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gNEIAL CAPPED LOW RESI STI VI TY METAL CONDUCTOR LI NES AND VI AS FORMED USI NG
¥ PVD AND CVD The present invention generally relates to the manufacture
of electrical conductor | i nes and vi as- tjhat interconnect circuits on
substrates such as senicon- ductors and rel ated packages and, nore
particularly, to a | ow cost nethod of filling seans or hoIesmefsung
strates using a conbination of la B @&V gsilsth @i fyonst al deposited by
physi cal vapor deposition (PVD) and a refractory netal deposited by
chem cal vapor deposition (CVD). The invention has particul ar application
“in sabm cron circuit manufacture. Low resistivity netals such as al um num

and copper and thei r RRFRACYTORY] METAIAICAPPEDOY.OWNAESISPEVITH del y gxpl ored as

fine 1ine i neErALoBibictter LMY AL Yrad BkHeh b Pfle £ &% GV80T 57 &
and y is equal to one and both x and y are greater than or equal to zero
and |l ess than or equal to one, ternary alloys such as Al - Pd- Cu and

Al -Pd-Nb, Al-Cu-Si, and
The present invention generally relates to the

manufacture of electrical 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 finelline interconnects in semiconductor
manufacturing. Typical examples of fine line inter-
connect metals include AGCuy, where the sum of x and vy

. is equal to one and bpth 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, eléctromigration, 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



other similar lowresistivity metal based alloys. Today's enphasis on
scallng down line width dinensions in very |large scale integrated (VLSI)
*circuitry manufacture has led to reliability problens including inadequate
i solation, electromgration, and plan@rhgqyion. The | BM Techni cal

Di sclosure Bulletin to Ahn et al., Vol. "33, No. 5, Cctober 1990, pages
217-218, discloses tungsten w apped copper conductors and via holes
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a donut 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
creatéd by the reaction of outgaésing moisture and WFG'
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 32 redudtion of'WFs 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 WF6 ‘
with aluminum as shown by Equation 1. '

Eq. 1 WEg + 2A1 -> 2AlF, + W
The thin layer of aluminum fluoride will increasée the
series contact resistance of Metal 1 to 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.



shape at the bottomof the lines which is nornmally created by the reaction
of outgassing noisture and WF[err]. The creation of the donut shape is
“believed to be not reliable. Dalton et al., VMC Conference, June 12-13,
1990, pages 289-292, points out that a ?OL wal I CVD reaction invol ving
SiH-err] and Herr] reduction of Wf[err|[ to forma selective tungsten |ayer
on an alum numor alloy conductor results in the incorporation of fluorine
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to tungsten entapsul ation usin es the problemof fluorine
absorption. processing), the aluminum is then pagternepai$#ddi scl oses a

traditional sgrbesResOELi DhEGEAGNEAH HEVERSD DG VST Fowed | bl Fedlet Bvéd i I st
deposi ted Onigh etching (RIE). The resulting structure is then
overcoated with a passivgtion dielectric such as 5102
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 irregular top surface.

It is difficult to achieve planarity of the dielectric
using RIE. Planarity is in part dependent on the
pattern density, and non-planar surfaces result in
puddling problems during subsequent metallization. If
an RIE technique is used on polyimide, an etch stop is
needed for removal of photoresist on top of aluminum or
copper_bésed 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 prbcesses
which include metal RIE is that a large number of metal
shorts tend to develop with fiﬁe'geometry due to
barticle 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



pl arar surface, it is overcoated with the sputtered Ti Wlayer (the only
difference fromtraditional processing), the alumnumis then patterned
*usi ng photoresi st imgi ng and devel opi ng fol |l owed by reactive ion etching
(RIE). The resulting structure is them avercoated with a passivation
.dielectric such as Sierr] or polyimde which itself is subsequently
patterned, subjected to RIE, and netallized to create a nmultil ayered
structure. Fidgpositeds itrakgrenfings Bal tton iasd leftows orhat nul til ayer devi ces
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have different propertles 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. Patent 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'underlyihg 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 easlily 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



- 4s- deposited in openings in an insulator or non-selectively deposited
~over the entire surface and in the openings of the insulator by CVD, then a
~pl anari zation resist, such as azoqui nonenovol ac-type resists,

pol ynmet hacryl ates, polyim des, or other thernoplastic materials, is applied

over the top of the internediary netd .~ A planarized structure is then

obtained by etching to a level where the internediary netal is even with
the resist. The Brown et al. nethod does not avoid netal corrosion and
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in character and can fill the vias without creating
voids. The structure is then planarized by polishing

with an abrasive slurry.

Neithér 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 structurés 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 téchniques and hole
filling. The technique is also presented in U.S.
Patent 4,624,544 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 MoSix and is
unrelated to encapsulation of a soft metal.



renmove 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 easily be added in the fabrication of nultilayer

structures. U.S. Patent 4,956,313 to Gte et al. discloses a via filling
and pl anarization technique wherein Al-Cu alloy lines are patterned on top
of a first passivation layeéU@@NﬂU&YQiﬁﬁ?ﬁ? Ibﬂ@s are overcoated with
a second - - passi vation | ayer which is

preferably a goRem &jést of ThE PredentPRASRIBA TS hhfehb@tedbSsr MBRAisvantages of
bor ophosphosilicate glass (BPSG which conforns over the contours of the

Al -Cu al | the priicrest. vias are then formed in the second passivation |ayer to

expose the lines, and tungsten is applied over the surface of the second

passi vati on | #ceordingl to ronehaspectasf the @rExent tinventiow thereeid disclOsede actevdte

that CVD tungsten is conformal in character and can fill the vias w thout

creating eompssingheaswubsirateir a dielegtrienlaperapesitioned sy s3id| substrates wietahization

abrasive %l)s?itricr)ﬁ/éd in an opening in said dielectric layer extending from a surface which is planar
with a surface of said dielectric layer towards said substrate, said metalization comprised
of a refractory metal or alloy liner positioned on an inside surface of said opening and a
low resistivity metal or alloy positioned on said liner capped by a refractory metal or
alloy cap, wherein the refractory metal or alloy in said liner is different from the
refractory metal of said cap _

According to another 'aspect of the present invention there is disclosed a device
comprising: a substrate; a dielectric fayer positioned on said substrate; metalization
positioned in an opening in said dielectric layer extending from a surface which is planar
with a surface of said dielectric layer towards said substrate, said metalization
comprising a refractory metal or alloy liner positioned on a inside surface of said
substrate, said metalization comprising a refractory metal or alloy liner positioned on an
inside surface of said opening and a low resistivity metal or alloy positioned on said liner
capped by a refractory metal or alloy cap, wherein the refractory metal or alloy in said

liner is different from the refractory metal of said cap.



Nei.t her Beyer et al. nor Cote et al. recognize that polishing is not
practical for lowresistivity, ~soft metals such as Al-Cu alloys. This is

« because such materials tend to scratch, snear on the surface, and corrode
under the influence of the slurry. Mreoyer, creation of the planarized
structures in accordance with Cote et al. takes several processing steps
whi ch increases costs and reduces out put. Rossnagel et al. J. Vac. Sci.
Technol . 2:261. (Mar/ Apr. 1991) discloses a collinmated nmagnetron sputter
deposition technique for depositing filnms that are conpatible with |ift-off
patterning techniques and hole filling. The technique is also presented in
U. S. Patent 4,824,544 which is herein incorporated by reference. Shi ozak
et al., Abstracts of the 19th Conference on Solid State Devices and
Materi al s, discloses the use of selective tungsten deposition for hole
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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 3Afand'33 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; '

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

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



tAe prior art. According to one aspect of the present invention there
I's disclosed a device conprising: a substrate; a dielectric |ayer

¢ positioned on said substrate; netalization positioned in an opening in
said dielectric |ayer extending frontaé§qrface which is planar with a
surface of said dielectric |ayer towards said substrate, said netalization
conprised of a refractory netal or alloy liner positioned on an inside

surface of $qighQPENING ARG s | QW &HAA! WY lY oFeb@l eXemdhh@y pOSi tioned on
said liner capped by a refractory netal or alloy ca% erein the
refractory & lsved | spnascens a5ature HPPEErEnt Vo ShulHe refractory
metal of saladlogp.is cappefcedith MyD aungetear; asdect of the present

i nvention there is disclosed a device conprising: a substrate; a
dielectric layer positioned on said substrate; netalization positioned in
an openi ng FAgyxies didelamct PiEc drey @rosst-eérdbagnhiofEN mdcraguaphsch is

planar witReag3uifageeaf widhd tlinglsteh! kapbadchilewan iogailsﬂnégbstrate,
said netalization conprising a_r fractory netal _.or allo | ner positioned
on a insi deP¥&Prate® Gndsiffers ghomigad -meshaniepd| PRALEBANGonprising a
refractory ggngcQﬁv@quy l'i ner positioned on an inside surface of said
opening and a low resistivity netal or alloy positioned on said |liner
capped by a refractory netal or alloy cap, wherein the refractory netal or
_alloy in safrtel insentdodi itegeneraldy redatedr hot megphodbafonf said cap.

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 electromigratién, and where the
vias and conductor lines are planar with a dielectric
layer coated on the substrate. Several different and
novel structures are created accoxding to the
procedures described in conjunction with Figures 2A—§!
Figures 4A-E, and Figures 7A-B, depending on the!PVD
deposition technique utilized. It should be understood
that the techniques and resuiting 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). Moreqver, the invention is noﬁ
restricted to any-particular metal combinations; .
rather, an objective of the invention is to overlay a
soft, low resistance ﬁetal or metal alloy with a hard .
- refractory metal which can withstand wear, corrosion
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



- .- The foregoing and ot her objects, aspects and advantages w ||

be better understood fromthe follow ng detailed description of a preferred
¢ enbodi mrent of the invention with reference to the draw ngs, in which:

Figure 1 is a cross-sectional side view,of a prior art sem conductor

substrate show ng an uneven top surface9 Fi gures 2A through 2E are

sequential cross-sectional side views of a sem conductor substrate
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for subsequent processing.

With reference 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 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 the like. It should be understood

i 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 dielec;ric composite shown in Figure 2A includeé
top and bottom inorganic dielectric layers 11 and 13,
respectively, which may be silicon dioxide (S;Oé),_
silicon nitride (Si3N4),.or the like. The inorganic
layers 11 and 13 aré -both preferably deposited using’
plasma enhanced chemica; vapor deposition (PECVD) where
Si—‘O2 is first deposited at 90 Torr on the congucting-
substrate 10 and Si3N4 (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 11 and 13.
Alternative to the dielectric composite created by
layers 11, 12, and 13, a single layer of an inorganic
dielectric, such as Sioz, PSG, or BPSG, or an organic



side views of a semiconductor substrate illustrating another variation of
Fi gure. 5A through 5E are sequential cross-sectional side

the invention;

- views of a sem conductor substrate illustrating stil
t he i nvention; .

Figure 6 is a scanning electron mcrograph (SEM of a

liner deposited in a via using PVD, -~ Fgures 7A and 7B are sequenti al

Ccross-secti onal

side views of a sem conductor substrate illustrating yet

anot her varjation of the invention, . - 8
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s’prior’to and ter chem cal - mechani ca

pol i shi ng, ategsphenssl ysputtering, or PECVD. While Figures 2A-E
and 5A-E show the use of the composite 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 limiting to the
pracfice of this invention and that any dielectric
(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.' In VLSI applications, the
substrate Ib_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

0,

with an optimum overetch 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 layeré are
preferably partially etched to a depth about 10% higher
théh the metal thickness to be employed. When etéhing )
polyimide 12, O, RIE at low témpératures is prefefred.
It should be understood that the formation of the
opening 14, as indicated in Figures 2A-E, 4A-E, 5A~E;
and 7A-B, is well understqod within thé_art and can be

created by many different techniques.

anot her vari ati on of

e
and



The invention is generally related to methods for formng netal filled vias
"and conductor lines on a substrate where the vias and conductor |ines

: include a soft, lowresistivity nmetal which is capped with a relatively
hard, refractory metal which is resistant_to corrosion, wear, and

el ectrom gration, and where the vias and conductor lines are planer wth a
dielectric |layer coated on the substrate. Several different and novel
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di scovered Porral M3 Ings of a refractory metal Iiner
mat eri al can be dep05|ted |n submi cron vias and

Figures 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
dielectric. It should be understood that PVD
collimated 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 side walls of
opening 14, contrary to that which is shown in Figqure
2B. The use of collimated sputtering to create a
refractory metal liner is discussed in more detail
below. The refractory metal may be titaniuh (Ti),
titanium alloys or compounds  such as Ti/TiN, tungsten
(W), titanium/tungsten. (Ti/W) alloys, or chromium (Cr)
or tantalum (Ta) and their alloys, or some other




- 9-- trenches with reliable high aspect ratio filling using PVD
collimated sputtering. The refractory nmetal liner will serve as an
~effective diffusion barrier to copper for subsequent processing. Wth

reference to Figure 2A, a substrate *01Rs-first overcoated with a

dielectric which is subsequently patterned. The substrate 10 is preferably

silicon, galliumarsenide, or sonme other material which is suitable for

maki ng i nt e§PateRlei PetiprdaliondfeFOPPRE BEBRE r Hi RS 0CHuYiE aFCerani c,

gl ass, or CQBDEEIEGrﬁBBerbakeGQEHEBEy M§€Qlf§ho@ﬁ£ﬂ&glﬂgedewhtonductors and
~for making thin ft n1int§}%gnnect The substr %hpEELQrably has a
o

plurality of2Befiftofidut 8§ﬁ883895fﬁ§ﬁ t e %ﬁ% nmay  ncl ude field
ef f ect trandnffosso@FEES)ngbspbsaquenanpre¢eﬁs;nqe@fs@@P@SlEE%ottky di odes,

or the 11 Keobheshoh] dnicopBists! 99051081 chpeasibiaabeygOighon in each o

Fi gures 3A- 5A-E, 7A-B an , can have any of the attributes
di scussed aEﬁ@Ee@Fﬁg many other attributes known within the art. The
di el ectric conposite shown in Figure 2A includes top and bottom i norganic

LeLeot]e RHE: Sordnibtes o hRSRest Hoblm TR B s 1011 O,
and 13 are @ephsjatedeoubrytuepnefradtusyrnptpﬂ]aslﬁa tqnmmedsmgam cal vapor
Concon | np SFRENAY IO, RELE, i bidtosis o odd S, 00,0
barrier aga$ﬁ@9 Wﬁ&#$e°foﬂpan¥ﬂﬂsi nare no% (geated. However,

should be understood 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 intgrlével 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,

and 7A-B would be of the same sort described above.

Figure.ZC shows a refractory metal 17, such as
tungsten, cobalt,: nickel, molybdenum, or
alloys/compounds such as Ti/TiN, deposited over the
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



organi c dielectric layer 12, such as a polyimde, is deposited between the
i'norganic layers 11 and 13. Alternative to the dielectric conposite created
; by layers 11, 12, and 13, .a single layer of an inorganic dielectric, such
as SigJerr], PSG or BPSG or an organic

- 10.-. dielectric, such as polyinde,;qay also be enployed and may be
deposited by any of a nunber of well knomn t echni ques such as by growing in
an oxidative atnosphere, sputtering, or PECYD. While Figures 2A-E and 5A-E
show t he useirofolivess anmosdattfécstgpwwﬁrﬁgﬂ(bfitgw as k3Aols, adA-E, and 7A-B

show t he useqnd:i_{ Stajhoq{ g)gtl e d 1919% 4o | C o%rn | eI Fﬁc I’sl Ctlt%%‘%m 5 shoul d_ be

under st ood t % 6 ing to the practice of
t hi s i nvent itdrtagrioam huttreimge m%lcé@tamet: q @Oglfoﬂﬂwdr daankedr copgdnge) used by

itsel f or 'rhrﬁi)@ié‘%téémmc%'t' g;n%cqméy%ﬂd},1ttf1%gpaafemﬁeceb this

I nventi on. Fi gure 2A shows openi n formed’in the dielectric
conposite, df¥amhiaf HRESTEImEP B@h&e\)’edaolhiélhﬁreﬁeﬁrPSr °% conductive Iine.

In VLSl appldoniors.i tiyhe Wlms'de@b%ﬂﬁdrﬁ dfi kﬂeYerrb&ter?emetah. hundred to

t housands of, O%%Tftf?%ﬁ?jl\dx | i lfﬁeve 1@:/\@ |Hn Fllgﬁre é‘u\'\@%xex yt)e resul ting

dense, conplé&
6' A particularly preferred CVD procedure involves

51H4 reduction of WF6 followed by H2 reduction of WF6
because, on top of a TiN layer, CVD of tungsten
proceeds smoothly with SiH, reduction of WFe, 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 Sj_rH4 to WFG can’
be varied to incorporate different amounts of silicon
into the tungsten to achieve beneficial properties.

For example, it would be preferable to deposit the
refractory metal 17 at a 0.5 SiH, to WF, 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 deposit at a 2.0 SiH4 to WF6 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.g.,
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.



ul'ti mately interconnect circuits on or in the substrate. The openings 14
are preferably formed using contrast enhanced |ithography (CEL) foll owed by
trench or hole etching with a miltiwafer tool using CHF3 and JQerr] with an
opti mum overetch to ensure that the opening 14 has the desired di nensions
and extends to a contact on the surfacelof-the substrate 10 for a via stud
pattern. For line patterns, the dielectric |ayers are preferably partially
etched to a depth about 10% hi gher than the nmetal thickness to be enpl oyed.
When et chi ngf s xesn e ad I eghqw RIRtats tung tugepdisatpdiegariigzegr ef erred. |t

shoul d be uméﬁometé\% at;ktﬁiéamm ¥ And %ﬁﬁ%@&g Ietaads 1pndiccated in
Figures 2A-E,,K 4A-E, 5A-E, and 7A-B,. is well underst wthin the art and

can be creat@PY Ity Ui H4%e SHICERIThA Giwds part conductiive; ydasesyt i ng
substrate 1Qirss, aqrdfnu Gthclifhdey nedtdritdiaagn sasti, s 1okowesiis tivgukes 3A and

3B, as oppose flat ubst el t.h no rdl y_protrudi ng devices
as is shovm%l‘ %"}—l gure j‘f,&' ]t e |ns %il&q-'e\go 80% 8§% ?’e%ﬁe devi ce 18 shoul d
first be pl aesiistanthafefirachomyparatad 27, hasr eatop. sBrfaeei whtichn can be
achi eved by 3 oy diflQ/iiali LAIdiAl e oHNERE aletaibigation of both RIE

and chen1ca| mechani cal pol i shing, % nmeans.
composite on substrate 10. lanarization 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 SF6
or 012 based chemistry. If chemical—mechanical
polishing is employed, slurries can be selected to
remove different metal layers on the stack. For
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 SFg or
cl, 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 layer is
epched down to the inorganic layer 13 surface, and
finally, the remaining tungsten 17 on the dielectric
surface is either polished, wet etched or RIE etched in
Cl, to yield the structure shown in Figure 2E.

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



Figures 2B-2E illustrate a first variation of the present invention wherein
al pl anar 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 fornmed in an overcoated dielectric, then has a refractory netal

| ayer 15 deposited over the inorganic di, ectric | ayer 13 and on the
exposed substrate 10 at the bottom of g 14. This is acconplished using an
evaporati on PVD techni que best described in Handbook of Thin Film

Technol ogy, S‘diﬁ‘% @@%sse Sr)g Gle Pl\f:gq Wghd | 60?{2) trhjmge%l PR o00. An

.inportant fe oylng evaporatlon I'S point 1s that the
fefractory mdifalis sgepoabtedebn rn ORVIHNG HE @A tRA 1 @™ t he opening 14

in the diel e(ﬂr{dx?aﬂicsckh?% fodes dndensdeed ot hat RYRee0!dn rﬁmrm@terl ng,

simlar tot scribed | . Pat ent 4, can be us in the
ractice of (it | T ToHE? B ESRANGE Ot E ] Sy SEECHITE SH0HE o
conformal | ayer Rigute WMAllghd atie tdtrusitiieewshlosnofinopdigure 28 igontrary to
t hat which | $.4300 Rl gu B, The 0 ering to '
Create a refr&’&m\r@: cp’f 4‘9#?6%02 J‘tsiod’i s%ﬁggghe%nk“mrggtlggtaa ?’E"delaow The .
refractory méhdin rlaydre of teedxantory) metaladhusughl eps tdtapdmpounds such as
Ti/Ti N, tunggd S & b\N o] i m(Cr) or
Tt alum (1 tigﬂr%é{i\%elx?ié éﬂ?ﬂmqstgggg £ 41 t2hkt8¥8m,ObrC BAIBYH
- 12 - 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 Rossnagel et al.
where a lift-off procedure is discussed. 1In 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 cdatings 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
anq vias with aspect ratios greater than two are -
generally considered to have a high aspect ratio. With
collimated sputtering, scattering tends to domfnate
'above pressures of 1lmTorr (preferably arouhd 3mTorr),
while directional deposiﬁion dominates .below lmTorr.
Collimated sputtering is described in more detail below
in conjunction with Figures 5A-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



suitable material. |f copper based lines or vias are to be forned, a
refractory nmetal should be used which can act as a diffusion barrier to

# copper such that diffusion during subsequent processing of deposited copper
in the opening 14 into the substrate 10 is prevented. Next, a single,
binary or ternary netallization 16 is -dagosited over the refractory netal
15 by PVD usi ng evaporation. Again, since evaporation is used, the side
~walls of opening 14 are not coated. However, it should be understood that
the metal |izhased &6loguingthd ldzpitiicnh CGIhbaﬁteﬂns©u¢®ppéﬂgwiln whi ch

case a conf oafRlyGaa5HRA ohe BGrELA 28! hERuY! Al LigepCRlgR 14 and on

top of the dielectric stac Prefera lzatiton is
Al [ err] Cu[ er FPMPRE&EBXEhBFOGRBEA NG éﬁ@ Fuh§ EhﬁaﬁeY%F%nbfam@ both x and y

are greater abﬁﬁugioﬁqsakrti@rzersopamlhaas tHa8 &pgarial to one; however,

ternary alloys,s ti conpone aIIo S such as
AP o A BEGRLLSPEEI80 46 Cap: be SREoBLER 'eﬁrefE % s LEReT of ¢ he
netallizat|omvaﬁoratibntortcoilambmuurlpustenimg'dﬂungﬁﬁh@mieriaI conpar ed

to the ref ra{f;égﬂl;{i égl lﬁheﬁr g{lgg‘_a'_gahiérHfglﬁ)gg%}%}%e?at%i)%&ér epresents

the line pattern o |nf evel “vi
met al | i zat | Aracte doe fbbledef PI@Qrt 8rH00VRnteiiniquas haved doeerof the |ine

or via. t S d t t I t =g in Figures
4A- E, 5S5A- E and 7%%‘5{"1' %ﬁb PQQHHQ ggﬁeehcg%%s? ‘Hetggra{llg'{hdﬁﬁtove Figure 2C

shows a ref rGRRRE% 1?1%?%1 ?L171°¥ﬁcht9§rf’ﬁﬂ§%t eihe puefiarred @aithodp| yhdenum
or all oys/ corgoufiibl Hng hi @isbyi PVDNtedRpDGRésed over. the structure.

Deposition of the refractory netal 17 may
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 WFs'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 tungsten is planarized.by
poiishing or by RIE and Figure 4d shows that copper is
selectively removed by wet etching. When copperfor
cobper alloy lines are being created, it 1is
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, H,0, has almost



be by one step CVD or by a two step process, as is best explained in
Fi'gures 4a-e, wherein the first step -
‘13 - i nvol ves col limted sputtering or the |like of an adhesion pronoting
conmpound such as titaniumor titaniumnitride to create a conform

bl anket coating, and the second step-i a¢l udes depositing a thin CVD |ayer
of tungsten to achieve a higher degree of conformality. CVD deposition of
the refractory metal is preferably achieved with SiHerr] or Herr]
reduction of ipELBAEE. SAlSQﬁﬂNe@NérlprgéfériédSENWEFﬁhﬁﬁxﬂﬁﬁ?ﬁ'ﬁﬂuives

SiH err] redysgti Q'Bcﬁf ‘éﬁ[eerth]n EQlehO\wchM bl es il ededuety %nﬁvééﬂ
because, on to ay er CVD of tungsten proceeds snpoth mﬁth

SiHerr] redd roﬁogFSVFPQrPF OkRETNEECHRIEUED: 1 I R%S reﬂu?%‘ Adctory
metal 17 profoHesemowenly tR8I shag*steﬁoréﬁsa@tbrﬁsm@ttaalntlﬂ attich

el ectrom graflQk [ n tL0 th d Soft. lowresistivit

netalIiza?ig%rgge%ﬁgo%éﬁy%gggg h gbégflcﬁlg$l§ﬁﬁ%% éﬁ%éﬁ?age to using CV%
with SiH[err?hemﬁqclfmﬁcbﬁnWGﬁérP?llshihgtusimgrQn|aiuﬁina Hrerr] to Wr[err]
can be Var'eﬁei?lb”ﬁ EPQE@t§1H££§96§”£hé”$&$ES Cﬁeéad qﬁ&% Q tungsten

to achi eve beneficia E erties. For exa it mo eferable to
deposit the ReFedativelyehardimagersad, 511944{%? Motk @W%tqro while the

openi ng 14 lébri'b&edirﬁéﬁCL'ﬁb§ebﬁebet6gcﬁédlié’édl«%é&fhrﬁ%afio| ng will result in

a Lover resiclance: L6TT aRLARY TEREh (AQRELs SEURTS ey oP surface of

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 chemical-mechanical polishing.

i Figures 5A through 5E show yet another variation on the
invention where like numerals in&icate like elements.
Figure SA:shoﬁs 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 honeycoﬁb
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.



di el*ectric to deposit at a 2.0 SiH4 to WF[err] ratio since this wll result
.in nore silicon incorporation which has greater wear resistance. Using the
~above-descri bed CVD techni que, the silicon doped tungsten can be used as a
wear resistant coating or a polishing stop (e.g., it will be nore resistant
to an alumina slurry in ferric nitrate uged in chem cal - mechani ca
polishing). Because the netallization 16 applied by evaporati on does not
coat the side walls of the opening 14, the CVD applied refractory netal 17
creates tapering side walls aroundlaBiEnktal |ization 16 and the

metal lization 16 befrgégr?iﬁa S b€ Y1 9Re aps HlisGartonef ractory netal 17 and

“underlying refracto - 14 -

Fi gures 2D AFFPEGT JHFFQ hatSTRE [RAVERAGE p| anaBOZEPMATOE t he CVD
application of the refractgiprwAml/40p t@)yi el d a ginucture wherein a two
part conductjive via or |ine, Mhﬁﬁg i ncludes a central, soft, |ow
resistivity]ﬁétalIlzatlon 16, psul ated in a hard,” wear resistant
refractory rmetzal 17, has a top s3fFface which is evefflOwith the top surface
of the dielegtric conposite on s#pstrate 10. Pl anari.z@ation can be
acconpl i shed 'within one or two steps by chenical - n&chanical polishing with
a slurry sud® SOLLIMATION n dilute ferric nitrate or by RIE in_.the presence
of SF6 or Clglerr] based chem stryg |f chem cal - nechagi cal

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 1l:1, the vias
or contacts with aspect ratios of more 7 to 8 were ‘
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
tunqsten. Moreover, as will be discussed in more

detail below, providing a conformal layer of TiN or

other suitable materials will provide.an effective
diffusion bdrrier for copper based alloys. A&s

discussed above, in order to thoroughly coat the side
walls and bottom of a trench or via pressures -should be
employed.where scattering deposition dominates (e.qg.,
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



pol kshing is enployed, slurries can be selected to renove different netal

l-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 remnaining

copper can be renoved by switching to a slurry wthout alum na

Conbi nations of RIE renoval of the refragtory nmetal |ayer 17 followed by

chem cal - nmechani cal polishing of the remaining netallization 16 and

remai ning refractory nmetal 17 above the top organic or inorganic |ayer 13

are al so cowh«arrp:laant &d obtedmedul aro pi@lﬁlltZ&ﬁNOﬂnBEQCﬁduNE ptakearpl at ed

I ncl udes re t.u act or

cthem cal - anlca %gﬁﬁghrhgﬁgr ﬁ%§FF§F?%nge %ﬁ[erFftggég
chenistry d@wwgBG anﬂNGWQ}Rﬁﬂ(gﬁnnﬁmnﬁqvaaﬁdb351ensGnﬂa§§93§n§héww in
Figure 2D, EI?.QEckUE'fn@V‘bh% tri{{&%r?rbr?%r% 'ﬁﬁagrlgﬂﬁg%u@tggel ayer is

etched down to the inorganic er. 13 surface, and“finally, the remaining
tungsten 17788 FrafQ é@ﬂ(?@ﬂﬁf%ﬂﬂ?ﬁ:éﬂ&FﬁﬁéP BBeRshBA, AGRECEt ched or RIE

etched in Cratie wirekhe! @o13timatoy afdi@asesn Figure 2E. Fi gures 4A
t hrough 4E show another variation on the invention where |ike elenents to

those identified above are indicated by the same nunerals in each of the
- 15 - When 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.g., 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 .
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 1ayér 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



Figures. As shown in Figure 4A, copper netallization 16 is deposited in an
epening 14 created in an inorganic or organic dielectric.15 fornmed 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 refractepy-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 inside fkeedp@niongol4odi amcoblovathd sputkeei of. the As noted above,
collimat ed [ IS I e Paj 4,544 to
Rossnagel éggﬁ%%%ﬁgg F?gﬁ?&é #d gogg ?gg%ggl$g%h%gedSQ%Sf%¢¥§lpresent

i nvention, Pt Hasobéenmdlsk@v%¥e@fthaﬂgéﬁﬁnoyrngth%WI¥¢ﬁﬁ¢§ﬁ@#ﬂuter|ng at

hi gher presauggs 1whes éﬁﬁtiﬁé'I'&w@&ﬂ@%fﬁtﬁ%@%%ﬁfbﬁ%r pressures
where directional deposition dom nates, _allows for the creation of

conf or nal cB&FPﬁﬁézﬁpﬁhFhea?%?%ﬁt%ngKtRF%t?B pPelbR %9m % Vidt® t rench or
via (e.g., bogké, thﬁdsgd&!na\ﬂiim@ndhbasErﬁtEuﬁeah@fhg the taspatiep ati o

Crecwiah | WeEngeERtadcet Y S iFurtelBbare oY Pith Hatla "ot T Vi b ¢

Trenches anfio¥lawedi bj ehgm&salfmechagie@lepolishingwpﬁuhnnganamuIy

consi dered ndifi- {qgﬁsgg r 0, p‘,lgﬁf

scattering % %ﬁxﬁo %IH ks te a%%e%?eg%%{é%ﬁ?ﬁl [Pirr (ﬁre a@Py ar ound
3niforr), whene ateBcRIBner chenica WW%@E%SP@&IW%TO@OJ? @8 i mated -

; RutE ter 11 ng séeﬂeéﬁémbeauﬂieém:ﬁ@kﬂ 3ol PShDNGg ) Na GIUMRE I91@E it L1 gur es
- an

'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 regioh.

Figures 7A and 7B show yet anothai variation on the
invention where like elements are indicated by like
numeralé. As shown in'Figure 7A, both a conformal, _
preferably refractory metal, liner/diffusion barrier 28
and a conformal Al Cuy 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
poét the structure. Figure 7B shows that the structure
is then planarized using RIE, chemical-méchanical
polishing, or by other technidues. 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 metalllzations will likely serve different
environments.



Conpretely coating the bottomsurface and side walls of opening 14 with a
réfractory nmetal |ayer 24, as shown in Figure 4a, is especially inportant
when a copper ' based alloy netallization 16 is used since copper
will diffuse into the substrate 10 during subsequent high tenperature
processing and ruin the device if no dirf Bdsion barrier is provided. The
copper netallization 16 can be deposited by PVD using either evaporation or
collimated spytteri.ng or by other techni ques. Wen subm cron, high aspect
ratio hol es a%@ PEF Hg"FPPIé&StﬁrP&VeaPFeENEPPQEﬁﬁ?ﬂu@étﬁa§éebééﬁraCt0ry
uEsuc?essful Memaﬂubhpp@dtheﬁhglsabw?bFfahuatauﬁuaﬁg eeppﬁé basrAightoys;
therefore rr.e 0] or.fillin PV chni qu

Subsequent to gegégfpo%b§§%netaplF?gtﬁéﬁe %men9¥h| E%a af©2 geB?t?ftanlunl
Ti/TiN, tantava#ﬁéﬂ Empomidnbi smt kenSApphietitbvan aheacofpthenehdblizati on

16 surface tocpbea0Ee 2dBesin8n. Mnke I a n I's then
deposi ted by EVD by %la grﬁh her;rniesi %%?E%Q ¥§P§Qd gréyeggﬁeﬂe

structure shofH® n ERgupEPEE! £ rgg expFathednebeefilhegi WerenErap il to W6
rati o during €HDBcaﬁdaduan1agegualyobe USesble® 2Bkfesehfs OLhe NDre wear

resi st ant, tungg&ggancéhtes f£ed silicon

_ TABLE 2
LINE RESISTANCE OF TUNGSTEN CAPPED LOW RESISTIVITY
METAL AFTER POLISHING®

(A) CREATED USING EV'APORATIONb

Structure Resistance Resistance Yield
; ' before W dep. after W dep.
T1(20nm)/TiN(35nm)/Al-Cu(800nm)/W(200nm)

0.042 0.04 . 95%
T4i(20nm) /A1-Cu(800nm)/W(200nm)

0,042  0.052 95%
T1(20nm) /AL-Cu(800nm) /Ti(20nm)/W(200nm)

“ 0.042 0.054 94%
T1(20nm) /TLN(25nm)/CVD W(30nm)/Al-Cu(1300nm)/
#(200nm) B

0.025 0.023 97%
T4 (50nm) /TiN(25nm) /Ti(20nm)/Al- Cu(lSOOnm)/Ti(ZOnm)/
TiN(20nm) /W(200nm)

0.025 0.032 96%

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



| dwer near the top surface of the dielectric 15. The interfacial thin |ayer
26 shoul d be chosen so that it does not attack the underlying copper
“netallization 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 etching. When copper or copper -akhoy |ines are being created, it is
advant ageous to use a-wet etch sol ution based on hydrogen peroxide
(H err]derr]) and hydrogen tetroxide (Herr](err]) to planarize the
copper. At r ¢8)n CRERTESt USENGt os.Luyperof SRULTERDNGW | | not etch tungsten
or dielectric, but will etch off all copper positioned above the dielectric
since it is not protected fromthe wet etch solution (e.g., at room
t enper at ur e, THEBINMAZ TaN(§SNnm) /AL-Cu(800nm) /CVD W(200nm) - 17 -
infinite selectivity). Figugeg4e shows thap ghter the wetgggch, the
tungsten 17 can_bhe sel ecti vel RI E, polishing or other

é renoved b¥
techni ques. RpLERE)(B4-FE{RE “Fé/cygnﬁ&'ﬂan?he tungsten refractory netal
17 which projects above thegdpgkectric 15 gupface is by cgegi cal - nechani cal

Pingsten i o 5 FaPlinf¢loBhm) farcbul PaPhki 7GR thidngl. oi'cn or corrode vinen

subj ected to chem cal - mechafi @40 0.039 85%
Ti(20nm) /TiN(75nm)/Cu(800nm)/Ti(20nm)/TiN{25nm) /CVD
w(200nm) .
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 1luym 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.
Ccolimation aspect ratio of 1:1.
dSputtering pressure ranged between 0.5 to 0.8mT6rr.

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 the 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



pollshlng Rat her than the three step approach discussed above It may be
-preferable to renove the tungsten refractory netal 17, the thin | ayer 26
‘adhesi on pronmoter, and the copper netallization 16 | ocated above the
surface of the insulator 15 in one step_ysing chem cal - nechani cal

pol i shi ng. Fi gures 5A through 5E shomﬂgef anot her variation on the
invention where |ike numerals indicate |like elements. Figure 5A shows a

refractory mehak biBSiadigl s 9RaRiLETaARCt e CRSIAGI 4 BIACY A0y

netallization In partial confor nal ner
sputtering IPR§W?ﬁattd&é@#ﬂ@eénﬂnth@séhagemu@WCQﬁpeg quﬁﬁ Ekﬁveﬂ%%hnol

2:261 (Mar/ Aphe £89$£t§8ﬂ U SriRat eAhd4t BeAeSi 4k ddpRonsanss i élabe Which
are herein ipcorporat Eg referedce. . I'n col k:%rgg{ed %ﬁrtteréng, refractory
netal atons aP¥e assgget 56GR & hEXedBoREPTS MM i h an aspect
rati o of depsputtesing withoast eplihimatdoe bd eupiyreds tieater than 0.5
mrorr. Tablegl preaehhssf30Th! tQRE PPLED Q@Vfo&éfi@f@&ée% (T,

deposi tion.
TABLE 1 belowEPOBTFroN ard| bRERLByctIna Mar|domuABHRERY. RATIO  STEP
COVERAGE BOTTOM TOP

It is anticipated that performing RIE or a wet etch
using H,0, or H,0, 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.q, 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 subsequently 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 50nm
thick layer-by wet etching or RIE, 

Figure 8 shows an example of one multilevel
semiconductor device which includes a top surface
having tungsten capped Al Cu 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 invehtion.



S| DEWALL/ TOP (% (% 1:1 38 60 1:2
39 70 1:4 42 100 NO
“COLLI MATION O 10 12 In the

i nvestigations presented in Table 1, the pressure was varied fromO0.5nT to
15 nil and the power was varied fromO-52«Wto 12 kW Table 1 clearly

i ndi cat es poor step coverage when collimation is not enployed. Using higher
pressures (e.g. a collimator with aspect ratios of at |east

a
1:1, the vi a%l%‘r‘r%%n?ﬁc?édv\?gha EpeEY PEEFEr NS e ¥ to 8 were coated
with Ti/TiN arodsf¥édtiayeos aesehicogiidt st efeiaker ageigure dhan 40% at
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di recti onal ammur@mﬂmrmhmicalﬁ@h@mqir @melmshmg Hag m crograph of
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- A9 - via can be obtained. To deposit TiNin-situ, N err] plasm was
used along with argon in the presence of a titaniumtarget. The |iner can

i rprove adhesion and prevent any attack of CVD tungsten on the underlying
substrate. Themnmmuﬂmwna l'i.ner '&!Pcr ease when the aspect ratio of
the col limator ' n-copper~Tines or vias are to be enployed in
the structure, & rbbust %irfer *"which can serve as a diffusion barrier -is
requi red. Low pressure collimation ofcgarmkractory liner (e.g., Ta, Ti/TiN,
or Ti/W etc.) created a porous structure on the side wall of the opening
14 in theldi eAeddvidecompeisingevent this porous structure and provide a dense
structure on the side wall, a two step collinmation process was enpl oyed.
Speci fical |y, asubsttate;first step, a thin |liner was deposited using a
pressure below 0.8 niT to get bottom coverage of nore than 60% and in the
second step, &Hielgoinielayerpasitioned onsaidesubstratesi tu to 3 to 4 nil to get a dense

m crostructure on the sidewal] using the same _collimator. Prior to this
i nvention, thEetalization,gosiioned in, an) openings Wy said diglecirig layescoxtending dromshect

' ' . eci al | I . I ._.Th I
O, S oL S S Bl Al Y LRI A el I S 5 ©

metalization comprised of a refractory metal or alloy liner positioned on an inside

surface of said opéning and a low resistivity metal or alloy positioned on said liner
capped by a refractory metal or alloy cap.
2. A device as recited in claim 1 wherein said adhesion layer is selected from the
group consisting of titanium, tungsten, chromium.
3. A device as recited m claim 2 wherein said adhesion layer is one of a titanium
alloy, a titanium-nitrogen alloy; a titaniom compound, and a titanium-nitrogen
compound.
4. A device as recited in claim 1 further comprising an electrically conductive
adhesion layer positioned between at least a portion of said low resistivity metal or alloy
and said refractory metal or alloy.
5. A device comprising:

a substrate;

a dielectric layer positioned on said substrate;

metalization positioned in an opening in said dielectric layer extending from a
surface which is planar with a surface of said dielectric layer towards said substrate,

said metalization comprising a refractory metal or alloy liner positioned on a inside
surface of said substrate,

said metalization comprising a refractory metal or alloy liner positioned on an
inside surface of said opening and a low resistivity metal or alloy positioned on said liner
capped by a refractory metal or alloy cap, wherein the refractory metal or alloy in said

lier is different from the refractory metal of said cap.



li.n&rs used a lj | rier for CVD refractory nmetal 17 or | ow
resistivity sE!ﬂI E!UM& E’r es 5B-E show simlar steps to those shown in
Figures 2B-E -& are performed in another variation on the

invention. Like in Figure 4A, Figure 5Bghows that an adhesion pronoter

| ayer 26, such as Ti, C, Ta, Ti/W or the like, is deposited by PVD
evaporation over the top of the refractory netal liner and in the bottom of
the gap 16.. LAkdevice dsirgcitesl idR;laim GuwkeriB satdosefraddoryCmetdl lonyalloy has lachigher
nmetal lization 16 bei ng deposited by PVD evaporation techniques to a

- 20 -  ineenpbrat@bsilicomcuontenta @l lovationaecaisaicsutage of kaid dnesalization presentcasr es
5C-E respectively show deposjtion of a conformal |ayer of tungsten or other
r ef r act ord distinet,qr graded composition thap teashosatiop;algsento sad subsiraten 16,

pl anarizing the tungsten by RIE or polishing, or the |like, and planarizing
the structure using the two step wet etching of the al um num copper all oy
with Herr]J]Jerr] foll owed by chem cal - nechani cal polishing of tungsten as
shown in Figures 4c and 4d or sinply planarizing by one step RIE or

chem cal - mechani cal polishing. For one step chem cal - nechani cal poli shing,
a slurry simlar to that used for tungsten polishing can be used. Like the




stracture shown in Figure 2E, the structure shown in Figure 5E has a CVD
Jefractory metal 17 encapsulating a low resistivity netallization 16 where
there is a tapered refractory netal 17 region. Figures 7A and 7B show yet
anot her variation on the invention where |ike elenents are indicated by

| i ke nunerals. As shown in Figure 7A, both a conformal, preferably
refractory netal, liner/diffusion barrier 28 and a confornmal Al[err]Cu[err]
or other suitable, lowresistivity albgy or netallization 16 |ayer are
deposited in the opening in the organt i norganic dielectric 15 on
substrate 10 using PVD col limated sputtering procedures. Subsequently, a
refractory nmetal 17 capping |ayer, such as tungsten, titanium tantalum or
the like, is deposited by CVD to bl anket coat the structure. Figure 7B
shows that the structure is then planarized using RIE, chem cal - nechani cal
pol i shing, or by ot her techniques Contrasting the structure of Figure 7B

vm'ththe q-Le C%ﬁpq_’ hhe via
or I|ne|s qU|t ﬁl S‘?@%ﬁﬁf@ §f@§@b§£ wre5|st|V|ty
nmetal 16 capped by IP ations wl|

i kely serve dlfferent envi ronment s. - 21

' 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 coPductive 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 planarizatioﬂ.
Altering a ratio of SiH,, to WE¢ 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 .
Experimental tests have been conducted with the refractory nmetal capped

I-i nes fabricated according to the techni ques di scussed above. 1n the -
experinments, the line lengths varied from13.5 cmto 50 cm:with an area. of
the chip close to-1.6 mjerr]. The fal pitches varledfroml[err]mto
2pm The aspect ratio of the holes filled were from2 to 8 and for lines 2

to 4. Table 2 presents the resistance test results.
TABLE 2 LI NE RESI E‘i@{ OF TUNGSTEN CAPPED LOW RESI STI VI ~—METAL 3
METAL AFTER POLI SHI rr] (A CREATED X S5t ruct ur e
Resi st ance Resi st ance - Yiel NN, > > ii_tﬁfm}./vz
dep. Ti (20nm)/ Ti N(35nn) / Al - Cu( 800nnp> YL YL LRy A2

0.04 95% Ti (20nm) [ Al - Cu OnMe” £ LL L 2 / 0. 042
0. 052 95% Ti (20nmn) / W TAE ' pd

0. 042 0. 054 94% I(:Zan)/]Q 42 N\
W 30nn) / Al - Cu( 1300nn)/ W 200n B PONORB 2P

97% Ti (50nm / Ti N(25nr’r)/T| FQIEW@Z%{“ ; N IN( Bt 7N 200nm)
0. 025 7 Pt
Ti (50nm) / Ti N( 50nn')/T| (50nm) / Al - cu( 60dhRYOSTi (2oneyiDE

Cu( 700nm) / Ti (20nm) / Ti N( 20nn) / CVD W 200nm) 0.023

0.021 100% '
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s 22, - (B) CREATED USI NG COLLI MATED SPUTTERI N{ err ]

Ti (20nm) / Ti*N(35nm) / Al - Cu(800nm / CVvD W 200nm) 0. 042

0. 04 84% Ti (20nm /Al - Cu(800nn)/ CVD W 200nn)

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

W 200nm 0. 040 207039 85%

Ti (20nm / Ti N( 75nm) / Cu(800nm) / Ti (20nm) / Ti N(25nrr)/CVD W 200nm

0. 024 0. 022 801% (C) CREATED USI NG SPUTTERI NG W THOUT
COLLI MATI ON[ err] Ti (20nm) / TiN(3500) / Al - Cu(.800nm) [ CVINORGRNIONS)0,, Siz Ny etc.)
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[err]In the Evaporation Experinments, Ti/Ti N bilayers were deposited by
collimation' sputtering. [err] Colimation aspect ratio of 1:1.

[err] Sputtering pressure ranged between 0.5 to 0. 8nilorr. The results in
Table 2 show that the process yield for the new technique is very good and
that the line resistance is not alteredggreatly by the presence of the
tungsten cap. Sone of the above data shows an increase in resistance when
titaniumis present directly under Al-Cu allqQy. This is due to the
formation of TiAl[err] at the interface. It;Eas been found

- 23 - t hat providing atitanimor o] .g., TiN) between
titani umand the al um num coppert | ayer prevédnt$ the fofmhtion of TiA[err]

and ther eby ke?)f@ \I%:Arem st ce_nge;L The bot{tom ent Qm‘i'? :P_l ﬂ'RZ shows
pu

that if sputtefi hout c tion 1y enplpyed, I'ng should
take place at | ower pressureFS . 9.,
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DIELECTRIC
10 1 )
3
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belom11 mrorr) and be directionally dom nated. It is anticipated that
performng RIE or a wet etch using Herr]Qerr] or H204 on the refractory
netal cap after chem cal -nmechani cal polishing will be advantageous in
bringing the thickness of the capping |ayer dowmn to a bare mninmum A thick
| ayer of a refractory netal would increase gapgacitance, which is not
desirable. By allowing for a post-polishing wet etch or RIE procedure (e.qg,
SF[err] etching), the sem conductor ZgEsigner will be able to use thick

| ayers of refractory metal to providg¢ maxipum protecti op CONFORMA: METMr(eyi Wh
low resistivity Al-Cu |ine a~vEzdazAng c WW[N@RGM{U (509, fS!Bg,N &t.)
wll be able to e ntly_refgove any|jexgesH refract I eve
a structure mhicﬁyﬂ;s?igry 11T Re overlli Efractorw gﬁh&(ﬁgfygﬁg,

an 500-600nmthick refractory | ayer can Bl i ed and] used for protectlon
agai nst polishing damage, and t¥k - ign be reduced down
to a 50nmthick | ayer-by wet et FlgureJ 8~gpows an exanpl e of
one nmultilevel sem conductor de - pbp surface having
tungsten capped Al [err]Cu[err] alloy Ilnes flush mnth the top nost

insulator layer. As discussed in detail above, the vias or trenches with

CVD tungsten preferably inchgde a TiNliner forned by collimted sputtering
to pronote adhesion. Man hey sem cQnduct of devi ceq can g
p y dbne semi cy / 4 can-bf PapfevasSHED,

within the practice of thiszk | L o b or Cu SPUTTERED efc )
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- 24 - Figures 9a and 9b are SEM m crographs of a cross-section of a

sem conduct.or device. Figure 9a shows separated SiJerr] portions
projecting up froma silicon surface with Al-Cu alloy between and on top of
the SiJerr]. Between and on top of the Al-Cu alloy is a CVD tungsten
layer. Figure 9a represents a structgyje with capped lines prior to
polishing. Figure 9b shows an SEM m crograph of the cross-section of a

mul tilayer structu ' ' e P enoved t he
tungsten and Al -Cu SRR | proj ections.
CLAIMS 1. A dev mepan 2 di el ectric

| ayer positioned o A

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

F1G.6



nmetalizatign positioned in an opening in said dielectric |ayer extending
froma surface which is planar with a surface of said dielectric |ayer
towards said substrate, said netalization conprised of a refractory netal -
or alloy liner positioned on an inside surface of sad/7opening and a | ow
resistivity netal or alloy postneElG f id liner capped by a refractory
metal or alloy cap. 2. A devi ce e ted in claim1l wherein said

adhesion layer is selected f+c 5 g f titanium

tungsten, chromum 3. A\devi ce as reC| ted in g; aid
adhesion |l ayer is one of a ' Mg\f’ﬁgéﬁr\&lsl oy, a
titanium conpound, and a ti \i : vi ce as
recited in claim 1 further )conprisijnglan I I ﬁﬁ&ué‘ﬁ'@ﬁ adhesi on

| ayer positioned between at
or alloy and said refractor
a substrate; a dielegtric la

A deykQe FARPID £ Q-
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nmetalization positioned in 3n openi§ ayer e
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said netali,zation conprising a refractory netal or alloy liner positioned
on a inside surface of said substrate, said netalization conprising
a refractory nmetal or alloy liner positioned on an inside surface of said
opening and a low resistivity netal or alﬁ%posi tioned on said |liner
capped by a refractory netal or alloy cap, erein the refractory netal or
alloy in said [Iiner % R e s e ] aid cap.
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