereof.

3. A device as recited in claim 1 wherein said low resistivity metal or alloy is a binary

or ternary alloy of aluminum or copper.

4. A device as recited in claim 1, wherein said low resistivity metal is an alloy of

aluminum and copper having the formula Al, Cu,, where the sum of x and y is equal to

one and both x and y are greater than or equal to zero.

5. A device as recited in claim 1, wherein said at least one dielectric layer includes at

least one inorganic layer. _

6. A device as recited in claim 1, wherein said at least one dielectric layer includes at

least one organic layer.

7. A device as recited in claim 1, wherein said at least one dielectric layer includes

both inorganié and organic layers.

8. A device as recited in claim 1 wherein said substrate is a semiconductor.

] O OO



VWhen cqpper lines or vias are to be enployed in the structure, a robust

| i ner’ which can serve as a. diffusion barrier is required. Low pressure
collimation of a refractory liner (e.g., Ta, Ti/TiN, or Ti/W etc.) created
a porous structure on the side wall of tige opening 14 in the dielectric. To
prevent this porous structure and provide a dense structure on the side
wall, a two step collimtion process was enpl oyed. Specifically, in the
first stef, aA Wewickiaserecitad ideplaim t 5dwhsreiny saidpmetadinatéonb ekiend? cBmpiletely get
bottom coverage of nore than 60% and in the second step, the pressure was
i ncr easedthraugh said aplegst:anelielctris laysr and gentaws pid sdstretect ure on t he

si dewal | ing the sanme collimator. Prior to this invention, there was no
means avai 6ab devige anFeRited 18 qlaimed whereingaidaatjeast ong refsactarysimetal o6 alloyes,
especially at .lowt eratures. .The resylts re.simlar for Ti/Wand

T TN bi FRFises; 3p#lloy, conaining,siticqry s bes ¢ BiEHeE incpBoreiohsHico £onisny ahar a

iﬁoﬁé | iR nedic el feed B e Bltn Gl Qﬁﬁagioﬁ‘h%ﬁésﬁﬁéf ﬁdatﬁ? on-
n FIGUPES 3 e it er ghret AR-E-AFE Bary .
or omot or 1o et el € a18odol tidher fp sad ifhfag> 2101P, | 0 84800 o by

PVD evaporation over the top of the refractory netal liner and in the
bottom of the gap 14. Like in Figure 2B,

\

gy



Fi gure: 5B shows Al -Cu alloy or other netallization 16 being deposited
PVD revapor ati on techni ques to a - 20 - level 100 to 400 nm bel ow t he

surface of the dielectric.

by

Fi gures 5C-E respectively show deposition of a

conformal | ayer of tungsten or other refractory material to cap the |ow
resistivity metallization 16, planarizing the tungsten by R E or polishing,

or the like,

and pl anarizing the structure using the two step wet etching

of the al um num copper alloy with H202;Zo| | owed by chemi cal - nechani cal

pol i shing of tungsten as shown in Figu

by one step RIE or chem cal - mechani cal polishing. For one step

chem cal

polishing can be used. Like the structure shown in Figure 2E, the str
shown in Figure 5E has a CVD refractory netal 17 encapsulating a | ow
resistivity netallization 16 where there is a tapered refractory netal 17

regi on.

Fi BMGWMAH@AFPED%@WRESM‘IWTY%H%E Igll?p‘ﬁf'f; R"

conformal . pre er ably R Sy S RYE BSINGAR VPN X e

ABSTRACT

Capping a low resistivity metal conductor line or via with a refractory metal
allows for effectively using chemical-mechanical polishing techniques because the
hard, reduced wear, properties of the refractory metal do not scratch, corrode, or
smear during chemical-mechanical polishing. Superior co’nductive lines and vias are
created using a combination of both physical vapor deposition (e.g., evaporation or
collimated sputtering) of a low resistivity metal or alloy followed by chemicall vapor
deposition (CVD) (17) of a refractory metal (15) and subsequent planarizatioﬁ.
Altering a ratio of SiH, to WFg during application of the refractory metal (15), cap
by CVD allows for controlled incorporation of silicon into the tungsten capping layer.
Collimated sputtering allows for creating a refractory metal liner in an opening (14) in
a dielectric which is suitable as a diffusion barrier to copper based metallizations as

well as CVD tungsten.

FIG. 2A

s 4c and 4d or sinply planarizing

-mechani cal polishing, a slurry simlar to that used for tungsten

ucture

where
both a



T -

and a conf or nal

—F

Al [err]Cu[err] or other suitable,

low resistivity alloy or

nmetal i zation 16 |ayer are deposited in the opening in the organic or
i norganic dielectric 15 on substrate 10 using PVD collinated sputtering..

procedures. Subsequently, a refractory/metal 17 capping | ayer, such as
tungsten, titanium tantalum or the like, is deposited | anket
coat the structure. Figure 7B shows that the structure i riMzE?ﬂ3
using RIE, chem cf‘t@e hani cal polishing, or by other te

Contrasting the s re of Figure 7B wi tATIHRe N IUSLUNG Y ey 5E, it
can be seen that the shape of the viao(\'i LIMETAL 2
both structures include a | ow resi 514 . CHDBEC AT actory
metal 17, the two netallizati i | [0 Ly nment s.

- 21 - Experimental tests hab’g?@eﬁnﬁ”ﬂmﬂ%@ : et al
capped lines fabricated according t@Q {Re teganque d«l\ sed jghoyy. In the
e>r<]perihment|s the line Inﬁ{ngt hs pg[y-ef- TTom to 0. 5 wi fiNaQNar ea’ of
the chip close to 1.6 Tal pltcnsvrle om Mrfimto
2pm The aspect ratio of Fﬁ@brﬁ%ﬂ )

FIG. 3A

INSULATOR .

T ™ G - P

20 INSULATOR
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181 1 L4 POLY SI GATE
I /SILICIDE JUNCTION
77 ,,w RS 777
’ p et e
[ // 1. m. f // 4
— BEFORE PLANARIZATION “
FIG. 3B
22
)
H rt
RSN
18 I’ .-.'.“’
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7 ) \w/// p

AFTER PLANARIZATION




to 8 and for lines 2 to 4. Table 2 presents the resistance test results.
TABLE 2 LI NE RESI STANCE OF TUNGSTEN CAPPED LOW RESI STIVITY METAL AFTER
PCLI SHING err] (A) CREATED USI NG EVAPORATI ON[ err] Structure

Resi st ance Resi st ance - Yield before Wdep. after Wdep.
Ti (20nm) / Ti N( 35nm) / Al - Cu(800nm) / W 200nn) 20,042 0.04
95% Ti (20nm) / Al - Cu(800nrr)/V\(ZOOV\E?2 0. 042 0. 052 95%
Ti (20nm / Al - Cu(800nm) / Ti (20nm) / OOnn) 0. 042 8 g@é . 949%
Ti (20nm) / Ti N( 25nm) / CVD W 30n 8,8 220055y IBORBAIC (Si0y, 5!3”4)86213
97% Ti (50nm) / Ti N(25nm) / Ti [ Al - Cu )/ Ti N(20n
( M ( D ( ORGAN?C ?POIPYH}NUE

0. 025 mﬁ, 2(& 96%
Ti (50nm) / Ti N( 50hm+ THB0nm) / Al - Cu( 600

Cu(700nm) / Ti (20nm) / Ti N(20nm) / G
100%

410
16
( ~Al-Cu PVD (EVAPORATED,
FIC. 2B 15 S 1(5 ‘W/’%L\or Cu SPUTTERED etc)
) REFRACTORY METAL
/ \ (Ti, Cr, Ti/W etc.)

‘ \

J—CVD METAL (e.q. W)
—16

FIG. 2C

AF)TER ETCHBACK OF CVD METAL
‘ | y j ( 16
FIG. 2D B 13

! VA

)
16

v

CVD METAL
I 17

777 7] IR VP 4 ;47-/-13
[ —

FIG. 2t

— Al-Cu/Cu

—

- e



- 22 - (B) .CREATED USI NG COLLI MATED SPUTTERI NG err]

Ti (20nf) / Ti N(35nm) / Al - Cu(800nm) / CVD W 200nn) 0. 042 0. 04

84% Ti (20nm) / Al - Cu(800nm) / CVD W 200nn) 0. 042 0. 05 81%
Ti (20nm) / W 20nm) / Al - Cu( 800nm) / CVD W 200nm) 0. 040 0. 039

85% Ti (20nm) / Ti N( 75nn) / Cu( 800nny / Ti (20nn3 4 Fi N(25nm) / CVD W 200nm) 0. 024

0. 022 80% (C) CREATED USI NG SPUTTERI NG W THOUT COLLI MATI ON

Ti (20nm) / Ti N( 35nm) / Al - Cu( 800nm) / CVD W 200nm) , 0. 040 0. 04

86% a[err] all the experinents, the line lengths varied from13.5 to 50 cm
with an are of the chip close torf—6mmieyr]. al pitches varied
from1l[err]mto 2[err]m The 1&8spect ratio|offthe hole Cyed were from2

to 8 and for Ii , to 4. [err]lln the Evaporal] mn in/ Ti N

bi |l ayers were eEGsiééd by c@ﬁli tron spjtterifng. err](% |rlr% |LI(‘)Y-r$Raspect
ratio of 1:1. [err]Sputterin ssure rafjge et ween Q.5 . orl. ..The
results in Table 2 show that q?he process fieldjfor th W@QQWEWWIC
very good and that the line resi$tance isfinoty gl tered rleﬁLﬁcwcthe

—(D—

presence of 10— | )
16
e |
=3 ~—ADHESION PROMOTER
FIG. 4B 16—l I ~A~¢y (Ti, Ti/TiN, Cr, Ta etc.)
' 24—
15~
A
—¥ (
10 16
17 W
FlG VT e
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o ZE;EL/——I\ADHESlON PROMOTER
(
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10— 16 Cu |
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FIG. 4D
15
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e
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the tungsten cap. Sone of the above data shows an increase in resistance
when titaniumis present directly under Al-Cu alloy. This is due to the
formation of TiAl[err] at the interface. It has been found - 23 - that
providing a titaniumalloy or conpound (e.g., TiN) between titaniumand the
al um num copper |ayer prevents the fornmati oh/@df Ti Al[err] and thereby keeps
the resistance lower. The bottomentry in Table 2 shows that if sputtering

wi thout collimation is enployed, the&8sputtering should t e | owe
pressures (e.g., below 1 niorr) di rget %ﬁgf@dﬂtlhﬂﬁt@@g {'”
anticipated that performningt etc N@HGINIG (402, Si3Ng etc.)
HerrJ]dJerr] on Eﬁiir fx act %y_jlret al cdp a} chemi cal-rpRGAKIC (PALYIMIDE)
polishing will b % ageotis ) n brindlng th¢ thickndss of the capping
llayer down to a bare mnimum Althick || 3 Lefractqpy netal woul d

i ncrease capacitance, which is fof~destrabre By atfoWing for a

post - polishing wet etch or RIE procedure (e.g, SF[err 18hi ng), the

sem conduct or designer will be } of refractory netal
to provide maxi mum protection for the underlying lowresistivity Al-Cu |ine
or via during chem cal -mechani cal poli shing,

16 ( 1 a-cu PvD (EVAPORATED,

' 26 - 16 {;I'l/ll"/""/ or Cu SPUTTERED Efc.)
FIG. 5B : REFRACTORY METAL
(Ti. Cr, Ti/ W etc.)
TIPS, YT TP
10

—~— CVD METAL (e.q. W)

FIG. 5C

wlalz loc

{
17 16

AFTER ETCHBACK OF CVD METAL

FIG. 50

LA { Tl e e
16
CVD METAL
Ll A / ol e
HG 5E _ } _Al-Cu/Cu
) PRI v4 - Tl e

10
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yet will. be able to subsequently renpbve any excess refractory netal to

achi eve a structure which has very little overlying refractory netal. For
exanpl e, an 500-600nmthick refractory |ayer can be applied and used for
protection agai nst polishing danage, and then the refractory |ayer can be
reduced down to a 50nmthick |ayer by s#% etching or RIE. Figure 8 shows an
exanpl e of one nultilgyel sen conductor device which includes a top surface
havi ng tungsten capp TR T igawimc t Op nDSt
insulator layer. AS fhimellsSBF MBS Ches with
CVD tungsten prefera - afbdacied Sputtering
to pronote adhesi on. SR Or | cat ed

wi thin the practice B 9b are SEM
m crographs of a crd e 9a shows
separated SiJerr] e with A -Cu
all oy between and o the Al -Cu

alloy is a CVD tung

SEM of liner applied by collimated
sputtering prior to CVD of Tungsten

FIG.6



L

W th capped lines prior to polishing. Figure 9b shows an SEM m crograph of
the cross-section of a multilayer structure after chenical - mechani cal

pol i shing has renoved the tungsten and Al -Cu alloy above the top surface of -
the Sierr] projections. 25 CLAIMS 1. A devi ce, Bohprising: a '
substrate; at |east one dielectric | @ Aleoned on said substrate; and
netalization positioned in an open| ng I'n sal d at least one dielectric layer
and extending froma surfaceg—wh ystant

pI anar wt h a
surface of said at | east one ' %@C&kﬁmg@ sai d
metalization conprised of adowresistipi
encapsul ated by at |east oneg Tefractyry| ngfa 3Cud h@_{
resistivity metal or alloy h Itaper ’in\X/ar y towards
one anot her towards sai d sur§see=sfxfbal ps==ratAqn Whkdhy 38 planar with

said surface of said at |eas 0A xeMi AND By <1

recited in claim1, wherein(said at [heas DIFWS‘IUNFRWROV i's
selected fromthe group consjsting d tltalum tu st1gn tanta

chrom um and al | oys, conductj ng oxi des, nifrides a a5
A device as recited in claif 1 wher :5 n saifl lowre i st?&&%ﬁ%&%@%ﬁefgﬁl oy

Is a binary or ternary allo aru COpper.
| TR -
BEFORE ETCHBACK

CVD METAL FIG. 78

16 (e W7 28

=

15 '
INORGANIC DIELECTRIC OR
ORGANIC DIELECTRIC

{ SUBSTRATE w0

AFTER ETCHBACK (POLISHING,

RIE etc.) FIG. 8

wCap

INSULATOR

A
s

S ALY

CONDUCTING
MATERIAL
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SPUTTERED ,
UNER L7 . Vz)
/= d?
3
ntorpt
// e '
v L nor p SUBSTRATE
{ SULATOR
Si0, CONDUCTOR\ In 5i0,
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4. A device as recited in claim 1, wherein said lowresistivity netal is
an alloy of alum num and copper having the fornula Al[err] Cu[err], where
the sumof x and y is equal to one and both x and y are greater than or
equal to zero. 5. A device as recited izyxlaim1, wherein said at |east

one dielectric |ayer Jdes at | east one inorganic |ayer. 6. A devi ce
as recited in claim S | ncl udes
at | east one organi wherein
said at |east one d L@t r‘i;g,Layer | nei&e@'&ba&h4n Hanizc=-ael.or gani ¢
| ayers. 8. A devi ¥ St F\Aﬁ@t s strlsPrat e j SVPW
sem conduct or. 3 _ - T P P n said
metal i zati on ext endgkd 28y - LR oW 25 tric |ayer
and contacts said s N A ; : : nss } wherein
said at | east one r§ cont ai ni ng
silicon and has a I on near
said surface of saig® nd graded
conposition than at Ti/ TiN . Cr. etc
Al—CuorCu
Si 02
BEFORE POLISHING CVDW/T|N/T|/AL—Cu
FIG.9A
W Cap
Al—CuorCu
Si 02

AFTER POLISHING CVD W AND THE LOW
RESISTIVITY METAL

FIG.9B



