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PLUG/INTERCONNECT METALLIZATION

BACKGROUND OF THE INVENTION

Field of the Invention

~ Thepresent invention relates to a metallization method for manufacturing integrated circuits.
More particularly, the present invention relates to selective metallization of an interconnect in
insulative layers to form void-free plugs between conducting layers, including apertures such as |

contacts or vias in high aspect ratio sub-half micron applicatiohs.

Background of the Related Art
Sub-half micron multilevel metallization is one of the key technologies for the next

generation of very large scale integration (VLSI). The multilevel interconnects that lie at the heart
of this technology require planarization of interconnect features formed in high aspect ratio
apertures, including contacts, vias, troughs and other features. Reliable formation of these
interconnect features is very important to the success of VLSI and to the continued effort to increase
circuit density and quality on individual substrates and die.

As circuit densities increase, the widths of vias, contacts and other features, as well as the
dielectric materials between them, must decrease. Therefore, there is a great amount of ongoing
effort being directed at the formation of smaller and smaller void-free features. One such method
involves selective chemical vapor deposition (CVD) of material only on exposed nucleation surfaces
as provided on the substrate surface. Selective CVD involves the deposition of a film layer when
a precursor gas contacts a “nucleation site” on the substrate. The precursor gas decomposes (reacts)
at nucleation sites, deposits a metal layer on which further deposition occurs, and forms various
gaseous by-products that are exhausted from the chamber.

Selective CVD Al deposition is based on the fact that the decomposition of a CVD Al
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when a precursor gas contacts a "nucleation site" on the substrate. Th
pr edur soras thesdiclectoigfiskband apsrigresyalls. Because the underlying conductive layers supply electrons

needed for decomposition of the Al precursor gas, but the dielectric field and aperture walls do not,

the resulting deposition of Al is said to be “selective”. Selective deposition can provide epitaxial,
“bottom-up” growth of CVD Al in the apertures that is capable of filling very small dimension-
(<0.25 um), high aspect ratio (>5:1) via or contact openings. |
10 Referring to Figure 1, a schematic diagram of an integrated circuit structure 10 shows a
- metal interconnect formed in via 14 that wés selectively nﬁcleated by the conducting member 18 and
uniformly grown upward towards the surface 19 of the dielectric layer 16. Hdwever, selective
deposition can also occur at the location of surface defects that are almost always present on the
dielectric field and aperture sidewalls. These defects can provide free electrons and thus serve as
15 nucleation sites for CVD Al growth that forms unwanted CVD Al nodules 12 on the surface 19 and
the walls of the apertures. |
Various methods have been used to minimize this loss of selectivity and the formation of
nodules. These methods have included, for example, preconditioning of the dielectric surface before
the selective depoéitibh process and planarization of the device, such as by chemical mechanical
20 polishing (CMP), following selective deposition to remove the nodules 12 formed on the wafer
surface 20. However, these methods complicate the processing steps required to form the desired
circuit structures and significantly increase the expense of the integrated circuit manufacturing
process. In addition, adding steps to the overall process increaseé the likelihood that defects may
result in the circuit structures being formed. '
25 Furthermore, aluminum plugs and interconnects have been found to exhibit electromigration
or transport of aluminum atoms due to current flow, resulting in voids and line failure.

Electromigration is a problem that gets worse as the level of integration increases and the effects of

3
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at nucleation sites, deposits ..on which further deposition
occurs, and forns various gas Jtlffbgl:--:grpglqgttg‘._—' t are exhausted fromthe
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deconposition of a CVD Al precursor=gas-usually requires a source of
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surface of an underlying conductive layer, such as a netal film doped
silicon electromigration appede onlyhufter aperiodefiugecposed in the bottom of an
aperture. Conversely, Al should not grow on_dielectric¢ surfaces such as t ﬁs :

di el ectric fi &g methodfer redugingglectromigration dn {ntegrated simcyits is 1t &0, 3L EQRPST an
layers supplYwhl hil@Hn lower resistivities than aluminum and significantly higher electromigration

resistance. These characteristics are important for supporting higher current densities, such as those

5 experienced at high levels of integration. However, the primary problem with integrating copper
metal into multilevel metallization systems is the difficulty of patterning the metal using etch
techniques. For devices of submicron minimum feature size, wet etch techniques for copper
patterming have not been acceptable due to liquid surface tension, isotropic etch profile, and
difficulty in over-etch control. Furthermore, a reliable process for selective CVD copper is not

10 available. _ ,

It has been known that the electromigration perfdnnance of aluminum can be dramatically
improved by forming a barrier or capping layer beﬁem aluminum features. However, the presence
of CVD Al nodules on the dielectric field following selective CVD Al plug formation prevents the
direct deposition of a smooth, uniform and continuous capping. Presently, chemical mechanical

15 polishing must be used to remove the selective CVD Al nodules before the capping layer can be
deposited. This expensive and complex process involves several additional steps, including a break
in the process vacuum causing unnecessary contamination of the substrate surface.

Therefore, there remains a need for a simple method for forming a selective CVD Al
via/contact plug and an PVD Al interconnect having a smooth, continuous and uniform capping

20 layer therebetween. More particularly, there is a need for a method providing an integrated
plug/interconnect metallization with _improved electromigration performance. It would be desirable
if this method did not require chemical mechanical polishing (CMP). It would also be desirable if
the method was simple and could be performed entirely within an integrated cluster tool. It would
be even more desirable if the method provided a low temperature deposition for sub-quarter micron

25 Al plug fill.
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-5 enhancing material of the via floor to form a plug in the via; (b) physical vapor depositing a
sufficient amount of a metal, such as PVD Al or PVD AlCu, over the dielectric layer to substantially
planarize any nodules formed by loss of selectivity during plug formation; and (c) depositing a
barrier layer over the physical vapor deposited metal. It is preferred that the PVD metal be deposited
. at a temperature between. about 350°C and about 500°C, most preferably about 400°C.
10 Furthermore, the preferred barrier layer comprises a first sublayer of titanium, a second sublayer of
titanium nitride and a third sublayer of titanium. A second metal layer, such as PVD Al, is then
deposited over the barrier layer. The process is preferably performed in an integrated processing
system comprising a chemical vapor deposition chamber and a physical vapor deposition chamber
in order to improve the interface by avoiding formation of an’ oxide layer or exposure to the

15 surrounding atmosphere.

In another aspect of the invention, a method is provided for forming a metal via plug through
a dielectric layer having barrier layers at each end of the plug. The method comprises the steps of:
(a) depositing a metal stack (e.g., TVTIN/AL, TVTIN/AVTIN or TUT iN/W) on the top layer ofa
workpiece; (b) forming a dielectric layer over the metal stack; (c) etching a via through the dielectric
20 layer to form a floor exposing the metal stack; (d) selectively chemical vapor depositing a
conductive .material on the exposed portion of the metal stack to form a plug in the via; (e) physical
vapor depositing a sufficient amount‘of a metal over the dielectric layer to substantially planarize
any nodules formed by loss of selectivity during plug formation; and (f) depositing a barrier cap
layer over the physical vapor deposited metal. The method may also include depositing a second
25 metal layer, such as PVD Al, over the barrier cap layer. A multilevel integrated circuit having
barrier layers between each metallization layer can then be formed by etching the metal stack, then

repeating the steps beginning with (b). .
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I
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5 in the appended drawings.

Itisto be noted, however, that the appended drawings illustrate only typical embodiments
of this invention and are therefore not to be considered limiting of its scope, for the invention may
admit to other equally effective embodiments.

Figure 1 is a cross-sectional view of an integrated circuit structure having a metal plug

10 formed in a via by selective CVD Al and nodules formed on the dielectric field.
'Figure 2 is a cross-sectional view of a metallization structure formed on a substrate.

Figure 3 is a cross-sectional view of the structure of Figure 2 following deposition of a
dielectric layer.

Figure 4 is a cross-sectional view of the structure of Figure 3 following the etch of the

15 dielectric layer to form a via or trough exposing an underlying barrier layer.

Figure S is a cross-sectional view of the structure of Figure 4 following selective CVD Al
plug formation on an underlying barrier layer to fill the via.

Figure 6 is a cross-sectional view of the integrated circuit structure of Figure 5 following the
planarization of the nodules by applying a thin, warm PVD AlICu layer.

20 . Figure 7 is a cross-sectional view of the structure of Figure 6 following the application of
a barrier layer.

Figure 8 is a cross-sectional view of the structure of Figure 7 following the application of

a standard PVD Al layer.
~ Figure 9 is a plan view of an integrated cluster tool for performing both chemical vapor
25 deposition (CVD) and physical vapor deposition (PVD). '

Figure 10 is a schematic diagram of a gas box system for supplying gases to the CVD

chambers on the cluster tool of Figure 9.
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-3 - electrom gration appear only after a period of use. One nethod for
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di ffi cul petsifediDbdepintiondofithe erted EmBbdnment t echii ques. For devices of
submi cron mnimum feature size, wet etc techni ques for copper

In one aspect of the present invention, a method is provided for forming a capped aluminum

plug (CAP) having a smooth, continuous and uniform barrier cap layer over a selective chemical
vapor deposition (CVD) metal plug. More particularly, the present invention applies a warm
5 physical vapor deposition (PVD) hyer over a dielectric field having metal nodules formed thereon,
typically due to a loss of selectivity, in order to absorb or planarize the nodules before deposition of
the barrier cap layer. A smooth, continuous and uniform barrier cap layer, such as the sequential
deposition of Ti/TiN/Ti, can then be formed, followed by deposition of a metal interconnect layer,
such as PVD aluminum (Al). Thérefore, the invention provides the advantages of (1) a void-free,
10 sub-half micron selective CVD metal via plug, (2) a smooth, uniform barrier cap layer formed over
the metal plugs to improve the electromxgratmn resistance of the adjacent plug/interconnect
metallization, (3) a simpler process having fewer steps, (4) an integrated low temperature fill process
that is compatible with low dielectric constant organic materials, (5) avoidance of chen;ical
mechanical polishing (CMP), and (6) improved texture (i.e., crystal orientation) on the top surface
15 of the plug. |
In another aspect of the present invention, a method is provided for forming smooth,
continuous and uniform barrier layers between metal features on multiple levels to increase the
electromigration resistance throughout the integrated circuit. The method includes formation of a
CAP étructui‘e, as described above, subsequent or prior to formation of another dielectric or
20 metallization layer having a barrier layer formed thereon. These steps can be repeated to form a
multilevel integrated circuit having barrier layers between each layer of metal features, particularly
wherein the metal features are aluminum.
Referring to Figures 2 through 8, cross-sectional diagrams of a structure 20 are shown at each
step of an exemplary integrated circuit fabrication process of the present invention that provides a
25 barrier layer between multiple layers. One aspect of this process, as shown in Figures 5 through 8,
includes the CAP process of the present invention. It should be recognized that certain steps
described_ with reference to Figs. 2-8 may be combined or provided by using pre-fabricated structures

7
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22 over the substrate 21, an aluminum/copper (AlCu) layer 23 over the Ti layer 22, and a titanium
nitride (TiN) laYer 24 over the AlCu layer 23. This stack may be formed by any conventional
technique(s), including chemical and physical vapor deposition.

The barrier layer 24 is formed over the AlCu layer 23 to prevent interaction of layer 23 with
features formed above the barrier layer and also to serve as a nucleation layer for subsequent
deposition in accordance with the present invention. The barrier layer may comprise any suitable
nucleation or deposition enhancing material, including conductive metals, that increases the
electromigration resistance of features in contact therewith. The barrier layer is preferably comprised
of titanium (T1i), titanium nitride (TiN), or a combination thereof and preferably has a thickness

~ between about 100 and about 500 Angstroms (A). The most preferred barrier layer is formed by the

three consecutive layers Ti/TiN having a total thickness of about 400 A.

Referring to Figure 3, a dielectric layer 26 is formed over the barrier layer 24 in accordance
with procedures known in the art to form a part of the overall integrated circuit. Any etchable
dielectric material, whether presently known or yet to be discovered, may be used within the scope
of the present invention. .

Referring to Figure 4, a cross-sectional view of the structure 20 of Figure 3 is shown
following formation of a via 28 in the dielectric layer 26 to expose a portion of the underlying barrier '
layer 24. Any etch process, such as p‘lasma etch, may be used within the scope of the invention to
form the via. Specific techniques for etching dielectric materials, such as silicon dioxide and some
organic materials, may include such compounds as buffered hydrofluoric acid and acetone or EKC, .
respectively. However, the most preferred etch processes are those that are able to form sub-half
micron, or even sub-quarter micron, apertures and vias 28 in the dielectric layer 26 while preserving
the integrity of the barrier layer 24 therebelow.
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vi a/ contact plug and an PVD Al interconnect having a snooth, continuous and
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an integrated cluster tool. It would be even nore desirable if the method

p; ovided a | omxeaﬁnes diusrfermiabisFenérally intended ko faoilitate therdepositionpf peanguetive plug

therem that will provxde an electrical connection with an underlying conductive member 22,23,24

of the metallization stack. The via 28 provides non-electrically conducting, dielectric walls and a

floor exposing at least a portion of the deposition enhancing material of barrier layer 24. It is

5 preferred that a pre-metallization treatment be used to clean the via or contact prior to CVD
. metallization.

Selective CVD Al processes are based on the decomposition of a metal precursor on an
electrically conductive surface. For example, a CVD Al film can be formed by the decomposition
reaction of dimethyl aluminum hydride (“DMAH”) with a carrier gas, for example hydrogen (H,)

10 or argon (Ar). This particular reaction occurs much more rapidly when DMAH comes in contact
with a deposition enhancing material that is an electron cionor, such as the surface of an electrically
conductive material. Therefore, it is possible to achieve at least some measure of control or
selectivity over where and how the CVD Al is deposited by preparing a structure with some surfaces
that are conductive (the barrier layer 24 exposed on the via floor) and some surfaces that are non-

15 conductive (the via 28 walls).

Referring to Figure 5, a cross-sectional view of the structure 20 of Figure 4 is shown

| following formation of a selective CVD Al plug 30 on the underlying barrier layer 24. Selective
CVD Al provides epitaxial growth of a void-free, single crystal plug 30. However, despite the
relative selectivity of the CVD Al, small amounts of the CVD Al can also deposit wherever surface

20 defects are present on the non-conductive dielectric layer 26 to form metal nodules 32 thereon.

* While CVD Al may be deposited under .various conditions, a typical process involves
substrate temperatures of between about 120°C and about 280°C and a deposition rate of between
about 20 A/second and about 2000 A/second, preferably about 1560 A/second. Deposition of CVD
Al may be performed at chamber pressures between about 1 torr and about 80 torr, with the preferred

25 chamber préssure being about 25 torr. The preferred deposition reaction for CVD Al involves the
decomposition of dimethyl aluminum hydride (“DMAH”) according to one of the following

equations:
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Sunmmary of the Invention The present invention provides a nethod of formng
a.capped nmetal plug in a via through a dielectric layer, wherein the via

has a floor exposing a deposition epFarcitng-Aat-erd .conprising the steps
of: (a) selectively chem cal vaporiz dpiES BHENY HAS RS § such as CVD Al, qver
a deposition enhancing material of { he vigPLhoao to f lerkotﬁﬂslﬁogn
(b) physical vapor depositing a suf T erT—ams talatre soRbﬂDuun
Al or PVD Al Cu, over the dielectric |layer to substanti aI |y planarize any
nodul es fornmed by |oss of s&(E@Hi)AI+H +B3Hj ng- pl ug6AD+MTRCHN; and (c)
depositing a barrier |ayer over the physical vapor deposited netal. It is
preferred that the PVD netal be deposite® at a tenperature between about

350[ err] C and about 5 r 2 oSt _ b rmore, the
preferred barrier Iaygre ré)éjll-sles a %&t zgﬁﬂg%a@'rﬁ%49 ani u?r]r.*h‘i second
subl ayer of titaniumnitride and a third sublayer of titanium A second

metal |ayer, such as PVD Al, is then
5 Deposition within the via 28 to form metal plug 30 i is selective because only the exposed

surface of the underlying conductive layer 24 promidtes the decomposition reaction that deposits the
CVD Al. Therefore, the CVD Al is deposited from the floor upward to fill the via 28 without any

substantial CVD Al deposition on the via walls. .
| Furthermore, the via 28 comprises both the substantiﬁlly non-conductive dielectric walls and
10 the conductive floor. As discussed above, substantially non-conducting materials, such as the
dielectric walls of the aperture, are not good ele;tron dﬁnors and, therefore, do not provide good
nucleation for decomposition of the CVD metal precursor. Rather, CVD metal films begin to form
on the exposed conducting surface of the via floor. After an initial layer of the metal has been
deposited on the via floor, subsequent deposition occurs more easily so that the metal grows from

15 the via floor upward or outward to fill the via.

Although defects on the dielectric wall of the via may cause the formation of scattered
nodules within the aperture, these nodules typically do not block the aperture or cause voids within
the aperture because nodule formation occurs at a much slower rate than selective growth. The via
is filled with metal from the floor upward before a nodule has an opportunity to grow across the via

20 and form a void therein, even in a via having an aspect ratio as high as 5:1, because the conducting
via floor exposes a much larger surface area than typical defects.

Referring to Figure 6, a cro‘ss-sectional view of the structure 20 of Figure 5 is shown
following the planarization of the nodules 32 (see Figure 6) by applying a thin, PVD Al or PVD
AlCu layer 34. The metal is deposited over the dielectric layer 26 in a sufficient amount and at a

25 sufficient temperature to substantially planarize any nodules formed by loss of selectivity during
formation of the plug 30. The PVD metal layer 34 is deposited at a temperature between about
350°C and about 500°C, preferably at about 400°C, to a thickness between about 100 Angstroms

10
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deposited over me barrier layer. The process is preferably performed in an
I nt egrat ed processi ng system conpFsihg hemi cal vapor deposition chanber
and a physical vapor deposition d Eﬁ‘m&s&,i‘fﬁo rger—tes.i nprove the interface
by avoiding formati on of an oxi dg¢ Iayensﬁua}é c%éﬁ‘\le to the surroundi ng g;

at nosphere. In another aspect of The=imves: --4__\ a net hod

formng a netal via plug through a diel ectrl c layer havi nhﬁ»&%ﬁ%"eﬁoﬂ -y
at each end of the plug. The nmethod conprises the steps of: (a) depositing
a netal s¢A)cand ebent, 1200/ (AN Ahis PMIY istdprmidothé ot THe/ TV W1 muduléseby absdrbingror
of a workpiece; (h) formng a dielectric Iayer over the nmetal stack; (c)

et chi ng apwmﬁxmhtqﬂegnmwmt@nw -forma floor exposing the

Tatorial o ¢ nRCEIANER, G £\ Eiec kRRL itSPEE e BB HF gt 6 i shown
via; (e) mwwmeupwaudﬂ P62 bidritg 1ayef 36 bvaritRO PVDALOE ARCu 34 nmeadmm 3034,36

dlelectrlc layer to substantially planarize
5 formed above stack 22,23,34 and dielectric layer 26 of Figure 8 is referred to herein as a capped

427

aluminum plug (CAP) structure, because the bartier layer “caps” the aluminum plug. This barrier
layer 36 is preferably a PVD layer selected from the group consisting of titanium (Ti), titanium
nitride (TiN), tantalum (Ta), tantalum nitride (TaN) and combinations thereof. The most prefered
barrier cap layer 36 is formed by the three consecutive layers Ti/TiN/Ti. The barrier layer serves to
10 limit interaction between the aluminum plug and subsequently deposited aluminum interconnect or
other feature. The barrier layer 36, thereby improves the. electromigration resistance and reliability
of the Al plug 30. While the barrier layer 36 may have any thickness with the scope of the present
invention, the preferred thickness of a Ti/TiN/Ti layer is between about 300A and about 500 A, with
a most preferred thickness of about 400 A. The TiN portion of the barrier layer may be formed by
15 either CVD or PVD processes, but PVD TiN is preferred. Furthermore, the Ti portion of the barrier
layer is preferably formed by PVD Ti. |
Referring to Figure 8, a cross-sectional view of the structure 20 of Figure 7 ié shown
following the application of a standard PVD Al or AlCu layér 38 to provide the interconnect
metallization. The PVD Al or AICu interconnect is formed over the CAP structure of Figure 7 to
20 provide an integrated plug/interconnect metallization having improved electromigration performance
in both the plug and interconnect. It should be recognized that additional processing or layers,
including another barrier layer, may be formed over the PVD Al layer within the scope of the present
invention. In fact, it should be recognized that the entire process may be repeated any number of
times.
25 In another aspect of the invention, a plug or interconnect may be formed over a barrier layer
or CAP structure in a manner that provides a high degree of crystal orientation and preferential
reflectivity improvement on the field (PRIME). Crystal orientation in the plug or interconnect is

11
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any nodul es forned by |oss of selectivity during plug formation; and (f)
depositing a barrier cap |ayer ower—the physical vapor deposited netal. The
met hod may al so include dep05|t|mgrahﬁqcend”nétar“ yer, such as PVD Al,

over the barrier cap layer. A ﬁUEtI|EVQLmane afngCIrCUIt havi ng barri er

| ayers between each netalli-zatio forma}g‘P & Egr&n;l%“m

metal stack, then repeating the steps beginning with (b). NO. APPM/1427
Description of the Drawings So that the manner in which the above recited

f eat ur es, infivvsdttyoieposititg ab uites-thimér épsitorn(e) $et of asethiligningmaterial averctic suface
be under Séfotgg &Ilr;]iexg 13;21-' plonor ?o gggoesm%agrt{xé (Chlé{e%trncdlg;eg ralng tnlxect)zrlll pcifxg E)p gvelzrnthvee gxtelleocrl]nc field
prior to depositing the interconnect by either PVD or CVD techniques.
The epsilon material being deposited over the barrier layer 36 typically comprises Ti, TiN
5 or a combination thereof. The reflectivity of the electrically conducting plug or interconnect formed
over an epsilon layer is improved vis-a-vis interconnect formed over other nucleation layers. An
epsilon layer may be formed of a single material or it may be formed of a combination of materials
selected from the group consisting of titanium, titanium nitride, aluminum, Nb, aluminum, and Ta.
Depositing a small quantity of material before depositing a conducting film thereover
10 improves the reflectivity of that film by facilitating the growth of a highly oriented crystal structure’
within the film. The thin, self-aligning epsilon layer, such as a Ti layer, is preferably about 50 A
thick and is preferably deposited over the field using PVD techniques to provide a surface on which
a conducting metal plug or interconnect can then be deposited. The thin, self-aligning epsilon TiN
layer is preferably deposited by sputtering a target of refractory material in a nitrogen rich
15 atmosphere to provide a flux of TiN, a portion of which will deposit on the substrate. The
conducting layer deposited over the epsilon layer has reflectivity, measured at 436 pm with a silicon
baseline, that is about 30% greater than conducting layers deposited directly onto the barrier layer
without an epsilon layer.
The thin self-aligning epsilon layer enhances the crystal orientation as well as provides a
20 large crystal structure in the resulting plug or interconnect. In addition to a single Ti/TiN nucleation
layer, it has further been found by the inventors thata combination of a TV/TiN, Ti/Al layer, TIN/Ti
layer or any combination thereof may‘be deposited as the epsilon layer on the substrate to promote
large crystal formation and <111> crystal orientation in the deposited Al film. Improving the crystal
structure of the resulting film enhances the electrical properties and reduces stress within the film.
25 It is believed that the orientation may be improved by subsequently depositing an epsilon layer of
PVD Al over the epsilon Ti or TiN layer so that the TiN or Ti layer cannot chemically bind to other

reactive species within the chamber, e.g., carbon.
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briefly sunmari zed above, may be had by reference to the enbodinents

thereof which are itlustrated in the aopended drawings. It is to be noted,
however, that the appended ¢ HOS. 011 0S ,..1a,1\§e‘only typi cal enbodi nents of
this i nvention and are ther. fﬂr"é‘-—"’f : __fqé Gongi dered linmiting of its

scope, for the invention rra-br_adml‘._._,l o) yaal |y effe

Figure 1 is a cross-sectiondl Vi ew of "an i nt egrat ed ci rc%*&ﬁ&%&@f Apm1427
having a netal plug formed in a via by selective CVD Al and nodul es f or med

on the di el ectTheahin &fiflaligrifg esifon SinfnfyCdiprise hisiiplé atb_hﬁWléafer dr monolayer of a
metal | ization structure fornmed on a substrate. Figure 3 is

cr oss- seésinglgapteriabor i mayemprisgatomis lgyers-pymopolayérsiof MIRQIM#IF idsposited dn
i el oot 1 godeAe! 1o £l God % 0 08 3ot SFh ) Hrarkli'be isbbSed frbferdtif sbheratty
uniformly on a gross scale, over the desired surface to enhance film formation thereon. The self-

5 aligning nucleation material will typically be a conductive material, such as a metal, capable of
providing electrons to facilitate the reaction therédf and crystallization of a deposited conducting

film layer (such as a metal CVD precursor). The preferred nucleation layer is comprised of
conductive materials such as titanium (Ti), aluminum (Al), titanium nitride (TiN), copper (Cu) and
silicon (Si).
10 Furthermore, it is preferred that the deposition steps of the present invention be performed
in an integrated cluster tool including both CVD and PVD process chambers. Referring to Figure
9, a schematic diagram of an exemplary integrated cluster tool 40 is shown. Typically, substrates
are introduced and withdrawn from the cluster tool 40 through a cassette loadlock 42. A robot 44
having a blade 47 is located within the cluster tool to move the substrates 45 through the cluster.'tool.
15 One robot 44 is typically positioned in a buffer chamber 46 to transfer substrates between the
cassette loadlock 42, degas wafer orientation chamber 50, preclean chamber 51, PVD TiN ARC
chamber 52 and cooldown chamber 54. A second robot 48 is located 1n transfer chamber 60 to
transfer substrates to and from the cooldown chamber 54, coherent Ti chamber 55, CVD TiN
chamber 56, CVD Al chamber 57 and PVD AlCu processing chamber 58. The transfer chamber
20 60 in the integrated system is preferably maintained at a vacuum between about 10 and about 10
torr. The configuration of the chambers in Figure 9 comprise an integrated processing system
capable of both CVD and PVD p‘rooesses in a single cluster tool. The specific chamber
configuration is merely illustrative and should not be taken as limiting the application of the present
invention. |
25 In accordance with the present invention, a substrate may receive a metallization stack over
~ its surface as a result of previous processing by other chambers, cluster tools or systems. A typical
metallization stack formed over a silicon wafer includes a thin Ti layer, an AlCu layer and a thin TiN
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dielectric layer to forma via or trough exposing an underlying barrier
| ayer. Figure 5 is a cross-sectional view of the structure of Figure 4
followi ng selective CVD Al pl ug—f_ar.mu_on._onman_mderl ying barrier layer to

fill the via. Figure 6 is a cro%gptﬁﬂa} oV f t-he integrated cwcyl;

structure of Figure 5 follow nd|the Wit@f&a,@* z_;atmnjof theM&ﬁmeoslmgus
applying a thin, warm PVD Al Cu Yeyper=—=FtgtH 4ia CI 0SS- SEXTYIDDCRET NOL APAMA42?

the structure of Fi gure 6 follow ng the appllcatlon of a barrier |ayer.
Fi gur e 8layer.aFarthermaore,cthe stask mayeairezidythaee s&ueumﬂwﬁ:sointErlg\ml diéledtuik [layer thpt is
t he appllcatlon of a,s an ard PVD Al layer. Figure 9. is aR V|e of an

i nt egr at attemed aad tq forny Kias s RIOERIUFPS IO the Ash - AFUBSITAtE haKng @ st
and phys i ealmiYaRa'stf%R05 vids¥icHed Yo the dielectric layer is then further processed preferably in

the cluster tool 40, to form a capped aluminum plug (CAP) within the via as described above.

5 In a preferred process performed in a cluster tool 40, the CAP is formed by passing the
substrate from the cassette loadlock 42 to the buffer chamber 46 where the robot 44 first moves the
substrate 35 into a degas chamber 50, then perhaps to a preclean chamber 51. The substrate may
then be transferred by the robot 48 into and between a CVD Al chamber 57 to form the plug and a
PVD Al or AlCu chamber 58 to planarize any nodules formed over the dielectric field. The

10 planarized structure then receives a barrier layer in one or more of chambers 55,56. Most
preferably, the structure receives three consecutive layef by being transferred to PVD Ti chamber
55, CVD TiN chamber 56 then back to PVD Ti chamber 55.The robot 48 then sends the substrate
back to the cooldown chamber 54. It is anticipated that the substrate may be processed or cooled

in one or more chambers any number of times in any order to accomplish fabrication of a desired

15 structure on the substrate. The substrate is removed from the cluster tool, following formation of
the CAP, through the buffer chamber 46 and then to the loadlock 42. A microprocessor controller
70 is provided to control movement of the substrates throughout the system and the sequence and
formation of the desired film layers on the substrates.

A staged-vaéuum wafer processing system is disclosed in United States Patent No.

20 5,186,718, entitled “Staged-Vacuum Wafer Processing System and Method,” Tepman et al., issued
on February 16, 1993, which is hereby incorporated herein by reference.

Referring to Figure 10, a gas box system 80 for supplying gases to the CVD chambers of the
system is illustrated. The CVD Al gas box 84 is supplied with N,, Ar and H,. The precursor gas
dimethyl aluminum hydride (“DMAH”) and a carrier gas, such as H, or Ar, are passed into the CVD

25 Al chamber 57 for deposition of aluminum. Chamber 57 is equipped with a turbo pump for
providing a vacuum in the chamber and a blower/dry pump 86.
While PVD TiN is preferred, CVD TiN may be used according to the present invention.

14
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Figure 10 is a schematic diagram of a gas box system fdr supplying gases to
t he CVD chanbers on the cluster toaol of Figure 9. -6- Detailed
Description of -the Preferred Enbo e_aspect of the present

i nvention, a nethod is provided f ﬁfHE'g,Ta,vAgapp::] al um num pl ug ( CAP} renr
having a snooth, continuous and unifor nFi5ar ri-er, CaP' ljay er p@reE MAIL NO) EMOSI9TIBus
cheni cal vapor deposition (CVvD) netal plug. I\/bre___p_a,rifi cul ar [AgTY. DORKEPN@ ABFMY1427
i nvention applies a warm physical vapor deposition (PVD) layer over a

di el ect r i WhereCWIhTIN iguseds a1 gasboi:82 is supphiediwithdW,e g, He, O,, NF; and H,. The reactant

tetrakis dimethy] amino titanium (“TDMAT"), along with the inert gas Ar and N,, are passed into
the CVD TiN chamber 56 for processing. Chamber 56 is also equipped with a turbo pump for
providing a vacuum in the chamber and a blower/dry pump 86.

5 While the foregoing is directed to the preferred embodiment of the present invention, other
and further embodiments of the invention may be devised without departing from the basic scope
thereof. The scope of the invention is determined by the claims which follow. '
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typically due to a loss of selectivity, in order to absorb or planarize the
nodul es before deposition of the barrier cap |ayer. A snooth, continuous
and uniform barrier cap |ayer, suc sequent ial deposition of
Ti/TiNTi, can then be forned, foll - of a netal ATENT
I nt erconnect |ayer, such as PVD al remﬁggmﬁmrmogmmgus
provi des the advantages of (1) a voio=free,. .sUb- CI ON ASTX. DOIKEY NO.@RiBdI1427
metal via plug, (2) a snooth, uniform barrier cap “ayer formed over the

met al pl ¥ibatis Claimed/is: t he el ect roni gration resistance of the adjacent

pl ug/ i nterconnect metallization, (3) a sinpler process having fewer steps,
(4) an integrated |ow tenperature fill process that is corrpatl ble with | ow

pol foni nd (o) ieied Y Rk FESoRctal plad fa'ia S0 GBS L, PRESRING Sa

t heat op Miﬁa&&?&ﬁgdﬂdp@sxttbﬂeﬂhﬂichqmateml;tomﬁnm;thds!@nf i nvention, a

method is provid for form ng snooth . .
3 P a) selectively chemxcalgvapor depositing a metal on the deposition enhancing material of the

4 via floor to form a plug in the via; o

5 b) physical vapor depositing a sufficient amount of a warm metal over the dielectric layer
6 to substantially planarize any nodules on the dielectric layer; and

7 c¢) depositing a barrier layer over the physical vapor deposited metal.

1 2. The method of claim 1, wherein the selectively chemical vapor deposited metal is CVD Al
1 3. The method of claim 2, wherein the warm PVD metal is warm PVD Al
1 4, The method of claim 2, wherein the warm PVD metal is warm PVD AlCu.

1 5. The method of claim 2, wherein the warm PVD metal is deposited at a temperature between
2 about 350°C and about 500°C.

6. The method of claim 5, wherein the warm PVD metal is deposited at a temperature of about
2 400°C.

1 7. The method of claim 1, wherein the barrier layer comprises a metal selected from the group
2 consisting of titanium, titanium nitride, tantalum and tantalum nitride.

8. The method of claim 1, wherein the barrier layer comprises 2 first sublayer of titanium, a
2 second sublayer of titanium nitride and a third sublayer of titanium.
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continuous and uniformbarrier |ayers between nmetal feafures on multiple
| evel s to increase the el ectromni grgts esistance_t hroughout the
integrated circuit. The nethod inc uﬂﬁSj@*W&tlaﬁ“,% a CAP structure, as
descri bed above, subsequent or prijpr to fxmumidon of fanother dielectric or
metal | ization |layer having a barri rer=forandther eon g R laSAuStiERsHalomn e
be repeated to forma multilevel integrated circuit havi ng here I DOtKETNDEAPBM/1427
bet ween each | ayer of netal features, particularly wherein the netal

features & e alTheimethod REtlaimilrfyrther dengprisirg thestepafgh 8, cross-secti onal

di agranms of a strycture 20 are, shown at each step of an exenplary

intedrated ci r(fa) MMWWMWSYW%"%W% nvention that

provi des a barrier layer between nultiple |ayers. One aspect of this

process, as shown in Figures 5 through 8, includes the CAP process of the
presdnt i noent iThe méthodbflhith Dewhereinghe sednd heetal dgyer &8 comprived of BYD AECVD Al,
with reference tQ_Figs. 2-8 may be conbined or provided by using

pr e- fabr | {ar@sony reof.

1 11.  The method of claim 1, further comprising the step of:

2 (d) forming a metal interconnect over the barrier layer.
1 12.  The method of claim 11, wherein the metal interconnect comprises aluminum.

13.  The method of claim 1, wherein steps (a) through (c) are performed in an integrated
2 processing system comprising a chemical vapor deposition chamber and a physical vapor deposition

3 chamber.

1 14. A method of forming a via plug through a dielectric layer having barrier layers at each end
2 of the plug, comprising the steps of: ' '
3 a) depositing a barrier layer on the top layer of a workpiece;
4 b) forming a dielectric layer over the barrier layer;
5 ¢) etching a via through the dielectric layer to form a floor exposing the barrier layer;
6 d) selectively chemical vapor depositing a conductive material on the exposed portion of the
7 barrier layer to form a plug in the vxa,
8 | ¢) physical vapor depositing a sufficient amount of a warm metal over the dielectric layer to
9 substantially planarize any nodules formed by loss of selectivity during plug formation; and

o
(=

f) depositing a barrier cap layer over the warm physical vapor deposited metal.
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and still be within the scope of the present invention. Referring to Figure
2, the structure 20 is a netallization stack that represents a top | ayer of
an integrated circuit feature forned on a _substrate 21. The netal | ization
stack may take on a variety §f. TTguratiens, but is shown here in a
preferred configuration as ii cf%ﬁlrué‘g;u'tTtén?ﬂ ¥ (Ti) | ay%é&%ﬁo_mlm
substrate 21, an al um nunt copper.. LA Cl)."L Wee28 over the TATIVZDOEKEDND. ARYMU427
a titaniumnitride (TiN) layer 24 over the Al Cu layer 23. This stack nmay be
forned bysany Tiwetiddosfdlaine ¢4, whereinsboth ibarrier dayers comprisma niotal selseted-from the
vapor deposition, The barrier |ayer 24 is formed over the,  AlL.Cu |ayer 23 to
prevdnt igroup censistingof titanjum, titaniym pitride, tantalum and tantalum nitride. '

16.  The method of claim 14, further comprising the step of:
2 (2) depositing a second metal layer over the barrier cap layer.

17. The method of claim 14, further comprising the step of:

2 (g) depositing a second metal layer over the barrier cap layer; and
(h) depositing another barrier layer over the second metal layer.

1 18.  The method of claim 17, further comprising the step of repeating steps (b) through (h).

1 19.  The method of claim 16, wherein the second metal layer comprises PVD Al

18
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features fornmed above the barrier layer and also to sefve as a nucl eation
| ayer for subsequent deposition in ac rdance with the present invention.
The barrier | ayer may conprise any suiff apl E=fitrtieat deposition
enhancing material, including conduct ' reases the ATENT
. : s MATEN®) Ritist FA0404US
| ayer is preferably conprised of ti tani um (Tl“’)"“;' T t-&m:t;hm Ni ATTIYCROCKET NCG) APPMAN427
a conbi nation thereof and preferabl y has ‘a th| ckness between about 100 and
about 500 Angstrons (A). ) trof ¢hie Dis o Iayer |s formed by the

}QQ][ g(rar::ggs?gutlve Iayers TL/ I N hﬁwvt Pgﬁkne % T‘B AOO Alectwe
Itﬁge(rwgngnDl n?’%gﬂl%ed Cir (:'C%HIBP % cﬁgﬁlﬁ%l ectri c mat gl‘l al , V\hie%ehlgr&sem

present | \inkeition applissd thin ldyer Of waemPVD, metal/over aselzdtive CVID metal piu@gmd adjacent
the present invention.
nodules on the dielectric field to planarize the metal surface. A barrier is then deposited over the
planarized metal surface. Therefore, the invention'provides the advantages of having (1) void-free,

sub-half micron selective CVD metal via plugs and interconnects, and (2) a reduced number of

process steps without the use of CMP, and (3) barrier layers over the metal plugs to improve the
electromigration resistance of the metal.
10
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Referring to Figure 4, a Cross-sectional view of the' structure 20 of Figurezbk
3 is shown followng formation of a via 28 in the dielectric |ayer 26 to

~ expose a portion of the underlying barrier |ayer 24. Any etch process, such

" as plasma etch, may be used w t hi ngdd 0ps-of=4hednvention to formthe

via. Specific techniques for etchif Ferli al s, such as silicon

di oxi de and sone organic naterials conmpounds as buffered
hydrof l uori c acid and acetone or B# : FvekgEs=tbwever, the nost
preferred etch processes are those that are able to form sub-half mcron,

or even sub-quarter mcron, apertures and vias 28 in the dielectric |ayer

26 while preserving the integrity of the.barrier |ayer 24 therebel ow

ISk
v
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The via 28 thus fornmed is generally int
of a conductive plug therein that wll
wi th an underl ying conductive nenber 2 lization stack.
The via 28 provides non- electrically c@® fc walls an 20
fl oor exposing at |east a portion of the dep05|t|on enhanC|ng mat er aI of
barrier layer 24. It is preferred that a pre-net rretal | zation treatmeﬁ

used to clean the via or contact prior to ; ‘%e CvD
Al processes are based on the deconpositiq
electrically conducf_P?i’@rfac For exa
by the deconpositio i*on di net hyl
carrier gas, for exanple hydrogen (H[err]) or argon
reaction occurs nuch nore rapidly when DBiv# : AL ortaret—m -3
deposition enhancing material that is an electron donor such as the
surface of an electrically

trrpal connection

of a netal
- ("'\/D Al f||m zyrn‘ed

o —20

{r 26
24

FIG. 3 «: 23

22

/28 —20
— 26
) {r
24
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conducti ve materi al

measur e of contro

(the barrier layer 24 exposed on the via
non- caonductive (the via 28 walls).
cross-sectional view of the structure 20
pl ug 30

TherefaFe,

formati on of a selective CVD A

Sel ective CVD Al provides epitaxial o,
pl ug 30. However, despite the relative select|V|ty of the

anounts of the CVD Al can al so deposit wheses ; j
on the non-conductive dielectric |ayer 26
While CVD Al may be deposited under vario
i'nvol ves substrate tenperatures of betwee
280[err]C and a deposition rate of betwee

FIG. 6
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gromﬁh.of a vora=

is possible to achi eve at
or selectivity over where and how t he CVD Al

U‘F-'e 1‘4"!-j \;‘__.’ T
hﬁfuﬁéé@fmlnghﬁ:rrler | ayer 24.
i g£jyngl e crystal
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about 20 A/second and about 2000 A/ second, preferably about 1500 A/ second.
—Deposition of CVvD Al may be perforned at chanber pressures between about 1

tarr and about 80 torr, with the preferred cheasber.pressure being about 25 "t

torr. The preferred deposition reaction for QVIDHA o AV0T VES :

deconposi tion of dinethyl alum num hydride ("/DVAH' M,ag’g T,

foll ow ng equati ons: - 9 - 6(CHerr])[err/AF—= -ft-- 6A +
12CH err] or
57 56
58 55

CONTROLLER} ' VOLTAGE

MICRO SOURCE

PROCESSOR =

70—

52
40—
50 51

42 42

- FIG. 9
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(CHerr])[err] AL - H- - - - - A +2 TMA (trinmethyl af"t‘Jmnun') + Herr]

—Deposition within the via 28 to formnetal p _BO__L.s-h,LSQLeQI_I_ve because .Lt
only the exposed surface of the underlying q Higl e k.24 pronotes the
deconposition reaction that deposits the Ar REBE g,Ha\g)é%EN e CVWD Al is
deposited fromthe floor upward to fill th ' ' =23 ubstanti al
CVD Al depositiopon the via valls Furtheroore the via 78~G-O ri ses both
the substantially non-conductive dielectric wal | s and the condudtive floor.

As di'scussed aboye, qubstamtTarty TomTComOUTTIIg TarerTars, such adQhe
dielectric wallsjof tihe aperture, n donors dF LAMMABLE
therefore, do noy prdvide good nuclfeation for deconpogition of tfheEREPAUST
nmetal precursor.|RatRer, CVD netal |fil Ptoformontheeposed
conducting surfag¢e off the via flooqg. %UA% ANiti al [ayer ot the netal

has been deposité¢d o the via floof, subsequent depos]tion occuw¥s nore

easily so that the ngtal grows fro

TDMAT /He

—— N2
Ar

\ - FIG. 10
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& TOMY 7~ &
the via floor upward or outward to fill the via. AIth %}s on the
~dielectric wall of the via may cause the fornation_of nodul es
within the aperture, these nodules typically do n m re or
cause voids within the aperture because nodul e foﬂ% L g/ a much
slower rate than selective growh. The yia is fil th rretal firgm t he
fl oor upward before a nodul e has an op'pﬁf-t—uni ty tjo r%ﬁggom&tl‘e via and
forma void therein, even in a via having an aspect ratlo as high gs 5:1,
because the conducting via floor exposes a nuch ljarger Surface eq than
typi cal defects. Referring to Figure 6, a cross- tional view of tjhe

structure 20 of Figure 5 is shown follow ng the planarization of the ,
nodul es 32 (see Figure 6) by applying a thin, PVD Al or PVD Al Cu | ayer 34.
The metal is deposited over the dielectric layer 26 in a sufficient anount
and at a sufficient tenperature to substantially planarize any nodul es

formed by | oss of selectivity during

IN-SITU CAPPED ALUMINUM PLUG (CAP) PROCESS
USING SELECTIVE CVD AL FOR INTEGRATED
PLUG/INTERCONNECT METALLIZATION

BACKGROUND OF THE INVENTION

jel the Inventio

The present invention relates to a metallization method for manufacturing integrated circuits.

More particularly, the present invention relates to selective metallization of an interconnect in

insulative Iayérs to form void-free plugs between conducting layers, including apertures such as

contacts or vias in high aspect ratio sub-half micron applications.

Backeround of the Related Art

Sub-half micron multilevel metallization is one of the key technologies for the next

generation of very large scale integration (VLSI). The multilevel interconnects that lie at the heart
of this technology require plaﬁérizétion of interconnect features formed in high aspect ratio
apertures, including contacts, vias, troughs and other features. Reliable formation of these
interconnect features is very important to the success of VLSI and to the continued effort to increase
circuit density and quality on individual substrates and die.

As circuit densities increase, the widths of vias, contacts and other features, as well as the
dielectric materials between them, must decrease. Therefore, there is a great amount of oxfgoing
effort being directed at the formation of smaller and smaller void-free features. One such method
involves selective chemical vapor deposition (CVD) of material only on exposed nucleation surfaces
as provided on the substrate surfaéc. Selective CVD involv;s the depositidn of a film layer when
a precursor gas contacts 2 “nuclea&on site” on the substrate. The precursor gas decomposes (reacts)
at nucleation sites, deposits a metal layer on which further depasition occurs, and forms various
gascous by-products that are exhausted from the chamber.

Selective CVD Al deposition is based on the fact that the decompesition of a CVD Al



formation of the plug 30. The PVD netal |ayer 34 is deposited at a
tenperat ure between about 350[err] C and about 500[err]C, preferably at
about 400[err]C, to a thickness between about 100-Angsirons -10- (A and
about 1200 (A). This PVD step snooths out the CVQ&EHJ%Q@QE@?‘§g§ppsorbing
or planarizing themto forma uniform thin Al |pypr—34—Retrer+Hng to
Figure 7, a cross-sectional view of the-Structure RO of Figure G ifs shown
following the application of a barrier |ayer 36 bvier ZPEEBVIY9R lor| Al Cu 34.
The structure 30, 34,36 forned above stack 22, 23,B4lLand _di el ectrijc |l ayer 26
of Figure 8 is referred to herein as a capped

precursor gas usuélly requires a source of electrons from a conductive nucleation film. In _
accordance with a conventional selective CVD Al deposition process, Al should grow on the surface
of an underlying conductive layer, such as a metal film, doped silicon or metal silicide, that has been |
exposed in the bottom of an aperture. Conversely, Al should not grow on dielectric surfaces such
as the dielectric field and aperture walls. Because the underlying conductive layers supply electrons
needed for decomposition of the Al precursor gas, but the dielectric field and aperture walls do not,
the resulting deposition of Al is said to be “selective”, Selective deposition can provide epitaxial,
“bottom-up” growth of CVD Al in the apertures that is capable of filling very small dimension
(<d.25 pm), high aspect ratio (>5: l) via or contact openings.

_ Referring to Figure 1, a schematic diagram of an integrated circuit structure 10 shows a
metal interconnect formed in via 14 that was selectively nucleated by the conducting member 18 and
uniformly grown upward towards the surface 19 of the dielectric layer. 16. However, selective
deposition can also occur at the location of surface defects that are almost always present on the
dielectric field and aperture sidewalls. These defects can provide free electrons and thus serve as
nucleation sites for CVD Al growth that forms unwanted CVD Al nodules 12 on the surface 19 and

. the walls of the apertures.

Various methods have be¢n used to minimize this loss of selectivity and the formation of
nodules. These methods have included, for example, preconditioning of the dielectric surface before
the selective deposition process and planarization of the device, such as by chemical mechanical
polishing (CMP), following selective deposition to remove the nodules 12 formed on the wafer
surface 20. However, these methods complicate the processing steps required to form the desired
circuit structures and significantly increase the expense of the integrated circuit manufacturing
process. In addition, adding steps to the ovefall process increases the likelihood that defects may
result in the circuit structures being formed.

Furthermore, aluminum plugs and interconnects have been found to exhibit electromigration
or transport of aluminum atoms due to current flow, resulting in voids and line failure.

Electromigration is a problem that gets worse as the level of integration increases and the effects of



al um num pl ug (CAP) structure, because the barrier layer "caps" the

al um num plug. This barrier layer 36 is preferably a PVD | ayer selected
fromthe group consisting of titanium (Ti), tltanlummtu d

tantalum (Ta), tantalumnitride (TaN) and conbi natf_g‘_-

Ti/TiNTi. The barrier |ayer serves t 1t
al um num pl ug and subsequently deposited al um nu
feature. The barrier |ayer 36, thereby inproves the
resistance and reliability of the Al plug 30. Wi
may have any thickness with the scope of the pres
preferred thickness of a Ti/TiNTi |layer is between about 300A “Ahd~about
500 A, with a nost preferred thickness of about 400 A. The Ti N portion of
the barrier layer may be forned by either CVD or PVD processes, but PVD Ti N
Is preferred. Furthernore, the Ti portion of the barrier |ayer is

pr ef er abl yiettosrRleatioy appéhd otily after a period of use.

One method for reducing electromigration in integrated circuits is it to use copper and its

alloys which have even lower resistivities than aluminum and significantly higher electromigration
resistance. These characteristics are important for supporting higher current densities, such as those
experienced at high levels of integration. However, the primary problem with integrating copper
metal into multilevel metallization systems is the difﬁéulty of patterning the metal using etch
techniques. For devices of submicron minimum feature size, wet etch techniques for copper
patterning have not been acceptable due to liquid surface tension, isotropic etch profile, and
difficulty in over-etch control. Furthermore, a reliable process for selective CVD copper is not
available.

It has been known that the electromigration performance of aluminum can be dramatically
improved by forming a barrier or capping layer between aluminum features. However, the presence
of CVD Al nodules on the dielectric field following sglective CVD Al plug formation prevents the
direct deposition of a smooth, uniform and continuous capping. Presently, chemical mechanical
polishing must be used to remove the selective CVD Al nodules before the capping layer can be
deposited. This expensive and complex process involves several additional steps, including a break
in the process vacuum causing unnecessary contamination of the substrate surface.

Therefore, there remains a need for a simple method for forming a selective CVD. Al
via/contact plug and an PVD Al interconnect having a smooth, continuous and uniform capping
layer therebetween. More particularly, there is a need for a method providing an integrated
plug/interconnect metallization with improved electromigration performance. It would be desirable
if this method did not require chemical mechanical polishing (CMP). It would also be desirable if
the method was simple and could be performed entirely within an integrated cluster tool. ‘It would
be even more desirable if the method provided a low temperature deposition for sub-quarter micron
Al plug fill.



Referring to Figure 8, a cross-sectional view of the structure 20 of Figure
.7 1s shown followng the application of a standard PVD Al or Al Cu | ayer 38
to provide the interconnect netallization. The PVD Al or Al Cu | nt er connect
is formed over the CAP structure of Figure 7 to pr%mrnﬁ - d
plug/interconnect netallization having_ynproved el ettiom:

[E¥
Y

performance in both the plug and intercommect It sh ifzdd that
addi tional processing or layers, including another HarRiSeFELe y be

formed over the PVD Al layer within the scope of fh pr esent |nv§it'on I'n
fact, it should be recognized that the entire progess nmay be-repeatéd any

nunber of tines. In another aspect of the |nvent|hn*_a_QmH9‘or |nterconnect
may be formed over a barrier layer or CAP structure in a manner THat

provi des a high degree of crystal orientation and preferential reflectivity
| nprovenent on the field (PRIME). Crystal orientation in the plug or

I nterconnect is

Summary of the Invention

The present invention provides a method of forming a capped metal plug in a via through a
dielectric layer, wherein the via has a floor exposing a deposition enhancing material, comprising
the steps of: (a) selectively chemical vapor depositing a metal, such as CVD Al, overa deposition
enhancing material of the via floor to form a plug in the via; (b) physical vapor depositing .a
sufficient amount of a metal, such as PVD Al or PVD AlICu, over the dielectric layer to substantially
planarize any nodules formed by loss of selectivity during plug formation; and () depositing a
barrier layer oyer the physical vapor deposited metal. Itis preferred that the PVD metal be deposited

. at a temperature between. about 350°C and about 500°C, most preferably about 400°C.

Furthermore, the preferred barrier layer comprises a first sublayer of titanium, a second sublayer of
titanium nitride and a third sublayer of titanium. A second metal layer, such as PVD Al, is then
deposited over tne barrier layer. The process is preferably performed in an integrated processing
system comprising a chemical vapor deposition chamber and a physical vapor deposition chamber
in order to improve the interface by avoiding formation of an oxide layer or exposure to the
surrounding atmosphere.

In another aspect of the invention, a method is provided for forming a metal via plug through
a dielectric layer having barrier layers at each end of the plug: The method comprises the steps of:.
(2) depositing a metal stack (e.g., T/TIN/AL, TVTIN/AVTIN or T/TIN/W) on the top layer of a-
workpiece; (b) forming a dielectric layer over the metal stack; (c) etching a via through the dielectric
layer to form a floor exposing the metal stack; (d) selectively chemical vapor depositing 2
conductive material on the exposed portion of the metal stack to form 2 plug in the via; (e) physical
vapor depositing a sufficient amount‘of a metal over .the dielectric layer to substantially planarize
any nodules formed by loss of selectivity during plug formation; and (f) depositing a barrier cap
layer over the physical vapor deposited metal. The method may also include depositing a second
metal layer, such as PVD Al, over the barrier cap layer. A multilevel integrated circuit having
barrier layers between each metallization layer can then be formed by etching the metal stack, then

repeating the steps beginning with (b).



| ° 25FEB 1998 inproved by depositing an ultra-thin or epsilon (e) |ayer

.of a self-aligning material over the surface of the barrier |ayer prior to
depositing the dielectric layer and netal plug or over the dielectric field
prior to depositing the interconnect by either PVD onnfﬁ ‘Lﬂ%i u The

epsilon material being deposited over tge barrier Iay
conprises Ti, TiN, or a conbination thereof. The reflect|V|ty oT tn
el ectrically conducting plug or interconnect forned;o\je qp Egsngn Iéyer
is inproved vis-a-vis interconnect formed over othen nu eatlon $. An
epsilon | ayer may be forned of a single material or ir“nﬁy"be—ﬁe pf a
conbi nati on of materials

Brief Description of the Drawings

So that the manner in which the above recited features, advantages and objects of the present
invention are attained can be understood in detail, a more particular description of the invention,
briefly summarized above, may be had by reference to the embodiments thereof which are illustrated

| in the appended drawings.

It is to be noted, however, that the append'e'd drawings illustrate only typical embodiments
of this invention and are therefore not to be considered limiting of its scope, for the invention may
admit to othet equally effective embodiments.

Figure 1 is a cross-sectional view of an integrated circuit structure having a metal plug
formed in a via by selective CVD Al and nodules formed on the dielectric fieid.

Figure 2 is a cross-sectional view of a metallization structure formed on a substrate.

Figure; 3 is a cross-sectional view of the structure of Figure 2 following deposition pf a
dielectric layer. |

Figure 4isa cross-sectfbnal view of the structure of Figure 3 following the etch of the

dielectric layer to form a via or trough exposing an underlying barrier layer.

Figure 5 is a cross-sectional view of the structure of Figure 4 following selective CVD Al -
plug formation on an underlying barrier layer to fill the via.

" Figure 6 is 2 cross-sectional view of the integrated circuit structure of Figure 5 following the
planarization of the nodules by applying a thin, warm PVD AlCu layer. )

Figure 7 is a cross-sectional view of the structure of Figure 6 following the application of
a barrier layer.

Figure 8 is a cross-sectional view of the structure of Figure 7 following the application of
a standard PVD Al layer.

" Figure 9 is a plan view of an integrated cluster tool for performing both chemical vapor
deposition (CVD) and physical vapor deposition (PVD).

Figure 10 is a schematic diagram of a gas box system for supplying gases to the CVD

chambers on the cluster tool of Figure 9.



sel-ected fromthe group consisting of titanium titaniumnitride, alum num
Nb, alum num and Ta. Depositing a small quantity of material before
depositing a conducting filmthereover inproves the reflectivity of that
filmby facilitating the growh of a highly oriented |8 Cturee
within the film The thin, self-aligninggepsilon |ayer a-ﬁg‘jHEg'er
' ' |eId

ondu2® Peg npbgl [Pl ug

usi ng PVD techni ques to provide a surface on which a

or interconnect can then be deposited. The thin, selfjaligning epsi i N
layer is preferably deposited by sputtering a target efial
in a nitrogen rich atnosphere to provide a flux of Ti mﬂch

wi |l deposit on the substrate. The conducting | ayer dep05| ted over
epsilon layer has reflectivity, neasured at 436 [err]mwith a silicon
baseline, that is about 30% greater than conducting |ayers deposited
directly onto the barrier |layer wthout an epsilon |ayer.

Detailed Description of the Preferred Embodi

- In one aspect of the present invention, a method is provided for forming a capped aluminum
plug (CAP) having a smooth, continuous and uniform barrier cap layer over a selective chemical |
vapor deposition (CVD) metal plug. More particularly, the present invention applies a warm
physical vapor deposin'on (PVD) layer over a dielectric field having metal nodules formed thereon,
typically due to a loss of selectivity, in order to absorb or planarize the nodules before deposition of
the barrier cap layer. A smooth, continuous and uniform barrier cap layer, such as the sequential
deposition of Ti/TiN/Ti, can then be formed, followed by deposition of a metal interconnect layer,
such as PVD aluminum (Al). Thérefore, the invention provides the advantages of (1) a void-free,
sub-half micron selective CVD metal via plug, (2) a smooth, uniform barrier cap layer formed over
the metal plugs to improve the electromigration resistance of the adjacent plug/interconnect
metallization, (3) a simpler process having fewer steps, (4) an integrated low temperature fill process
that is compatible with low dielectric constant organic materials, (5) avoidance of chemical
mechanical polishing (CMP), and (6) improved texture (i.e., crystal orientation) on the top surface
of the plug.

In another aspect of the present invention, 2 method is provided for forming smooth,
continuous and uniform barrier layers between metal features on multiple levels to increase the
elecu'omigratiqn resistance throughout the integrated circuit. The method includes formation of a .
CAP structure, as described above, subsequent or prior to formation of another dielectric or
metallization layer having a barrier layer formed thereon. These steps can be repeated to form a
multilevel integrated circuit having barrier layers between each layer of metal features, particulérly
wherein the metal features are aluminum.

Referring to Figures 2 through 8, cross-sectional diagrams of a structure 20 are shown at each
step of an exemplary integrated circuit fabrication process of the présent invention that provides a
barrier layer between multiple layers. One aspect of this process, as shown in Figures 5 through 8,
includes the CAP process of the present invention. It should be recognized that certain steps

described with reference to Figs. 2-8 may be combined or provided by using pre-fabricated structures



The thin self-aligning epsilon |ayer enhances the crystal orientati
el |l as provides a large crystal structure in the resulting plug or

on as

interconnect. In addition to a single Ti/Ti N nucleation layer, it has

further been found by the inventors that a conbination of a Ti/TiN,
| ayer, TiNTi |ayer or any conbi nation_t7h_ereof may be deposited:
epsilon layer on the substrate to promote—targe crystal: fornatiit
crystal orientation in the deposited Al film Inproying the crystial
structure of the resulting filmenhances the el ec r;cgspggpqaygai S
reduces stress within the film It is believed thatjthe orientatijon

| nproved by subsequently depositing an epsilon | ayer—ofPVD™

Ti /A
t he
nd <111>

and
may be
t he

epsilon Ti or TiN layer so that the TiN or Ti |ayger_cannot cheni cal

to other reactive species within the chanber, e.g., carbon.

and still be within the scope of the present invention.
Referring to Figure 2, the structure 20 is a metallization stack that represents a top

ly bind’

layer of _

an integrated circuit feature formed on a substrate 21. The metallization stack may take on a variety

of configurations, but is shown here in a preferred configuration as including a titanium (Ti) layer
22 over the substrate 21, an aluminum/copper (AlCu) layer 23 over the Ti layer 22, and a titanium
nitride (TiN) layer 24 over the AlCu layer 23. This stack may be formed by any conventional -

technique(s), including chemical and physical vapor deposition.
The bartier layer 24 is formed over the AlCu layer 23 to prevent interaction of layer

23 with

features formed above the barrier layer and also to serve as a nucleation layer for subsequent

deposition in accordance with the present invention. The barrier layer may comprise any

suitable

nucleation or deposition enhancing material, including conductive metals, that increases the

electromigration resistance of features in contact therewith. The barrier layer is preferably comprised
of titanium (Ti), titanium nitride (TiN), or a combination thereof and preferably has a thickness
between about 100 and about 500 Angstroms (A). The most preferred barrier layer is formed by the

three consecutive layers Ti/TiN having a total thickness of about 400 A.

Réfem’ng to Figure 3, a dielectric layer 26 is formed over the barrier layer 24 in accordance
with procedures known in the art to form a part of the overall integrated circuit. Any etchable

dielé_ctric material, whether presently known or yet to be discovered, may be used within the scope

of the present invention.

Referring to Figure 4, a cross-sectional view of the structure 20 of Figure 3 is shown
following formation of a via 28 in the dielectric layer 26 to expose a portion of the undertying barrier

layer 24. Any etch process, such as plasma etch, may be used within the scope gf the invention to

form the via. Specific techniques for etching dielectric materials, such as silicon dioxide and some

organic materials, may include such compounds as buffered hydrofluoric acid and acetone or EKC,

respectively. However, the most preferred etch processes are those that are able to form sub-half

micron, or even sub-quarter micron, apertures and vias 28 in the dielectric layer 26 while preserving

the integrity of the barrier layer 24 therebelow.



-12- The thin self-aligning epsilon filmmy conprise a single atomc |ayer
or nonol ayer of a single material or it may conprise atomc |ayers or

monol ayers of nultiple materials deposited in sequence...l.t _js_nost
preferred that the self-aligning material be dispersed, preferabl~y~
generally uniformy on a gross scale, ower the desired- strface. 10"
filmformation thereon. The self- allgn-l-ng—ﬁucleat‘l(}n terlal w i |
typically be a conductive material, such as a metal L ¢c gam% 98 py oyi di ng
electrons to facilitate the reaction thereof and E talljization pffa

deposi ted conducting filmlayer (such as a netal D precursor).
preferred nucleation layer is conprised of conduc e+
titanium (Ti), aluminum (Al), titaniumnitride (TiN), copper (Cu) and -
silicon (Si).

The via 28 thus formed is generally intended to facilitate the deposition of a conductive plug
therein that will provide an electrical connection with an underlying conductive member 22,23,24
of thc metallization stack. The via 28 provides non-electrically conducting, dielectric walls and a.'
floor exposing at least a portion of the deposition enhancing material of barrier layer 24. It is
preferred that a pre-metallization treatment be used to clean the via or contact prior to CVD
metallization.

Selective CVD Al processes are based on the decomposition of a metal precursor on an
electrically conductive surface. For example, a CVD Al film can be formed by the decomposition
reaction of dimethyl aluminum hydride (“DMAH") with a carrier gas, for example hydrogen (H,)
or argon (Ar). This particular reaction occurs much more rapidly when DMAH comes in contact
with a deposition enhancing material that is an electron donor, such as the surface of an electrically

_conductive material. Therefore, it is possible to achieve at least some measure of control or
selectivity over where and how the CVD Al is deposited by preparing a structure with some surfaces
that are conductive (the barrier layer 24 exposed on the via floor) and some surfaces that arg non-
conductive (the via 28 walls).

Referring to Figure 5, a cross-sectional view of the structure 20 of Figure 4 is shown
following formation of a selective CVD Al plug 30 on the underlying barrier layer 24. Selective
CVD Al provides epitaxial growth of a void-free, single crystal plug-30. However, despite the
relative selectivity of the CVD Al, small amounts of the CVD Al can also deposit wherever sv.-lrface
defects are present on the non-conductive dielectric layer 26 to form metal nodules 32 thereon.

While CVD Al may be deposited under various conditions, a typical process involves
substrate temperatures of between about 120°C and about 280°C and a deposition rate of between
about 20 A/second and about 2000 A/second, preferably about 1500 A/second. Deposition of CVD
Al may be performed at chamber pressures between about 1 torr and about 80 torr, with the preferred
chamber pressure being about 25 torr. The preferred deposition reaction for CVD Al involves the
decomposition of dimethyl aluminum hydride (“DMAH") according to one of the following

equations:



Furthernore, it is preferred that the deposition steps of the present
Jdnvention be performed in an integrated cluster topl.-bncludi-rg—potirCVvD and
PVD process chanbers. Referring to Figure 9, a schenitli/c di.agrantotian

exenpl ary integrated cluster tool 40 is shown. Typtcalty,~substtaiks| are
introduced and withdrawn fromthe clustgr tool 40 hfougp ,ﬁ-ga‘i%et e

| oadl ock 42. A robot 44 having a bl age—4+ s | ocatéed!w Rir hé”cl st er
tool to nove the substrates 45 through the cluster 44 i s

t @ol

typically positioned in a buffer chanber 46 to tra+sfer substrates bgtween
the cassette | oadl ock 42, degas wafer orientation eT” T precl ean
chanber 51, PVD Ti N ARC chanber 52 and cool down chanber 54. A second robot
48 is located in transfer chanber 60 to transfer substrates to and fromthe
cool down chanber 54, coherent Ti chanber 55, CVD Ti N chanber 56, CVD Al
chanber 57 and PVD Al Cu processing chanber 58. The transfer chanber 60 in
the integrated systemis preferably maintained at a vacuum bet ween about

10[ err] and about 10[err]

6(CH)AL -H + 3Hy = - - - = 6Al + 12CH,
or

(CHy), Al-H ~=--- Al + 2 TMA (trimethyl aluminum) + H,

Deposition within the via 28 to form metal plug 30 is selective because only the exposed
surface of the underlying conductive layer 24 promidtes the decomposition reaction that deposits the
CVD AL Therefore, the CVD Al is deposited from the floor upward to il the via 28 without any
substantial CVD Al deposition on the via walls. '

Furthermore, the via 28 comprises both the substanﬁa.tlly non-conductive dielectric walls and
the conductive floor. As discussed above, substantially non-conducting materials, such as the
dielectric walls gf the aperture, are not good electron donors and, therefore, do not provide good
nucleation fox: decomposition of the CVD metal precursor. Rather, CYD metal films begin to form
on the exposed conducting surface of the via floor. After an initial layer of the metal has been
deposited on the via floor, silbse'q;xent deposition occurs more easily so that the metal grows from
the via floor upward or outward to fill the via. | |

Although defects on the dielectric wall of the via may cause the formation of scattered
nodules within the aperture, these nodules typically do not block the aperture.or cause. voids within
the apertm'e because nodule formation occurs at a much slower rate than selective growth. The via
is filled with metal from the floor upward before a nodule has an opportunity to grow across the via
and form a void therein, even in a via having an aspect ratio as high as 5:1, because the conducting
via floor exposes a much larger surface area than typical defects. '

Referring to Figure 6, a cross-sectional view of the structure 20 of Figure 5 is shown
following the planarization of the nodules 32 (see Figure 6) by 'applying a thin, PVD Al or PVD
AlCu layer 34. The metal is depasited over the diclec'u-ic layer 26 in a sufficient amount and at a
sufficient temperature to substantially planarize any nodules formed by loss of selectivity during
formation of the plug 30. The PVD metal layer 34 is deposited at a temperature between about
350°C and about 500°C, preferably at about 400°C, to a thickness between about 100 Angstroms



tor?. The configuration of the chanbers in Figure 9 conprise an integrated
processi ng system capabl e of both CVvD and PVD proce ln.a _single cluster
tool. The specific chanber configuration is nerely i Rﬂygy‘gtlve ar

not be taken as limiting the application of the presemt—i-fventiion:
accordance with the present invention, ggsubstrate y receive a 3
netallization stack over its surface a'ra—r'esult of Ip ev251fs:aar'§b¥;:es I hg by
ot her chanbers, cluster tools or systens. A typical|{nmetallization _sfa Kk
formed over a silicon wafer includes a thin Ti layef, an AlCu layer and a

thin TiN -13 -

(A) and about 1200 (A). This PVD step smooths out the CVD Al nodules by absorbmg or
planarizing them to form a uniform, thin Al layer 34. _

Referring to Figure 7, a cross-sectional view of the structure 20 of Figure 6 is shown
following the application of a barrier layer 36.over the PVD Al or AICu 34. The structure 30,34,36
formed above stack 22,23,34 and dielectric layer 26 of Figure 8 is referred to herein as a capped
aluminum plug (CAP) structure, because the barriér layer “caps” the aluminum plug. This barrier
layer 36 is preferably a PVD layer selected from the group consmtmg of titanium (Ti), titanium
nitride (TiN), tantalum (Ta), tantalum nitride (TaN) and combinations thereof. The most prefered
barrier cap layer 36 is formed by the three consecutive layers Ti/TiN/Ti. The barrier layer serves to
limit interaction between the aluminum plug and subsequently deposited aluminum interconnect or
other feature. The barrier layer 36, thereby improves the electromigration resistance and reliability
of the Al plug 30. While the barrier layer 36 may have any thickness w1th the scope of the present
invention, the preferred thickness of a TY/TIN/Ti layer is between about 300A and about 500 A, with
a most preferred thickness of about 400 A. The TiN portion of the barrier layer may be formed by
either CVD or PVD processes, but PVD TiN is preferred. Furthermore, the Ti portion of the barrier
layer is preferably formed by PVD Ti. |

Referring to Figure 8, a cross-sectional view of the structure 20 of Figure 7 is shown
following the application of a standard PVD Al or AlCu layer 38 to provide the interconnect
metallization. The PVD Al or AICu interconnect is formed over the CAP structure of Figure 7 to
provide an integrated plug/interconnect metallization having improved electromigration perfbrinance
in both the plug and interconnect. It should be recognized that additional processing or layers,
including another barrier layer, may bé formed over the PVD Al layer within the scope of the I.Jrcsent
invention. In fact, it should be recognized that the entire process may be repeated any number of
times.

In another aspect of the invention, a plug or interconnect may be formed over a barrier layer
or CAP structure in a manner that provides .a high degree of crystal orientation and preferential |

reflectivity improvement on the field (PRIME). Crystal orientation in the plug or interconnect is



| ayer.

dielectric |ayer that

Furthernore, the stack may already have received a first interlevel

Is patterned and etched to formvias using procedures

known in the art. A substrate having a first metallization stack and vias
etched into the dielectric layer is then further processed, preferably in

the cluster tool 40, to forma capped aI1 num pl L??;“((%P
descri bed above. In a preferred proce f or med*t;

[IJ,L}I.1_ e via as
R paks 40, the

TALA

CAP is formed by passing the substrate fromthe dagsette | oadl o"”M 42 to the

buf f er

chanber 46 where the robot 44 first noves jtHe WEERapeg3d into a

degas chanmber 50, then perhaps to a preclean chanbgr 51. The sub%t ate may
then be transferred by the robot 48 into and between a CvD Ar—ckanber 57 to
formthe plug and a PVD Al or Al Cu chanber 58 totplanarize any nodpl es '
formed over the dielectric field. The planarized structure then receives a

barrier

| ayer in one or nore of chanbers 55,56. Myst preferably, the

structure receives three consecutive |layer by being transferred to PVD Ti

chanber

improved by depositing an uitra-thin or epsilon () layer of a self-aligning material over the surface
of the barrier layer prior to depositing the dielectric layer and metal plug or over the dielectric field
prior to depositing the interconnect by either PVD or CVD techniques.

The epsilon material being deposited over the barrier layer 36 typically comprises Ti, TiN,
or a combination thereof. The reflectivity of the electricélly conducting plug or interconnect formed
over an epsilon layer is improved vis-a-vis interéohnect formed over other nucleation layers. An
epsilon layer may be formed of a single material or it may be formed of a combination of materials
selected from the group consisting of titanium, titanium nitride, aluminum, Nb, aluminum, and Ta.

Depositing a small quantity of material before depositing a conducting film thereover
improves the reflectivity of that film by facilitating the growth of 2 highly oriented crystal structure’
within the film. The thin, self-aligning epsilon layer, such as a Ti layer, is preferably about 50 A
thick and is preferably deposited over the field using PVD techniques to provide a surface on which
a conducting metal plug or interconnect can then be deposited. The thin, self-aligning epsilon TiN
layer is preferably deposited by sputtering a target of refractory material in a nitrogen rich
atmosphere to provide a flux of TiN, a portion of which will deposit on the substrate. The
conducting layer deposited over the epsilon layer has reflectivity, measured at 436 pm with a silicon
baseline, that is about 30% greater than conducting layers deposited directly onto the barrier layer
without an epsilon layer. '

The thin self-aligning epsilon layer enhances the crystal orientation as well as provides a
large crystal structure in the resulting plug or interconnect. In addition to a single Ti/TiN nucleation
layer, it has further been found by the inventors that a combination of a2 TY/TiN, Ti/Al layer, TIN/Ti
layer or any combination therecf may be deposited as the epsilon layer on the substrate to promote
large crystal formation and <111> crystal orientation in the deposited Al film. Improving the crystal
structure of the resulting film enhances the electrical properties and reduces stress within the film.
It is believed that the orientation may be improved by subsequently depositing an epsilon layer of
PVD Al over the epsilon Ti or TiN layer so that the TiN or Ti layer cannot chemically bind to other

reactive species within the chamber, e.g., carbon.



55 CVD Ti N chanber 56 then back to PVD Ti
.sends the substrate back to the cool down chanber

the substrate nmay be processed or cooled in one or
of times in any order to acconplish fabrlcatlonga=“

the substrate. The substrate is renoved,fromth
formation of the CAP, through the buf-f-e}—i-e-hanbe'
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of the substrates throughout the system and the
the desired filmlayers on the substrates. A stja

systemis disclosed in United States Patent NoJ 5, 186, 718,
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on February 16, 1993, which is hereby incorporated herein by reference.
Referring to Figure 10, a gas box system 80 for supplying gases to the CVD

chambers of the

The thin self-aligning epsilon film may comprise a single atomic layer or monolayer of a
single material or it may comprise atomic layers or monolayers of multiple materials deposited in
sequence. It is most preferred that the self-aligning material be dispersed, preferably generally
uniformly on a gross scale, over the desired surface to enhance film formation thereon. The self-
aligning nucleation material will typically be a conductive material, such as a metal, capable of
providing electrons to facilitate the reaction thereof and crystallization of a deposited conducting
film layer (such as a metal CVD precursor). The preferred nucleation layer is comprised of
conductive materials such as titanium (T7), aluminum (Al), titanium nitride (TiN), copper (Cu) and
silicon (Si).

Furthermore, it is preferred that the deposition steps of the present invention be performed
in an integrated cluster tool including both CVD and PVD process chambers. Referring to Figure
9, a schematic diagram of an exemplary integrated cluster tool 40 is shown. Typically, substrates
are introduced and withdrawn from the cluster tool 40 thrdugh a cassette loadlock 42. A robot 44
having a blade 47 is located within the cluster tool to mové thé substrates 45 through the cluster tool.
One robot 44 is typically positioned in a buffer chamber 46 to transfer substrates between the
cassette loadlock 42, degas wafer orientation chamber 50, preclean chamber 51, PVD TiN ARC
chamber 52 and cooldown chamber 54. A second robot 43 is located in transfer chamber 60 to .
transfer substrates to and from the cooldown chamber 54, coherent Ti chamber 55, CVD TiN
chamber 56, CVD Al chamber 57 and PVD AlCu processing chamber 58. The transfer chamber
60 in the integrated system is preferably maintained at a vacuum between about 10 and about 107
torr. The configuration of the chambers in Figure 9 comprise an integrated processing system
The specific chamber
configuration is merely illustrative and should not be taken as limiting the application of the present

capable of both CVD and PVD processes in a single cluster tool.

invention.
In accordance with the present invention, a substrate may receive a metallization stack over
its surface as a result of previous processing by other chambers, cluster tools or systems. A typical

metallization stack formed aver a silicon wafer includes a thin Ti layer, an AlCu layer and a thin TiN



systemis illustrated. The CVD Al gas box 84 is supplied with NJerr], Ar
.and Herr]. The precursor gas dimethyl alum num hydride ("DVAH") and.a

carrier gas, such as H2 or Ar, are passed into th@*-.-@A}Al-»«--chanbeL. 57 for
deposi tion of al um num Charrber 57 is equi pped ! PN T or
provi ding a vacuumin the chanber and bl O\A/er/q Pt 6~-~W1r~ 'PVD Ti N
is preferred, CVD Ti N may be used ace€ to tf‘h% pbe_se‘hé g erﬁtlﬁon.
-14- Where CVD TiN is used, a gas box 82 is supgdli; w I\il9 Ar,; He,
derr], NF[err] and Herr]. The reactant tetrakijs idi-met-hyl. .am. |tani um
("TDVAT"), along with the inert gas Ar and N erd], are passed |ntD
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layer. Furthermore, the stack may already have received a first intcrlcvél dielectric layer that ig
patterned and etched to form vias using procedures known in the art. A substrate having a first
metallization stack and vias etched into the dielectric layer is then further processed, preferably in
the cluster tool 40, to form 2 capped aluminum plug (CAP) within the via as described above.

In a preferred process performed in a cluster tool 40, the CAP is formed by passing the
substrate from the cassette loadlock 42 to the buffer chamber 46 where the robot 44 first moves the
substrate 35 into a degas chamber 50, then perhaps to a preclean chamber 51. The substrate may
then be transferted by the robot 48 into and between a CVD Al chamber 57 to form the plugand a
PVD Al or AlCu chamber 58 to planarize any nodules formed over the dielectric field. The
planarized structure then receives a barrier layer in one or more of chambers 55,56. Most
preferably, the structure receives three consecutive layer by being transferred to PVD Ti chamber
55, CVD TiN chamber 56 then back to PVD Ti chamber 55.The robot 48 then sends the substrate
back to the cooldown chamber 54. It is anticipated that the substrate may be processed or cooled
in one or more chambers any number of times in any order to accomplish fabrication of a desired
structure on the substrate. The substrate is removed from the cluster tool, following formation of
the CAP, through the buffer chamber 46 and then to the loadlock 42. A microprocessor controller
70 is provided to control movement of the substrates throughout the system and the sequence and
formation of the desired film layers on the substrates.

A staged-vacuum wafer processing system is disclosed in United States Patent No.
5,186,718, entitled “Staged-Vacuum Wafer Processing System and Method,” Tepman et al., issued
on February 16, 1993, which is hereby incorporated herein by reference.

Referring to Figure 10, a gas box system 80 for supplying gases to the CVD chambers of the
system is illustrated. The CVD Al gas box 84 is supplied with N, Ar and H,. The precursor gas
dimethy! aluminum hydride (“DMAH") and a carrier gas, such as H, or Az, are passed into the CVD
Al chamber 57 for deposition of aluminum. Chamber 57 is equipped with a turbo pump for
providing a vacuum in the chamber and a blower/dry pump 86.

While PVD TiN is preferred, CVD TiN may be used according to the present invention.
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Where CVD TiN is used, a gas box 82 is supplied with N, Ar, He, O,, NF; and H;. The reactant
tetrakis dimethyl amino titanium (“TDMAT"™), along with the inert gas Ar and N,, are passed into
the CVD TiN chamber 56 for processing. Chamber 56 is also equipped with a turbo pump for
ptovidfng a vacuum in the chamber and a blower/dry pump 86.

While the foregoing is directed to the preferred embodiment of the present invention, other

~ and further embodiments of the invention may be devised without departing from the basic scope
thereof. The scope of the invention is determined by the claims which follow.



has a floor exposing a deposition enhancing material, conprising the steps
of : a) selectively chem cal vapor depositing a r‘etwalr—-eﬂ;-—{mhe»_ﬂe > ;t I on
enhancing naterial of the via floor to forma pli&grialEheivi arih) [
vapor depositing a sufficient anpunt of a warm fgetfar—over the i elfectric
| ayer to substantially planarize any nodgsgl.es on itHe Gt ayer, and
c) depositing a barrier |ayer over thv-g'?rﬁl cal vcpoﬁi'l:ngﬁPéd tal. 2.
The net hod of cl ai m 1, wherein the selectively ¢hémi-ecal—vwapor [
netal is C/D Al. 3. The met hod of claim2, whjerein the warmPV metal is
war m PVD Al‘g}ﬁtgcmﬁb?h jget hod of claim 2, V\,herel al is

war m PVD Al e nethod of cIa|m2 wherein the warm PVD netal is
deposited at a tenperature between about 350[err]C and about 500C.

1. A method of forming a capped metal plug in a via through a dielectric Iayer, wherein the via |
has a floor exposing a deposition enhancing material, comprising the steps of: .

a) selectively chemical vapor depositing a metal on the deposition enhancing material of the -
via floor to form a plug in the via;

b) physical vapor depositing a sufficient amount of a warm metal over the dielectric layer
to substantially planarize any nodules on the diélectric layer; and

c) depositing a barrier layer over the physical vapor deposited metal.

2. The method of claim 1, wherein the selectively chemical vapor deposited metal is CVD Al
3. The method of claim 2, wherein the warm PVD metal is warm PVD Al
4, The method of claim 2, wherein the warm PVD metal is warm PVD AlCu.

5. The method of claim 2, whetein the warm PVD metal is deposited at a temperature between
about 350°C and about 500°C.

6. The method of claim 5, wherein the warm PVD metal is deposited at a temperature of about
400°C.

7. The method of claim 1, wherein the barrier layer comprises a metal selected from the group
consisting of titanium, titanium nitride, tantalum and tantalum nitride.

8. The method of claim 1, wherein the barrier layer comprises a first sublayer of titanium, 2
second sublayer of titanium nitride and a third sublayer of titanium.

* [+ L M s *



6. The nethod of claimb5, wherein the warm PVD netal is deposited at a
tenperature of about 400[err]C. 7. The net hod ”Qf::-_t_—:-lma,LmJ \wherein the
barrier |layer conprises a netal selected fromthéi’\grbu' n A
titanium titaniumnitride, tantalum and tantalu '

of claim1, wherein the barrier |ayer coi’@rl ses
titanium a second sublayer of titani um-R+ de
titani um -16- 9. The method of claim1l f
of :

9. The method of claim 1 further comprising the step of:
(d) depositing a second metal layer over the barrier layer.

10. The method of claim 9, wherein the second metal layer is comprised of PVD Al, CVD Al,

Cu or combinations thereof.

11.  The method of claim 1, further comprising the step of:
(d) forming a metal interconnect over the barrier layer.

12.  Themethod of claim 11, wherein the metal interconnect comprises aluminum.

13.  The method of claim 1, wherein steps (a) through (c) are performed in an integrated
processing system comprising a chemical vapor deposition chamber and a physical vapor deposition
chamber.

14. A method of forming a via plug through a dielectric layer having barrier layers at each end
of the plug, comprising the steps of: -

a) depositing'a barrier layer on the top layerofa workpieée;.

b) forming a dielectric layer over the barrier layer;

¢) etching a via through the dielectric layer to form a floor exposing the barrier layer;

d) selectively chemical vapor depositing a conductive material on the exposed portion of the
barrier layer to form a plug in the via; |

e) physical vapor depositing a sufficient amount of a warm metal over the dielectric layer to
substantially planarize any nodules formed by loss of selectivity during plug formation; and

f) depositing a barrier cap layer over the warm physical vapor depositéd metal.
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(d) depositing a second netal |ayer over the barrier |ayer. 10. The

met hod of claim9, wherein the second netal |ay i onprised of PVD Al,
CVvD Al, Cu or conbinations thereof. 11. The al Myden] urt her
conprising the step of: (d) forming a netal int et he| barri er
| ayer. 12. The method of claim1l, whegfein th E;ral ri_ﬁntercon ect
conprises alum num 13. The net hod of—ttarm 1 %r“ﬁBsﬁ%?ﬁs f( ) through
(c) are performed in an integrated processing slys conprisin chemi cal
vapor deposition chanber and a physical vapor O!Eposition chanver .| 14. A
met hod of formng a via plug through a diel ect rittayer~havi rrier

| ayers at each end of the plug, conprising the steps of:

15.  The method of claim 14, wherein both barrier layers comprise a metal selected from th§
group consisting of titanium, titanium nitride, tantalum and tantalum nitride.

16.  The method of claim 14, further comprising the step of:
~ (g) depositing a second metal layer cver the barrier cap layer.

17.  The method of claim 14, further comprising the step of:
(g) depdsiting a second metal layer over the barrier cap layer; and
(b) depositing another barrier layer over the second metal layer.

18.  The method of claim 17, further comprising the step of repeating steps (b) through (h).

19.  The method of claim 16, wherein the second metal layer comprises PVD AL

A A
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IN-SITU CAPPED ALUMINUM PLUG (CAP) PROCESS USING SELECTIVE CVD AL FOR

INTEGRATED PLUG/INTERCONNECT METALLIZATION

Abstract of the Disclosure

The present invention generally provides 2 method of forming a structure having a selective

CVD metal plug with a continuous barrier layer formed thereon. More particularly, the present
invention applies a thin layer of warm PVD metal over a selective CVD metal plug and adjacent
nodules on the dielectric field to planarize the metal surface. A barrier is then deposited over the
planarized metal surfuce. Therefore, the invention provides the advantages of having (1) void-free,
sub-half micron selective CVD metal via plugs and interconnects, and (2) a reduced number of
process steps without the use of CMP, and (3) barrier laycrs over the metal plugs to improve the

electromigration resistance of the metal.
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